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TIMES SHOWN ARE NUMBER OF DAYS 

Scenario Time to Additional Additional Total 
Begin Time for Water Time for Water Time 
Boiling Level to Reach Level to Reach 

Top of Racks Base of Pool 

Pools A & B 0.9 5.2 1.1 7.2 

(CP&L-1) 

Pools A & B 0.9 7.2 1.1 9.2 

(CP&L-2) 

Pool A (IRSS)0.7 4.0 1.2 5.9 

Pools C & D 1.4 8.8 1.4 11.6 
(15.6 MBTU/hr) 

Pool C 16.0 100.0 14.8 130.8 

(1 MBTU/hr) 

Notes 

(a) Appendix G provides background information for this table.  
(b) Scenarios CP&L-1 and CP&L-2 are "beginning of cycle" scenarios identified 
by CP&L. Scenario CP&L-2 differs from CP&L-1 by assuming that the water to 

be boiled away includes the water inventory in the main fuel transfer canal.  

(c) The IRSS scenario for pool A assumes that this pool is gated off, that it 

contains one-third of a Harris core about 30 days after shutdown, and that pool 

A's share of the pool A&B base heat load is proportional to storage capacity.  

TABLE 4 

ESTIMATED TIMING FOR BOILING AND DRYOUT OF 
HARRIS FUEL POOLS, SELECTED SCENARIOS
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Stage of Sequence Probability

(1) Degraded-core accident Point Est. Prob. = 3.1 x 10-5 per yr 
(Occurrence of selected sequences) Range = 0.4 x 10-5 to 2.4 x 10-4 per yr

(2) Containment failure or bypass 
(For selected degraded-core sequences) 

(3) Loss of spent fuel cooling and makeup 
(For selected degraded-core sequences) 

(4) Extreme radiation environment onsite 
(Assuming containment bypass) 

(5) Restart of pool cooling or makeup 
(Assuming extreme radiation env.) 

(6) Loss of pool water by evaporation 
(Assuming no restart of cooling or makeup) 

(7) Initiation of exothermic oxidation 
reaction in pools C and D 
(Assuming loss of water)

Conditional Prob. = 0.5 

Conditional Prob. = 1.0 

Conditional Prob. = 1.0 

Conditional Prob. = zero 

Conditional Prob. = 1.0 

Conditional Prob. = 1.0

BEST ESTIMATE OF OVERALL Point Est. Prob. = 1.6 x 10-5 per yr 
PROB. OF INITIATION OF Range = 0.2 x 10-5 to 1.2 x 10-4 per yr 
EXO. OXIDATION REACTION 
IN POOLS C & D 
(For selected degraded-core sequences) 

Note 

Section 4.8 provides background information for this table.  

TABLE 5 

ELEMENTS OF A MINIMUM VALUE FOR THE BEST ESTIMATE 
OF THE OVERALL PROBABILITY OF THE SEVEN-PART EVENT 

SEQUENCE IDENTIFIED BY THE ASLB

000354



1155 report re. potential for a release from Harris fud pools 
20 November 2000 

Page 53

U

• VWwq

I.

"pow*

FIGURE 1 

SCHEMATIC VIEW OF POTENTIAL CONTAINMENT BYPASS 
PATHWAY FROM STEAM GENERATORS TO ATMOSPHERF, 

VIA SRVs and PORVs 
(Adapted from CP&L, 1993, page 3-126)
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Full Loop Circulation Counter-Current Circulation

FIGURE 2 

SCHEMATIC VIEW OF REACTOR COOLANT SYSTEM, SHOWING 
NATURAL CIRCULATION FLOWS DURING A HIGH-PRESSURE 

DEGRADED.CORE ACCIDENT SEQUENCE 
(Adapted from NRC, 1998, page 3-21)
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FIGURE 3 

AREA OF DEPOSITION USED FOR ESTIMATE OF EXIE RNAL 
RADIATION ENVIRONMENT AT THE HARRIS SITE 

(Adapted from CP&L-FSAR, Figure 1.2.2-2)
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APPENDIX B - Relevant characteristics 
of the Harris plant 

1. The Harris reactor 

Characteristics of the Harris reactor that are used in this report include:1 

"* The core has 157 fuel assemblies.  
"* A fuel assembly has a mass of 0.461 MTHM 
"* At discharge, a Harris fuel assembly contains 0.065 MCi of Cs-137 

2. Spent fuel at Harris 

Relevant characteristics of spent fuel include: 

• A BWR fuel assembly contains about 1/4 of the amount of Cs-137 in a 
PWR assembly (and generates about 1/4 of the decay heat); accordingly, 
one BWR fuel assembly can be regarded as 1/4 of a "PWR equivalent" fuel 
assembly.2 

• Pool A has a capacity for 360 PWR assemblies and 363 BWR 
assemblies.3 

- Pool B has a capacity for 768 PWR assemblies and 2178 BWR 
assemblies. 4 

* Pool A contains (as of 13 September 2000) 170 PWR assemblies and 353 
BWR assemblies.5 

* Pool B contains (as of 13 September 2000) 720 PWR assemblies and 1862 
BWR assemblies.6 

1 Thompson, 1999, Appendix A.  
2 Ibid.  

3 Ibid.  
4 Ibid.  

5 Carr, 2000.  
6 Ibid.
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APPENDIX C - Level 1 PRA analysis 

1. Identifying a selected set of degraded-core sequences 

IRSS reviewed available Level I PRA literature in order to identify a selected set 
of degraded-core accident sequences for the Harris reactor. This literature 
included the IPE, PSA and IPEEE for Harris.1 

As a result of this review, IRSS selected two sequences that are characterized in 
the Harris PSA.2 Both sequences actually represent a class of sequences with 
similar properties. For simplicity of presentation, classes of sequences are 
discussed, in this appendix and elsewhere in this report, as though they are 
individual sequences.  

The first sequence selected from the Harris PSA was the TQUB sequence. The 
PSA's point estimate of core damage probability for this sequence is 1.69 x 10-5 
per year. This sequence could arise in four different categories: 

seismic-induced sequences, accounting for 40 percent of the TQUB core 
damage probability;3 

* internal flooding-induced sequences, accounting for 30 percent of the 
TQUB core damage probability; 
* fire-induced sequences, accounting for 17 percent of the TQUB core 
damage probability; and 
* other sequences that typically involve loss of nonsafety DC power.  

With the exception of the fire-induced sequences (for which the PSA's summary 
description is unclear), each of the above sequences clearly involves: 

1 CP&L, 1993; CP&L, 1995a; CP&L, 1995b.  
2 CP&L, 1995a, Section 6, pp 9-10.  

3 The PSA states that seismic-induced sequences account for "more than 40% of the total of this 
sequence".
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"• loss of high-pressure coolant injection; 
"* loss of feedwater to steam generators (either initially or after a few 
hours' delay); and 
* interruption of cooling to reactor coolant pump (RCP) seals, leading to 
seal leakage.  

Absent any failure (other than RCP seal leakage) of the reactor coolant system 
(RCS) boundary during the sequence, these sequences would exhibit high RCS 
pressure until the late stages of core degradation.4 

The second sequence selected from the PSA was the SBO (station blackout 
sequence). The PSA's point estimate of core damage probability for this 
sequence is 7.9 x 10-6 per year. This sequence would exhibit the same 
characteristics as are discussed in the preceding two paragraphs.  

Thus, if the fire-induced TQUB sequences are set aside, the PSA has 
characterized four high-pressure, degraded-core sequences that involve loss of 
feedwater and leakage from RCP seals. These sequences, and their PSA-derived 
core damage probabilities (point estimates) are: 

"* TQUB-seismic 0.7 x 10-5 per year (40% of TQUB) 
"* TQUB-flooding 0.5 x 10-5 per year (30 % of TQUB) 
"* TQUB-loss of nonsafety 0.2 x 10-5 per year (13% of TQUB) 

DC power 
"* SBO (station blackout) 0.8 x 10-5 per year (100% of SBO) 

Each of these four sequences would involve a loss of component cooling water, 
which would lead to a loss of spent fuel pool cooling. Many manifestations of 
these sequences would involve a loss of electrical power, which would not only 
lead to a loss of component cooling water but would also directly prevent the 
operation of the spent fuel pool cooling systems. The initiating events for the 
TQUB-seismic and TQUB-flooding sequences could also directly disable the 
spent fuel pool cooling systems.  

2. Adjustment of the TQUB-seismic probability 

The PSA's point estimate of the probability of core damage for the TQUB-seismic 
sequence relies upon seismic hazard curves developed by the Electric Power 

4 Depressurization via the pressurizer PORVs would be unlikely during these sequences.
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Research Institute (EPRI).5 An EPRI seismic hazard curve is shown in the PSA in 
Figure 3-8, which also shows a NUREG-1488 seismic hazard curve.6 In both 
cases only one curve is shown, presumably a median curve.  

The NUREG-1488 curves are 1993 updates of seismic hazard curves first 
developed by Lawrence Livermore National Laboratory in 1989. The evolution 
and characteristics of the Livermore and EPRI curves are described in the NRC 
Staff report NUREG-1602.7 That report states, in regard to the EPRI and 1993
updated Livermore seismic hazard curves, that "either approach is currently 
considered to be acceptable".8 

IRSS has adjusted the PSA-derived point estimate of the probability of core 
damage from a TQUB-seismic sequence, so as to rely on the 1993 Livermore 
curves rather than the EPRI curves. That adjustment was performed by 
multiplying the PSA-derived point estimate (see above) by the ratio of the 
frequencies of 0.4 g acceleration shown by the NUREG-1488 and EPRI curves in 
Figure 3-8 of the PSA.  

The adjusted point estimate probability of core damage from a TQUB-seismic 
sequence is 1.6 x 10-5 per year. That adjusted estimate is shown in Table 1 of the 
main report. Also shown in that table are point estimate probabilities for the 
TQUB-flooding, TQUB-loss of nonsafety DC power, and SBO sequences. Those 
estimates are derived directly from the PSA, as explained in Section 1 of this 
appendix.  

3. Probability range 

CP&L has not performed any uncertainty analysis in the PSA. Range factors for 
various initiating events are shown in Table 3-17 of the PSA.9 These range 
factors are not defined.  

If an uncertain parameter has a lognormal probability density, it is common to 
speak of an error factor (EF), such that the 95th-percentile value is the median 
value multiplied by EF and the 5th-percentile value is the median value divided 

5 CP&L, 1995a, Section 3, pp 42-44.  
6 Ibid, page 43.  

7 NRC, 1997b, pages 5-3 and 5-11.  
8 NRC, 1997b, page 5-3.  

9 CP&L, 1995a, Section 3, page 45.
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by EF. IRSS assumes that the range factors shown in the PSA are intended to 
have a qualitatively similar role.  

Table 3-17 of the PSA shows a range factor of 5.6 for loss of offsite power.  
Application of this factor to the point estimate for the probability of the SBO 
sequence (0.8 x 10-5 per year) provides an illustrative range (0.1 x 10-5 to 4.5 x 10
5 per year), as shown in Table 1 of the main report.  

Table 3-17 of the PSA shows a range factor of 10.0 for earthquakes. Application 
of this factor to the point estimate for the probability of the TQUB-seismic 
sequence (1.6 x 10-5 per year) provides an illustrative range (1.6 x 10-6 to 1.6 x 10
4 per year), as shown in Table 1 of the main report.  

For the purposes of Table 5 of the main report, IRSS assumed arbitrarily that the 
range factors for the TQUB-flooding and TQUB-loss of nonsafety DC power 
sequences are 5.0 in each case. That assumption yields the estimates shown in 
Table 5 of the main report for the combined probability of the selected degraded
core sequences, as follows: 

"* point estimate 3.1 x 10-5 per year (as in Table 1) 
"* range (illustrative)10  0.4 x 10-5 to 2.4 x 10-4 per year 

Development of a comprehensive analysis of the ASLB's seven-part event 
sequence would require, among other features, completion of a Level 1 PRA that 
propagates uncertainties through its analysis. (See Section 3.1 of the main 
report.) The illustrative ranges shown above can provide, at best, an indication 
of the need to perform a thorough uncertainty analysis.  

10 Here, the value at each end of the range is the sum of the values at that end of the range for the 
four sequences.
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APPENDIX D - Level 2 PRA analysis 

1. Potential for containment failure or bypass 

For the degraded-core sequences selected in Appendix C, a variety of potential 
modes of containment failure or bypass could lead to a release of radioactive 
material from the containment. The release could be in gaseous, particulate or 
liquid form. Radioactive material could be released directly to the atmosphere, 
into buildings adjacent to the containment, or into the ground.  

The focus here is on a bypass pathway through the steam generators to the 
atmosphere. Other pathways deserve detailed analysis.  

2. Temperature-induced steam generator tube rupture (TI-SGTR) 

The potential for containment bypass as a result of TI-SGTR has been studied 
since the 1980s, as discussed in Section 4.2 of the main report. In order to 
estimate the conditional probability of TI-SGTR for the selected degraded-core 
sequences, IRSS has relied upon findings in the NRC Staff study NUREG-1570.1 

Each of the selected degraded-core sequences involves a loss of feedwater. Thus, 
the secondary side of the steam generators would be dry at the time of core 
uncovery. One must also consider the secondary-side pressure status at that 
time, and Table 2.6 of NUREG-1570 provides a Staff Model that addresses this 
matter.2 The Staff Model shows conditional probabilities of a depressurized 
secondary side, as follows: 

• all SGs intact 0.22 
• one SG depressurized 0.43
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all SGs depressurized3  0.35 

IRSS has assumed that the "all SGs depressurized" case can be decomposed to 

cases involving depressurization of two or three SGs, with each case having a 
conditional probability of 0.18.  

Table 5.1a of NUREG-1570 provides estimates of the conditional probability of 

TI-SGTR under various conditions.4 For cases involving RCP seal leakage, this 
table shows conditional probabilities of TI-SGTR, as follows: 

"* all SGs intact 0.14 
"* one SG depressurized . 0.40 
"• two SGs depressurized 0.59 
"• three SGs depressurized 1.0 

The conditional probabilities shown above can be combined as shown in Table 2 
of the main report. That table shows a conditional probability of TI-SGTR, for 
the selected degraded-core sequences, of 0.49 (50 percent).5 

3. Source term 

The Harris PSA has identified a release category equivalent to a TI-SGTR release.  
That is the RC-5C release category, whose estimated source term is shown in 
Table 9-4 of the PSA.6 This source term involves a release of 59 percent of the Cs 
and I in the core and 0.009 percent of the Te. (The Cs and I releases are shown in 
Table 9-4 as CsI release.) 

As discussed in Section 4.2 of the main report, the NRC Staff study NUREG-1465 
has pointed out that new source-term phenomena come into play at burnups 
above 40 GW-days/MTHM. Notably, fuel can be highly fragmented or 
powdered. This effect is significant for Harris in view of the burnup trends 
there. (See Section 4.2.) 

3 At page 2-31 of NUREG-1570 (NRC, 1998) this case is described as having "two or more" SGs 
depressurized.  
4 NRC, 1998, page 5-2.  
5 This finding assumes that there would be no recovery of feedwater or high-pressure coolant 
injection prior to TI-SGTR.  
6 CP&L, 1995a, Section 9, page 12.

00037



IRSS report re. Harris fuel pools, 20 November 2000 
Appendix D 

Page D-3 

French experiments have confirmed that high-burnup fuel can be highly 
fragmented. 7 A significant observation is that, at burnups beyond about 45 GW
days/ MTHM, a peripheral zone of about 0.2 mm in width is created at the fuel 
surface. This zone exhibits a high plutonium content, very high local burnup, a 
submicronic grain size, and high porosity.s A zone of width 0.2 mm represents 
about 10 percent of the volume of a Harris fuel pellet.  

IRSS concludes that the TI-SGTR source term at Harris would include small 
particles. Thus, the release of Te would substantially exceed the release shown in 
Table 9-4 of the PSA.9 

Following the rupture of SG tubes, radioactive material would be swept out of 
the primary circuit by steam flow. Steam already present in the circuit would be 
supplemented by evaporation of residual water in the circuit and water that is 
discharged from the accumulators.10 At certain stages of the release, the flow 
entering the atmosphere from the SRVs could be comparatively cool and wet.  

4. Onsite deposition 

From the preceding discussion it is clear that a TI-SGTR release at Harris would 
include radioactive material in the form of particles of a range of sizes, and in 
gaseous form. This material would enter the atmosphere from the SRV vent 
stacks at the 305-ft roof level, just outside the containment. The material would 
be swept out by a flow of steam whose conditions could vary from highly 
superheated to comparatively cold and wet. A release at this location of the 
plant would be highly susceptible to building wake effects.  

Analysis of this situation is exceptionally difficult. The situation combines a 
number of factors that are difficult to model when considered separately, and 
even more difficult to model when considered in combination.  

For example, efforts have been made to develop sophisticated (complex) models 
to study building wake effects. These models have been described as follows:" 

7 Schmitz and Papin, 1999.  
8 Ibid, page 58.  

9 For background on Te releases, see: Powers et al, 1994, pp 35-37.  
10 At Harris, each of the 3 accumulators is said to have a capacity of 1,000 cubic feet of water 

(CP&L, 1993, page 4-3).  
11 Barker, 1982, page 1.
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"By definition, therefore, the complex models are conceptually better, but 
they are extremely difficult to use and, in general, they can only consider 
simplistic building shapes, so that their applicability to a complex site 
such as a nuclear power station is somewhat doubtful." 

It is therefore not surprising that the NRC Staff uses a simple model to assess the 
habitability of nuclear power plant control rooms under accident conditions.  
This model, the ARCON code, is a straight-line Gaussian model.12 Such a model 
can shed little light on the building wake effects that would arise for a TI-SGTR 
release at Harris.  

Building wake effects could, by themselves, lead to significant onsite deposition 
of radioactive material. The presence of fragmented and powdered fuel in the 
release would also promote onsite deposition. These effects could be 
supplemented by hard-to-model phenomena such as aerosol agglomeration and 
plume rainout.13 In this connection it is interesting to note that the 1982 steam 
generator tube rupture event at Ginna led to onsite deposition of a large fraction 
of the (small) radioactive release.14 

5. Scoping estimate 

Drawing from the above considerations, IRSS has developed a scoping estimate 
for onsite deposition of radioactive material pursuant to a TI-SGTR release at 
Harris. The estimate is that onsite deposition occurs uniformly within a circle 
200 meters in radius, centered on the location of the SRV and PORV vent stacks.  
Figure 3 of the main report shows the relationship of this area to the Harris site.  
The material deposited on this area is estimated to include 5% of the Te isotopes, 
10% of the I isotopes and 10% of the Cs isotopes in the Harris reactor core.  

1 2 Ramsdell and Simonen, 1997, Introduction and page 41.  
1 3 Leigh et al, 1986.  
14 Ibid, pp 82-83; NRC, 1982, pp 1-6 to 1-7.
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APPENDIX E - Radiation exposure at the Harris 
site after a reactor accident 

1. Onsite contamination by radioactive material 

Appendix D provides a scoping estimate for onsite contamination at Harris, 
pursuant to a TI-SGTR release. The estimate is that onsite deposition occurs 
uniformly within a circle 200 meters in radius, centered on the location of the 
SRV and PORV vent stacks. Figure 3 of the main report shows the relationship 
of this area to the Harris site. The material deposited on this area includes 5% of 
the Te isotopes, 10% of the I isotopes and 10% of the Cs isotopes in the Harris 
reactor core.  

IRSS has focussed its analysis on the Te, I and Cs isotopes in the Harris core.  
Other isotopes also deserve analysis. Their inclusion in the analysis would add 
to the doses estimated here.  

To estimate the inventory of Te, I and Cs isotopes in the Harris core, IRSS 
obtained core inventories from Table VI 3-1 (page 3-3) of WASH-1400.1 These 
inventories were adjusted by the ratio (2910/3200) of the rated thermal powers of 
the Harris and WASH-1400 reactors.  

2. Radiation dose in the contaminated area 

The whole-body gamma groundshine dose from deposited radioisotopes can be 
calculated using dose conversion factors from Table VI C-2 (page C-6) of WASH
1400.2 

For the deposition characteristics specified above, IRSS used the WASH-1400 
dose conversion factors to calculate the whole-body gamma groundshine doses 
accumulated by unshielded persons, assuming continuous exposure over 

1 NRC, 1975.  
2 Ibid.
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periods of 1 day and 7 days. The findings of this calculation are (dose in rem for 
each set of isotopes):3 

1-day exposure 7-day exposure 

Te isotopes 3.1E+04 1.4E+05 
I isotopes 7.OE+04 1.3E+05 
Cs isotopes 5.0E+03 3.3E+04 

These findings are presented in Table 3 of the main report.  

3. Radiation exposure in the control room 

The doses shown above are to unshielded persons. In order to estimate the dose 
in the Harris control room, one must determine the protection factor for the 
control room. Here, the protection factor is defined as the ratio A/B, where: 

* A = the whole-body external gamma dose outside buildings on the 
Harris site 
o B = the whole-body dose inside the control room 

In determining the protection factor, one must consider the passage of gamma 
radiation from the external environment to the interior of the control room.  
Also, one must consider the infiltration of contaminated air into the room.  
Experience in analyzing the effects of nuclear weapons can be a source of 
guidance when addressing this problem.4 

Section 4.4 of the main report summarizes characteristics of the control room that 
are relevant to a determination of the protection factor. That discussion refers to 
plant drawings which indicate that the control room roof is approximately 2 ft 
(60 cm) thick, with support beams at intervals. No significant shielding exists 
above the roof.  

The first step in estimating the protection factor for the control room is to 
estimate the attenuation of gamma photons as they pass through the concrete 

3 This calculation neglects decay of radioisotopes during the time period between reactor 
shutdown and deposition on the site.  
4 Glasstone, 1964, pp 394-402 and pp 470-475.

0003E



IRSS report re. Harris fuel pools, 20 November 2000 
Appendix E 

Page E-3 

surrounding the control room. Note that a collimated beam of gamma photons, 
passing through a thin shield, will lose intensity according to the equation:5 

I = Io exp(-Dx) where x = distance 
D = linear absorption coefficient 

The Te, I and Cs isotopes that are considered here will emit photons over a range 
of energies. Photons with an energy of 1 MeV can be considered representative.  

For 1 MeV photons passing through concrete, D = 0.15 per cm 6 

Applied to concrete 60 cm thick, this equation would yield a protection factor 
(ratio of Io to I), for I MeV photons, of 8,000. However, the equation is not valid 
for concrete with a thickness of 60 cm, because it does not consider penetration of 
the concrete by scattered photons.  

Complex analysis would be required to accurately estimate the gamma 
protection factor for the Harris control room. That analysis would need to 
consider the configuration of the structures surrounding the control room, and 
the distribution of gamma-emitting material outside those structures.  

Also, one must consider nonuniformities in the deposition of radioactive 
material across the Harris site. The scoping model used here, which distributes 
radioactive material uniformly across a circular area with a 200 meter-radius, is 
highly simplified.  

Finally, one must consider the infiltration of contaminated air into the control 
room. That would require an assessment of the potential for successful isolation 
of the control room.  

A comprehensive analysis of the protection factor for the Harris control room 
would be a complicated task. The findings would depend heavily on the 
assumptions used in the analysis.  

Drawing from the considerations set forth above, IRSS has developed a scoping 
estimate, namely that the protection factor for the Harris control room would be 
in the range 100-1,000.
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APPENDIX F - Radiation exposure: 
health effects and regulatory limits 

1. Health effects 

The Environmental Protection Agency (EPA) has reviewed the adverse health 
effects that could arise from radiation exposure during a nuclear accident.1 

There is a large amount of other literature on this subject.2 Some important 
findings are:3 

* The median whole-body dose that yields prodromal effects [nausea, 
vomiting, etc., typically experienced soon after exposure] is 150 rem.  
* The 98th percentile whole-body dose that yields prodromal effects is 
250 rem.  
"* The median whole-body fatal dose is 300 rem.  
"• The 95th percentile whole-body fatal dose is 460 rem.  

At the median dose, 50 percent of an exposed population would exhibit the 
effect. At the 95th (98th) percentile dose, 95 (98) percent of an exposed 
population would exhibit the effect.  

Note that the word "dose" is used in this appendix, and elsewhere in this report, 
to represent total effective dose equivalent (TEDE).  

1 EPA, 1991, page 2-12 and Appendix B.  
2 See, for example: Finch, 1987; Gale, 1987; Linneman, 1987.  
3 EPA, 1991, page 2-12.
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2. Regulatory limits 

GDC 19 

The NRC's general design criteria (GDCs) for nuclear power plants include GDC 
19, which states:4 

"A control room shall be provided from which actions can be taken to 
operate the nuclear power unit safely under normal conditions and to 
maintain it in a safe condition under accident conditions, including loss
of-coolant accidents. Adequate radiation protection shall be provided to 
permit access and occupancy of the control room under accident 
conditions without personnel receiving radiation exposures in excess of 5 
rem whole body, .or its equivalent to any part of the body, for the duration 
of the accident.  

Equipment at appropriate locations outside the control room shall be 
provided (1) with a design capability for prompt hot shutdown of the 
reactor, including necessary instrumentation and controls to maintain the 
unit in a safe condition during hot shutdown, and (2) with a potential 
capability for subsequent cold shutdown of the reactor through the use of 
suitable procedures." 

NRC occupational dose limits 

The NRC has established occupational dose limits for nuclear power plant 
workers.5 For an adult, the annual limit is 5 rem to the whole body or, if that is 
more limiting, the sum of doses to particular organs.6 An exception to this limit 
is allowed for "planned special exposures". Licensees are permitted to authorize 
such exposures if several conditions are met, including. 7 

- There exists "an exceptional situation when alternatives that might 
avoid the dose estimated to arise from the planned special exposure are 
unavailable or impractical".  

4 10 CFR Part 50, Appendix A.  
5 10 CFR Part 20, Subpart C.  
6 Ibid, Section 20.1201.  
7 Ibid, Section 20.1206.

000385



IRSS report re. Harris fuel pools, 20 November 2000 
Appendix F 

Page F-3 

"* The licensee authorizes the exposure in writing before it occurs.  
"• A worker designated for special exposure is informed, in advance of his 
exposure, of the anticipated dose and its accompanying risk; also, after his 
exposure the worker is informed, in writing, of his estimated dose.  
* The worker's incremental whole-body dose from the special exposure, 
and from other exposures above the occupational limit, does not exceed 5 
rem during any year and 25 rem during the worker's lifetime. (The sum 
of particular organ doses would also apply here, if that is more limiting.) 

EPA guidance 

The EPA has set forth guidance on dose limits for workers who perform 
emergency services during a nuclear accident.8 Some important provisions of 
this guidance are:9 

"• Whole-body doses should, to the extent practicable, be limited to 5 rem.  
"* Higher dose limits may be justified in some emergency situations; 
generally, doses should be limited to 10 rem for protecting valuable 
property, and to 25 rem for life-saving activities and protection of large 
populations.  
- In rare situations a dose in excess of 25 rem may be unavoidable; 
workers undertaking activities that will lead to such doses must do so 
voluntarily and with full awareness of the risks involved.  
- Dose limits above 5 rem should not apply unless: (a) lower doses 
cannot be achieved through rotation of workers or other commonly-used 

methods; and (b) instrumentation is available to measure workers' 
exposure.  

CP&L requirements 

CP&L's Emergency Plan for the Harris plant sets forth requirements related to 
onsite radiation exposure during accidents, including the following:' 0 

- Upon declaration of an emergency, the position of Site Emergency 
Coordinator (SEC) will be activated.  
• Until relieved by the Emergency Response Manager (ERM), the SEC 
will have the authority to direct all emergency operations.  

8 EPA, 1991, Chapter 2 and Appendix C.  

9 Ibid, see especially pages 2-11 and C-23.  
10 CP&L-POM, Volume 1, Part 2, "Emergency Plan"; see especially pages 20-63.
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* After activation of the Emergency Operations Facility [an offsite 
facility] the ERM will assume overall responsibility for emergency 
response and will direct offsite activities; the SEC will direct onsite 
activities.  

The SEC function will be initially performed from the Control Room 
(typically by the Superintendent-Shift Operations); after activation of the 
Technical Support Center (TSC) the SEC function will be transferred to the 
TSC.  
• The SEC (initially in the Control Room, then in the TSC) must approve 
all planned radiation exposures for onsite personnel in excess of 5 rem or 
entry into radiation fields greater than 25 rem/hr.  
• After activation of the Emergency Operations Facility, the ERM must 
approve all planned radiation exposures for offsite personnel in excess of 
5 rem or entry into radiation fields greater than 25 rem/hr.  
* The TSC is provided with radiation protection equivalent to habitability 
requirements for the Control Room, so that the dose to an individual in 
the TSC for the duration of a design-basis accident will be less than 5 rem.  
* TSC.equipment is nonsafety-related and nonredundant.  
. Mechanical and electrical systems drawings, the Plant Operations 
Manual, the FSAR, and CP&L, state and local emergency plans are located 
in the TSC and the Emergency Operations Facility; no other location 
containing this body of documents is identified in the Emergency Plan.  
* Copies of the Emergency Plan and Procedures are located onsite in the 
Control Room, the TSC and the Operations Support Center (Procedures 
only).  
* All personnel onsite must be accounted for within 30 minutes of 
declaration of an emergency and continuously thereafter; the Security 
Director will coordinate the accountability of personnel inside the 
Protected Area.  
* The Security Director, normally located in the TSC, will report to the 
SEC.  
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APPENDIX G - Loss of water by evaporation 
from Harris pools 

1. Scenarios for water loss 

CP&L has identified six scenarios for evaporative loss of water from the Harris 

pools.' 

For pools A and B, CP&L has identified two heat load cases. One case assumes a 

"beginning of cycle" combined heat load of 25 MBTU/hr. The other case 

assumes a "base heat load (end of cycle)" combined heat load of 13.3 MBTU/ hr.  

For each of these heat load cases, CP&L has considered two arrangements of gate 

positions, One arrangement separates pools A and B from the main fuel transfer 

canal.2 The other arrangement allows pools A and B to communicate with the 

main fuel transfer canal.3 In both arrangements, pools A and B and the Unit 1/4 

fuel transfer canal are assumed to communicate with each other.  

,,, For pools C and D, CP&L has identified two scenarios. 4 One scenario assumes a 

heat load of 1 MBTU/hr, and involves only pool C; pool C and the Unit 2/3 fuel 

transfer canal are assumed to be in communication with each other but with no 

other water volume. The other scenario assumes a heat load of 15.6 MBTU/ hr 

and involves pools C ýnd D; pools C and D are assumed to communicate with 

each other and the Unit 2/3 fuel transfer canal but with no other water volume.  

IRSS has identified one scenario. In this scenario, pool A is gated off from other 

water volumes, is loaded to its full capacity, and contains one-third of a Harris 

1CP&L discovery response of 26 September 2000 to the NRC Staff (hereafter designated in 

Appendix G as "CP&L-September"); CP&L discovery response of 7 November 2000 to the NRC 

Staff (hereafter designated in Appendix G as "CP&L-November").  

2 cP&L-September.  

3 CP&L-November.  

4 CP&L-September; CP&L-November.  
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core about 30 days after shutdown. An assumed heat load in pool A was 
developed by IRSS as follows: 

(a) Pool A was assumed to contain one-third of a Harris core (53 
assemblies) with a decay heat of 50 kW/MTHM. Each assembly has a 
mass of 0.46 MTHM (see Appendix B), resulting in a 53-assembly heat 
load of 4.2 MBTU/hr.  

(b) IRSS assumed that pools A and B are loaded to full capacity and that, 
other than the one-third core recently discharged, the assemblies have a 

decay heat represented by the base heat load (13.3 MBTU/hr) assumed by 
CP&L. It was further assumed that CP&L's base heat load corresponds to 
fully loaded pools. The PWR equivalent capacity (see Appendix B) of 
pool A (B) is 451 (1313) assemblies. Therefore, the base heat load in pools 
A and B is 13.3 x (451-53+1313)/(451+1313) = 12.9 MBTU/hr. Assuming a 
proportionate distribution of the base heat load, the pool A share of base 
heat load is 12.9 x (451-53)/(451-53+1313) = 3.0 MBTU/ hr.  

(c) The heat loads derived in (a) and (b) were added. Thus, the total heat 
load in pool A for the IRSS scenario is 4.2 + 3.0 - 7.2 MBTU/ hr.  

2. Calculation of water loss 

CP&L has provided calculations for the time period to boiling, and the additional 
time period for pool dryout to the top of the racks, for each of its scenarios.5 

Using the same data and assumptions as were used by CP&L, IRSS has 
calculated the additional time period for the pools to dry out from the top of the 
racks to the base of the pool. Those calculations by IRSS involve only the 
residual water (base to top of rack) in each pool, because weirs at the level of the 
top of the racks prevent inter-volume communication.  

It should be noted that the time periods calculated here by IRSS for final dryout 
are unrealistically short, because evaporation of water between the bottom of the 
fuel and the base of the pool would proceed comparatively slowly, heat transfer 
to the water being ineffective at that stage. This matter deserves detailed 
analysis.  

5 Ibid.  
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IRSS has calculated, for its own scenario, the time periods described above. This 
calculation used the same data and assumptions as were used by CP&L, except 

for heat load and gate position.  

The results of these calculations are presented in Table 4, for four of CP&L's six 

* .~1I~jscenarios, and for the IRSS scenario.  

3. Radioactive contamination of the Harris site pursuant to exothermic 
oxidation reactions in pools A and B 

Table 4 shows, for the scenarios assumed here, that pools A and B would dry out 

faster than pools C and D. Thus, exothermic oxidation reactions (see Appendix 
IIH) would begin in pools A and B while evaporative loss of water continued in 
pools C and D. Radioactive contamination of the site, pursuant to reactions in 

pools A and B, would be a factor influencing the restoration of cooling and 
makeup to pools C and D. (Table 4 assumes a continuing absence of cooling and 
makeup.) 

IRSS has performed a scoping calculation of the radiation environment on the 
Harris site, assuming radioactive contamination of the site pursuant to reactions 

in pools A and B. The calculation proceeded as follows: 

(a) Pools A and B were assumed to be full. Their combined PWR 
equivalent inventory (see Appendix B) is thus 1763 assemblies. The 
assemblies were assumed to contain 0.065 MCi of Cs-137 per assembly at 

: discharge (see Appendix B). The average age of the assemblies was 
* :I assumed to be 10 years. These assumptions correspond to an inventory of 

* Cs-137, in pools A and B, of 91 MC.  

(b) Fivc• L-cent of the Cs-137 inventory (91 MCi) in pools A and B was 

assumed to be uniformly distributed across a horizontal surface within a 

circle 200 meters in radius. This assumption yielded a Cs-137 loading of 

36 Ci per square meter.  

(c) A dose conversion factor was taken from Table VI C-2 (page C-6) of 

WASH-1400. 6 This table shows that the whole-body gamma groundshine 
dose from Cs-137 accumulated in I day by an unshielded person would be 

1.86E+02 rem per Ci per square meter. Application of this conversion 

factor to the Cs-137 loading derived in (b) yielded a dose of 6,700 rem.  

6 NRC, 1975.  
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Thus, assuming the occurrence of exothermic reactions in pools A and B, this 
scoping calculation finds that the whole-body gamma dose from deposited Cs

137 would be 6,700 rem per day to an unshielded person. The dose rate would 
decline slowly over time, reflecting weathering and the decay of Cs-137 (half-life 

= 30 years). According to the calculation, this radiation environment would be 
experienced within a circle of 200 meters in radius.  

The actual onsite radiation environment pursuant to exothermic reactions in 
pools A and B would be determined by factors including; (a) the pool loading; (b) 

the manner and extent of propagation of the reactions through the pools; (c) the 

nature of the pathways from the fuel to the atmosphere; (d) building wake 
effects; and (e) onsite atmospheric conditions during the release.
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APPENDIX H - Initiation of exothermic 
oxidation reactions 

1. Introduction 

If water is lost from a high-density fuel pool, there is a potential for exothermic 

oxidation reactions. The reactions of greatest interest are steam-zirconium and 

air-zirconium reactions. (Zirconium is the dominant constituent of fuel 

cladding.) If reactions develop to the point where they are self-sustaining, they 

will cause large releases of radioactive material from the affected fuel assemblies.  

This report addresses a seven-part event sequence identified by the ASLB. At the 

sixth stage of that sequence, water is lost from fuel pools by evaporation. As 

shown in Table 4 of the main report, the water level will decline relatively 

slowly. One must consider how this slow decline relates to the probability that 

self-sustaining exothernmic oxidation reactions will occur.  

After the water level recedes below the top of the racks, there will be a period 

during which air cannot readily reach the fuel. During that period, if an.  

vi. exothermic reaction begins, it will be a steam-zirconium reaction.  

When the water level -declines to the bottomnoL~he racks, the evaporation of 

water will slow down, because heat transfer from the fuel to the water will be 

ineffective. Eventually, the level of residual water will decline to the point where 

air can travel across the base of the pool and enter the rack cells from below.  

Thereafter, if an exothermic reaction begins, it will be an air-zirconium reaction.  

The NRC Staff has been slow to understand this situation. As explained in 

Section 5 of the main report, for two decades the Staff has failed to consider the 

heat transfer implications of residual water in the pool. However, recent Staff 

testimony to the ACRS (see Section 4.7 of the main report) indicates that the Staff 

is now studying fuel heatup in situations of obstructed air flow. The presence of 
residual water would create such a situation.  
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In a situation of obstructed flow, the heatup of the fuel can be assumed, to a first 

approximation, to proceed adiabatically. A previous IRSS report has determined 
that the adiabatic heatup rate of a Harris fuel pellet would be 11Q degrees C per 
hour, where Q is the decay heat in kW/MTHM.1 

2. Factors influencing the initiation of exothermic reactions 

A .-For both steam-zirconium and air-zirconium reactions, major factors influencing 
the initiation of exothermic reactions will be the fuel temperature and the 
thickness of the oxide layer at the cladding surface.2 For the air-zirconium 
reaction, an NRC Staff official has suggested temperatures ranging from 600 to 
900 degrees C as indicators of the onset of the reaction.3 For the steam-zirconium 
reaction, the same official has suggested a temperature of 1200 degrees C as an 
indicator of the onset of the reaction.4 The rationale for these suggestions is not 
immediately obvious, but may become apparent when the Staff publishes its 

S •supporting analysis.  

S: . Other factors influencing the initiation of exothermic reactions could be dad 
*: iballooning and rupture, and hydride effects in the cladding of high-burnup fuel.  

3. A scenario for pools C and D at Harris 

IRSS has examined an evaporative dryout scenario for pools C and D in which 
the pools have a combined heat load of 15.6 MBTU/hr (see Table 4 of the main 
report), in order to determine whether a steam-zirconium and/or an air
zirconium reaction would be initiated. Decay heat levels of 2.5 and 2.0 
kW/MTHM are considered, which are representative of fuel aged about 5 years 
after dischrge. Adiabatic heatup of,exposed fuel (at 11Q degrees C per hour) is 
assumed during periods when residual water is present.  

The development of this scenario proceeds as follows: 

* Initial temperature of fuel 100 degrees C 

* Time for water to recede from top of 1.4 days 

1Thompson, 1999, page D-3.  

2 Tinlder, 2000.  

INbid.  
4 Ibid.  

000393



IRSS report re. Harris fuel pools, 20 November 2000 
Appendix H 

"Page H-3 

fuel to base of fuel 

CASE 1: fuel decay heat of 2.5 kW/MTHM 

* Adiabatic temperature rise of fuel 920 degrees C 
over a period of 1.4 days 

* Fuel temperature when water recedes 1020 degrees C 
"to base of fuel 

CASE 2: fuel decay heat of 2.0 kW/MTNHM 

. Adiabatic temperature rise of fuel 740 degrees C 
over a period of 1.4 days 

* Fuel temperature when water recedes 840 degrees C 

to base of fuel 

This scenario shows that initiation of an air-zirconium reaction is assured in both 
cases, if a fuel temperature of 800 degrees C is assumed to be the indicator of 
initiation. Consideration of the slower decline of water level in the last phase of 
dryout would extend the period of adiabatic heatup, and would therefore lead to 
"a higher fuel temperature.  

4. A methodology for analyzing this problem 

The potential for initiation of exothermic oxidation reactions exists at any high
density pool. Thus, the NRC Staff should develop a methodology that could be 
applied to any pool, to assess tir probability that exothernnic reactions would be 

* •initiated. The methodology should: 

use state-of-the-art thermohydraulic modeling (with inclusion of 
radiative heat transfer) to examine fuel heatup in obstructed and 
unobstructed flow cases; 
* allow time-dependent analysis of various scenarios for changing water 
level (declining, rising, static), to account for a range of situations 
"involving evaporation, leakage or makeup; 
* consider steam and air reactions; 
, account for all relevant phenomena (including clad ballooning, hydride 
effects in cladding) that affect the development of exothermic reactions; 
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* model the propagation of reactions from younger to older fuel 

(accounting for the effects of relocation of fuel and rack materials); and 

• readily allow for sensitivity studies.
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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 Commission (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 NRC's 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.  

"NI ~' 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-basls 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 BULckUUIJ1 

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 is 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.  

A• 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 

1" i NUREG- 1570 
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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 A&nroacf 

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' 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 3.9x406 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" to near 10ir per reactor-year.  

An important characteristic of the Surry results is that 60 percent of the bypass frequency 

is attributable to temperature-induced SGTR (2.4x0'l/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 

* irepresent 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 

*i 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 plantand design-specific considerations could significantly change the results, as discussed in 
Section 6: 

,* event tree quantification 
.* thermal-hydraulic analysis 

S• 
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 PIRs 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 detemine which plants. If any. may pose a safety concern.  
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1. 1. htroducion

The optimized use of nuclear fuel in pressurised water 
reactors (PWRs), and particularly the economic aspects 
of the reactor core management, entice the nuclear in

Sdustry to change significant parameters of the nuclear 
reactor operating mode. Relying on very encouraging 

I experience feedback concerning fuel behaviour under 
normal operating conditions, Electriciti de France 

0 (EDF), the French electrical energy utility, has intro

'Corresponding author. Tel.: +33-4 42 25 70 35; fax: +33-4 
42 25 76 76; e-mail schmitz~ipsncad.ipsn.fr.

duceck the increase of the U0 2 fuel discharge burnup 
(from 33 000 to 47"000 MWd/t by mean assembly), the 
load follow operation (power variations according to the 
electrical grid requirements), as well as a new fuel, the 
MOX (mixture of uranium and plutonium oxides).  

However, a study of the fuel behaviour under design 
basis accident conditions was not conducted for the in
creased discharge burnups. This particularly relates to 
the reactivity initiated accident (RIA) for which the 
postulated initiator is the ejection of a control rod 
bundle. For this accident, the main safety criteria cur
rently in effect and intended to prevent accidental fuel 
dispersion, limit the energy injected during the acciden
tal transient condition to 230 cal/g for fresh fuel and 200 
calig for irradiated fuel.

0022-3115/991$ - see front matter © 1999 Elsevier Science BY. All rights reserved.  
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Abdtract 

A large, performance based, knowlgep and experience in the field of nuckar fuel behaviour is available for nominal 
operation conditions. The database is continuously completed and precursor assembly irradiations are performed for testing of new materials and innovative designs. This procedure produces data and arguments to extend licencing limits 
in the permanent research for economic competitiveness. A similar effort must be devoted to the establishment of a 
database for fuel behaviour under off-normal and accident conditions. In particular, special attention must be given to 
the socalled design-basis-accident (DBA) condiuons. Safety criteria are formulated for these situations and must be respected without consideration of the occurrence probability and the risk associated to the accident situation. The 
introduction of MOX fuel into the cores of light water reactors and the steadily increasing goal burnup of the fuel call for research work, both experimental and analytical, in the field of fuel response to DBA conditions. In 1992, a sigSnificant programme step, CABRI REP-Na, has been launched by the French Nuclear Safety and Protection Institute 
(IPSN) in the field of the reactivity initiated accident (RIA). After performing the nine experimuets of the initial test J, matrix it can be concluded that important new findings have been evidenced. High burnup clad corrosion and the 
associated degradation of the mechanical properties of the ZIRCALOY4 clad is one of the key phenomena of the fuel behaviour under accident conditions. Equally important is the evidence that transient, dynamic fission gas effects re
suting from the close to adiabatic heating introduces a new explosive loading mechanism which may lead to dad 
rupture under RIA conditions, especially in the.case of heterogeneous MOX fuel. 0 1999 Elsevier Science B.V. All 
righis reserved.
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The postulated initiator of the PWR design basis 
reactivity accident is the ejection of a control rod bundle 
under the effect of the system pressure following a con
trol rod housing rupture. The reactor's hot standby 
(280"C, 155 bar) was defined as an aggravating situation 
for this accident. The ejection of the control rods would 
lead to a temporary supercritcaty and to a transient 
increase of the nuclear power in a group of fuel assem
blies in the vicinity of the ejected bundle.  

The danger associated to the reactivity accident 
power excursion resides in the rupture of the fuel rod 
cladding, followed by fuel dispersion that could finally 
lead to a steam explosion, the scattering of radioactive 
material and/or the loss of part of the reactor's core 
cooling possibility.  

The CABRI REP-Na programme intends to study 
the early phase of the physical phenomena and the key 
mechanisms of the RIA transient. It mainly concerns the 
changes of the fuel (fissile material and cladding) in
duced by irradiation up to high burnup. Abrupt fuel 
overheating produces a mechanical interaction (Pellet 
clad mechanical interaction, PCMI) which reaches its 
maximum level in the near adiabatic phase, before the 
cladding temperature increases by thermal conduction.  
In a second phase, the cladding rapidly overheats and 
approaches the conditions to reach the critical heat flux 
(departure from nucleate boiling, DNB).  

Three complementary parts characterize the IPSN 
research RIA programme for high burnup fuel: 
"* Global experiments in the sodium test loop of the 

CABRI reactor, 
"* Development of the transient thermo-mechanical fuel 

behaviour code SCANAIR, 
- Measurement of specific high burnup properties for 

use in SCANAIR.  
The characteristics of the sodium coolant allow to 

study the early PCMI phase of the transient sequence of 
events, i.e., the PCMI loading phase. As already men
tioned, the evaluation of the failure risk during this early

The EDF plan to request a new authorisation for 
bumup increase from 47 000 to 52 000 MWd/t (mega
wattday per ton of fuel) has led the safety authority to 
ask EDF to perform research on the behaviour of PWR 
fuel at high burnup in order to reassess the criteria and 
to evaluate the impact of the new reactor core man
agements. The IPSN (French Nuclear Safety and Pro
tection Institute) was interested in participating to this 
programme.  

The [PSN Department for Safety Research (DRS) 
was entrusted with this research programme through co
operative IPSNIEDF action, considering its competence 
as well as its unique experimental facilities.

3. Test matrix

At the beginning of the programme, the fuel r 
burnup and the transient energy deposition were 
only parameters of the test matrix. Soon, throu 
experiment feedback, other important paramet 
were identified such as the amplitude and the f 
structure of corrosion as well as the energy injecti 
kinetics (width of the power-pulse). Finally, nine te 
six U0 tests and tfhe MOX tests- (TFl3iT'w 
programmed.

4. Fud evolution under reactor operation

The power operation of the fuel inside the reac 
leads to important cladding and fissile pellet modif 
tions.  

Firstly, the cladding is submitted to a creep indu 
plastic strain under the effect of the PWR primary , 
term pressure, 155 bar, and is plated against the fuel. 1 
process of fuel/cladding 'gap closure' is actually en, 
around the middle of the second cycle (|1.5 ye 
-20 000 MWd/t).  

Henceforth, the fuel is in direct contact with 
cladding and any rapid fuel expansion, with kine
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phase represented the major objective at the time wh 
the programme was launched. From the beginning 
was clear that this approach would not solve all t 
aspects of the high burnup issue, in particular, the fa 
ure risk related to DNB and post failure phenomena 
the pressurized water environment.  

The development of the SCANAIR code aimed 
both, preparation and interpretation of REP-Na c 
periments and transposition to the reactor case.  

Finally, three major separate effect programs ha 
been adopted in order to understand the integral t, 
results from the CABRI REP test program: 

PROMETIRA- an out-of-pile test program to mi 
sure mechanical properties of high burnup claddi 
under transient temperature and loading coni 
tions.  
PATRICIA: the determination of the cladding 
water heat transfer correlation during rapid pom 
transients.  
SILENE: quantification of the kinetics of fissi 
gas behaviour in the fuel during rapid power tra 
sients.  

The data from these separate effect test programs 
used to improve the modelling of the physical p] 
nomena in the SCANAIR code. SCANAIR will then 
validated against the REP-Na integral test data beft 
being used for evaluating rapid reactivity transients 
power reactors.

L. Pwpose of the tests

* I..
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Table I 
CABRI REP-Na test matrix and main results 

Test (carried out) Tested rod 

Na-I (11/93) EDF Grav5c, span 5, 4.5% US, 64 
GWd/t

Na-2 (6-94) 

Na-3 * (10/94) 

Na-4 (7/95) 

Na-S (5/95) 

Na-6 (3/96) 

Na-7 (2/97) 

Na-9 * (4/97)

BR3, 6.85% US, 33 GWd/t 

EDF, 4.5% US, 53 GWd/t 

EDF Grav5c, span 5, 4.5% US, 62 
-GWd/t 
EDF GravSc, span 2, 4.5% US, 64 
GWd/t 
EDF MOX, 3c, span 5, 47 GWd/t 

EDF MOX, 4c, span 5, 55 GWd/t 

EDF MOX, 2c, span 5, 28 GWJ/t

Pulse (ms) Energy at pulse end (cal/g) Corrosion (p) 

9.5 110 (at 0.4 s) (460 J/S) 80, important initial spall
ing

9.5 

9.5 

75 

9.5 

-35 

-40 

,-40

Na-8 (7/97) Gray 5c, span 5, 4.5% US, 60 GWdt 75

211 (at 0.4 s) (s82 JISl 

120 (at 0.4 s) (502 J/g) 

97 (at 1.2 s) (404 J/g) 

105 (at 0.4 s) (439 J/g) 

165 (at 1.2 a)(690 J/g) 

175 (at 1.2 s) (732 J1g) 

228 (at 1.2 s) (953 J8g) 

106 (at 1.2 s) (443 J/g)

4 

40.  

80, no initial spalling 

20' 

40 

<20 

130, cladding presenting 
spalling

RIM (it) Results and remarks 
200 Brittle failure at H= 30 cal/g, 

Hmax= 115 calgr, fuel dispersion: 6 g 
inchuding particles other than RIM, 
sodium pressure peaks 

- No rupture, 401# (max): 3.5% average 
value, FOR/5.54% 

100 No rupture, AO/O (max): 2% max, 
FGR/13.7% 

200 No rupture, transient spalling, Ae/O 
(max): 0.4% average value, FGRI8.3% 

200 No rupture, Atl/O (max): 1% max, 
FGRJ15.1% 

- No rupture, AO/O (max): 3.2% max.  

FGR/21.6% 
- Rupture at 120 calig, pressure peaks, 

examination currently carried out 
- No rupture, examination currently car

ried out 
200 Rupture at 83 cal/S (or lower b) gas 

blow-out, no fuel dispersion, examina
tion currently carried out

Improved cladding i.e. low tin.  
Pertinence of signals at 45 cal/g to be investigal:d by post-test exam'inations.

C) 
0 C) 

C)

-I

A
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i exceeding the creep velocity of the clad material pro
duces a strong mechanical interaction.  

During the whole irradiation cycle, a corrosion pro
cess in the reactor forms a layer of zirconium oxide 
(ZrO2) on the cladding external surface and introduces 
into the metal an important amount of hydrogen, pro
portional to the zirconia thickness. At high burnup 
(>50 000 MWdlt), it is possible to reach or even pass, 
for Zircaloy4 cladding, a zirconia thickness of 100 )Am 

and -800 ppm of hydrogen (Fig. 1).  
An aggravating aspect of corrosion is produced when 

the oxide layer 'spalls' locally. The absence of oxide then 
produces a cold point towards which the hydrogen mi
grates and an accumulation of hydrides is formed at the 
cladding's surface (blister). The presence of a blister can 
lead locally to the total loss of the cladding's ductility 
(Fig. 2).  

At very high burnup (-60 000 MWdlt) a very high 
degree of spalling was observed on certain assemblies 
fitted with standard, unimproved cladding. The new 
cladding materials, now introduced in the EDF plants, 
should not spall at this level of burnup; however, the 
precise mechanism of this phenomenon is not yet un
derstood.  

The fuel pellets are subject to a deep transformation 
under irradiation: cracking, accumulation of fission 
products and swelling. Among the fission products, the 
gaseous elements (Xe and Kr), retained under the form 
of nanometric bubbles on intra-, or inter-granular sites

Ii 

:' Ii 

:'I: 

•I .  

* I

Fig. I. Metallographic cut of the REP-Na4 rod cladding after CABRI test. The hydride plates are revealed by etclhing. The upper dar': 

layer represents the ZrO2 oxide layer with a thickness of about 80 prm (left). Large transient spalling occurred under this test (right:
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in the fuel, play a predominant role during fuel rapid 
overheating. At 60 000 MWdtt their STP volume is 
equivalent to about 1.6 cmaIg. 16 times the volume of the 
fuel. Increased under rapid overheating, this gaseous 
volume presents considerable swe~ling, fragmentation 
and dispersion potentials.  

Beyond about 45 000 MWd/t a peripheral zone is 
created at the fuel surface through a neutronic effect.  
The characteristics of this zone are a high plutonium 
content generating a very high local burnup rate, a 
submicronic grain size as well as very important porosity 
(-20%). This width of the rim-zone is in the range of 200 
pro. This structure formation is called 'rim effect" and 
represents a phenomenon characterizing highly irradi
ated fuel. Fundamental studies are currently being per
formed and aim at the clarification of the rim effect, in 
particular, the subdivision of the fuel grains into sub
micronic fragments.  

The MOXfuel shows specific differences compared to 
the classical U0 2 fuel. The MOX fissile material is phi
tonium. During the preparation of the MOX following 
the MIMAS procedure, a mother blend of uranium/ 
plutonium mixed oxide is added to natural or depleted 
uranium oxide. Pelletizing and sintering of this powder 
mixture create an heterogeneous final product, with 
mixed oxide (UPu)02 agglomerates or clusters imbed
ded in the matrix of natural U0 2. During reactor irra
diation, the fission occurs in the clusters which reach 
very high burnup rates compared to the nominal mean
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Fig. 2. The hydrogen migration towards a cold point of the cladding aggravates its embrittlement under irradiation in the reactor. The 
pre-euisting cracking of the hydride phase can represent an incipient rod failure location under reactivity transient conditions. The 
photograph shows one of the REP-Na I cladding blisters which are most probably the cause of the multiple ruptures during the test.

burnup (matrix average plus clusters). The structure and 
composition of the irradiated MOX clusters can be 
compared to those of the U02 fuel RIM, however, with 
a four to five times higher volume fraction.  

5. Test results and phenomenologkai undaestanding 

The main results currently available are presented in 
Table 1. The cladding rupture observed in the REP
Nal, Na7 and Na8 tests are remarkable and spectacular 
and contribute to the understanding of the failure mode 
and to the formulation of a failure criterion. The non
failure tests have produced valuable quantitative and 
qualitative results, for the understanding of physical 
mechanisms, and therefore for the development and 
validation of the SCANAIR code.  

5.1. A1fechanism and mode of rupture 

In the first test of the matrix, the REP-Nal test, a 
very early cladding rupture was recorded. This unex
pected result was followed by a detailed metailographic 
examination programme and a series of calculations to

identify the rupture conditions as well as its character
istics in order to conclude on the failure's cause and 
mechanism. The rupture aspect (Fig. 3) shows a purely 
brittle-fracture and the CABRI reactor measurements 
locate it at an instant which is described by the 
SCANAIR code calculation as a state where the RIM 
zone alone exceeds the nominal operating conditions.  
Details of the metallographic cuts show the presence of 
hydride accumulations (blisters) in the cladding. It is, 
tMiteore", lossible-to conclude that the j• -origi
nated from a mechanical interaction due to the RIM 
effect, assisted by cladding embrittlentent due to the 
presence of hydride (hydride assisted PCMI failure). It 
was demonstrated through the satisfactory rod behav
iour during other U02 REP-Na matrix tests, that in case 
of moderate clad corrosion, the rod sustains PCMI 
charging even at a burnup greater than 60 000 MWd/t 
(REP.Na4, REP-Na5).  

A second cladding rupture was observed in the REP
Na7 test, MOX test at 55 000 MWd/t. Examination of 
the tested rod is still to be carried out. However, a 
rupture mechanism such as during REP-Nal appears 
unlikely, given the absence of spalling of the oxide layer.  
The sound cladding condition leads to the conclusion

00040,5
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The fuel thermal expansion and the transient swelling 
are the two main factors contributing to cladding 
loading and cladding rupture occurs if the ultimate yield 

strength and the cladding's plastic strain capability are 
exceeded. In the CABRI tests without rupture, cladding 
strain is measured by profilometry. These examination 
results constitute valuable data for validation of the 
thermo-mechanical model of the SCANAIR code.  
Fig. 4 shows the REP-Na2 profilometry.

5.3. Fission gas driven fuel fragmentation

In all the CABRI REP-Na tests with significant 
plastic strain, a large fuel fragmentation zone is ob-

WMWP ý)

AZniWoMr ,t~ -i ) a

Fig. 4. REP-Na2 diametral straining over the length of the 
rod. The shape of the curve traces the the axial power div 
bution in CABRI. The fine structure demonstrates each f 
pellets strain (hour glass type). This type of result provi, 
precious elements for the SCANAIR code validation.  

served (Fig. 5). This fragmentation results from fi 
grain decohesion under the effect of the fission 

fraction accumulated in micro bubbles in the int, 
granular zones. The bursting of the gas bubbles unc 
the effect of fast transient heating leads to instantanec 
increase of the fuel/clad contact pressure (PCMI) at hi 

bumup when the fuellclad gap is closed and also re 

resents the driving force for grain separation. During t 

cooling process, when the cladding's permanent strz 

000406
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Fig. 3. Metallographic section (X4) of the REP-Nal rod alter test The brittle aspect of the ruptures (perpendicular cracking) and 
fuel fragmentation constitute outstanding facts of this observation. The numbers indicate locations of detailed examination: (1) RJ 
structure, (2) fragmented fuel, (3) intact cladding.

5.2. Cladding plastic strain

I' 

I, 

I.

that the rupture mechanism is dominated by the con
tribution of fission gas to transient fuel swelling that 
could, in the case of MOX, be more important than for 
the U0 2 (also in discussion in Section 7). An examina
tion programme of REP-Na 7 has been formulated with 
the aim to identify the rupture mechanism.  

The cause and conditions of the rupture observed 
during the REP-NaR test are currently the subject of 
investigations.
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Fig 5. Metallographic section of the REP-Na2 rod after 
CABRI testing. The grain decohesion and the loss of a large 
number of grains during preparation of the metallography 
demonstrate the fuel fragmentation. The fission gases accu
aulated in the fuel grain boundaries are the driving force of the 
trasicat fragmentation.  

s. offers to the fuel an additional free volume, the grain
boundaries can open, producing the structure which is 
observed by ceramographic examination. This phe
nomenon of gas driven fuel expansion is a characteristic 
of the high burnup and can contribute, during cladding 

rapture, to the associated dispersion of fuel through the 
dynamics of the pressure relieve. The dispersion poten

tal and its consequences are amplified in the RIM and 

ii the MOX clusters due to the high local gas concen
' tration and by the potential of emission of plutonium 

rich and submicronic particles.  

5. 4. Fission gas release 

The fraction of fission gas, released during the test, is 

given in the results column of Table i. Gases in inter

granular sites alone are released in the very short RIA 

transient time. The activation of diffusion mechanisms 
releasing intragranular gases (majority fraction) only

000407
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takes place for very high energy deposition (-200 cal/g).  

The amounts of released gas are significant, they in

crease the internal pressure of the rods not ruptured 
during the accident's first phase. The risk of creep-in
duced late rupture increases if the internal pressure ex
ceeds the system's pressure. The release measurement 
results allow for validation of the gas behaviour models 
and to quantify the thermal and mechanical effects of the 
fission gas during the RIA transient [1].  

5.5. Trawient spalling 

In several, highly corroded, REP-Na tests, a transient 
spalling of the oxide layer has been observed. In the very 
short RIA transient time, an important part of the oxide 
layer is detached from the cladding's metallic surface. In 
the case of an accident, this phenomenon introduces, 
even in the absence of cladding rupture, an important 
amount of debris into the reactor's coolant channels in a 
very short time and creae-a iisk of flow reduction and 
dogging. In addition, the cladding/water heat transfer 
could be reduced in the crucial phase of the accidental 
scenario when the fuel approaches critical thermal flux 

conditions and spalling oxide tiles influence the cooling 
conditions.  

6. Natinal and intemnatiomal co-operatiom 

In this programme [2], the IPSN co-operates with 
several partners. EDF and FRAMATOME's active 
participation provides a stimulating complementarity 

[3]. The services and assessments issued from numerous 
laboratories of the CEAIDRN (neutronics, fued codes, 

support tes, radiometallurgy) are essential to the pro
gramme's progress [4]. JAERI (Japan) is the senior in
ternational partner. In its NSRR test reactor, JAERI 
has been conducting RIA tests for many years and has 
also been observing high burnup cladding ruptures 
strongly associated to the cladding's corrosion level.  
Other observations (FGR, A0t/) confirm and' cipl -..  

the REP-Na programme results [5]. NSI-KI (Kurchatov 
Institute, Russia) is a contractual partner and transmits, 

in the scope of the contract, its theoretical as well as 
experimental know-how (RIA programme in the IGR 
reactor in Kazakhstan) [6]. US-NRC has signed a co
operation agreement in June 1995 enabling it to access 
the CABRI REP-Na programme results as well as the 

support tests. Frequent and fruitful discussions, within 
the scope of this agreement, include American specialists 

from research and industry (ANL, INEL, BNL, PNL 
and EPRI) [7,81. OECD-NEA has finally become the 

meeting ground for contacts with numerous other 

countries. The 'CSNI Specialist Meeting' in Cadarache, 
in September 1995 assembled more than 125 experts 

from 15 countries and this conference's proceedings [9]
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provide a very complete view of the problematic of the 
light water reactor reactivity accident.

7. Discassion, concdusion ad pspectlm
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I. 30 40 
bumup (GWdtt)

* CDC/PBF: fuel not representative of the PW, 
most tests carried out in capsule, low temperatu 
low pressure: low fission gas retention and fuel 
structuring (central hole formation) due to high pc 
er level during pro-irradiation.  
The main drawback of this representation (Fig. 6 

the fact that it does not allow to fully assess the influes 
of dad corrosion and/or pulse width which are clea 
identified as the high burnup key parameters. Nev 
theless, examination of the data in Table I and Fig 
suggest that the fuel failure enthalpy is reduced sign 
candy with fuel burnup. In addition, the REP-Nal t 
underlines the unacceptable performance when ox 
spelling and blisters are present in the cladding, i.e.  
power excursion of low amplitude can result in fuel r 
rupture. The original safety criteria of 230 (fresh fu 
and 200 (irradiated fuel) cal/g, presently being used, 
not appear to be applicable to high burnup fuel.  

It is suggested that the reduction in failure enthal 
with burnup, both for U0 2 and MOX, is due to t 
formation of very high burnup regions in each fuel ty] 
i.e., the RIM structure in U02 and the clusters high 
Pu (fissile material) in MOX. These very high burn 
regions result in high concentrations of intergranui 
fission gas which produces fuel swelling during t 
transient and acts as an additional loading mechani, 
on the cladding. In the case of the MOX fuel, the hi 
Pu clusters act similar to the RIM at high burnup wi 
approximately five times the volume fraction of mater

QABRI Na f~ka 
N 

CABM Na no tAk, 

0 

NSR fbu 

NSRR no fakm 

0 
IGR bikxe 

IGR no taime, 
0 

PBF no failum 

U 
SPERT taikie 

SPERT no faikie

Fig. 6. A large number of experimental simulations of reactivity accidents has been carried out by several countries (US, Japan. Rus: 
and France). The CABRI contribution includes all tests with burnup rates superior to 50 000 MWd/t as well as all of the irradiat 
MOX tests. The variety of results underlines the need to perform tests in realistic, representative conditions.
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Fig. 6 shows the RIA test database in terms of either 
maximum or failure enthalpy as a function of burnup of 
the test rods and underlines the contribution of the 
CABRI tests in the high burnup range.  

This compilation, established by US-NRC, presents a 
large number of tests that should be sufficient to under
stand and validate the calculation codes. The following 
list indicates briefly the major non-prototypical condi
tions of the tests compared to RIA conditions in a PWR: 
" CABRI: sodium coolant, low pressure: sodium cool

ing properties keep the clad temperatures low and 
low internal pressuarmitigates the transient dynamic 
gas effect.  

"* NSRR: capsule tests, low pressure, low temperature, 
narrow pulse (-5 ms): the cladding remains during a 
significant time period below the brittle to ductile 
transition-temperitur;," the radial fuel temperature 
profile is anomalously peaking and critical heat-flux 
conditions are inadequately simulated.  

"* IGR: capsule test without instrumnentation, low pres
sure, very wide pulse (>500 ms), low temperature, im
precise energy deposition: the radial fuel temperature 
profile is too flat.

max fuel "nihalpy or fanure enthalpy {cal/g) 

350,
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as the RIM in UO2. This results in significantly higher 
loading for MOX rods than the U0 2 rods and increased 
failure potential at similar bumups and energy deposi
tion levels as evidenced by the REP-Na7 test result, i.e., 
low failure threshold without hydride blisters.  

It is further suggested that the increase in FGR and 
resulting high pressures with bumup observed in Ta
ble 1 may result in rod ballooning and rupture for rods 
that reach critical heat flux (CHF) during an RIA in 
pWR. This is not evident from RIA tests to date because 
they have all been tested in either sodium coolant or 
under low temperature and low pressure conditions 
where CHF is not easily achieved.  

The study of this phenomenology requires PWR 
representative conditions. The sodium channel condi
tions, in the current CABRI facility, do not allow to 

reach this representativeness of the reactor situation.  
The diagram presented in Fig. 7 shows the cladding 
temperature evolution calculated by SCANAIR under 
sodium and pressurized water conditions for compari

* f Io 4.  

I I 

Pmmrk 

mNam 
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TV "3 MW'I 
ki 

Fig. 7. The CABRI REP-Na tests were defined to study the 
PCMI phase of the accident phenomenology. Under sodium 

cooling conditions, the cladding temperatures remain compar
atively low, as shown by the SCANAIR calculations. Under 
pressurized water cooling conditions, the departure from nu

deate boiling leads to rapid clad overheating with risk of clad 

rupture by ballooning, as a consequence of the increase of the 
internal pressure by transient release of fission gas.
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son. Only the phase I of the phenomenology could be 
studied by the REP-Na tests. The study of phase 2 re
quires experimental conditions which are representative 
of PWR conditions.  

The installation into the CABRI facility of a pres
surized water loop will enable the study of the whole 
spectrum of the accidental phenomneology (phases I 
and 2). The design and engineering work for this im
portant transformation of the Cabri facility has been in 
progress for several years. The final decisions for this 
work should made in 1999 and the first experiment of a 
programme with international co-operation is expected 
to be performed at the end of year 2003. This pro
gramme will provide, for the future fuel design, the ex
perimental database for the assessment and updating of 
the burnup dependent safety criteria for the design basis 
reactivity accident.  
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-ehiat Basi; 

3 ARCON96 Technica Bsis 

1"he first pan of this docu"met is a User's Guide to ths.".CC-96 code. It provides basic 

'mformguoe related to inslstoi and operation of the ARCON96 cede. This prAr of the 

doc,,.nen-atimo coven the technical bas•s for the code. it pr IvAN the ofortaitoi needed to 

understand and apply the resuts of the ARCON96 calcidatiom. Te last pan of the document 

deals with the details of the computer code. It is intendet for hose w• o ne..cld to kncw about the 

organzzation of the cmde and the individual -ode modules.  

3.1 Conceptual Model 

The basic diffusion eLodal implemetd ian the ARCON96 code is a straigh-line Gaussian model 

that assumes the release Fate is constant for the entire period of release. This assumption is 

made to permit evaluation of potential effects of accide•ntal elaes without having to spe•.,fy a 

complete release sequence.  

ARCON96 permits evaluation of ground-level. vst. mad elevated releaes. Building wake 

effects am corsidered ui the evaluation of YelaiMve concentrations from grouid-le-vel releases.  

Vent releases are treated as a mixed ground leve and elevated release. The proportions of the 

mixtre is determined by the ratio between the e.met vertical velocity and the release-beight 

wind speed using the procedure included in the NRC XOQDOQ code (Sgendorf et aL 1962).  

Elevated releasse ame treated in the usual manner with correckeo for downwash and differences 

io terrain elevation between the stack and the control r.om itaske.  

3iDiffusion coefficieits used in ARCON96 have three comporents. The fins: component is the 

diffusion coefficieot used tn other NRC models, for example XOQDOQ (Sagendorf. et at. 1982) 

and PAVAN (Bander 1912). The other two components &re corrections to account for.._q.W d 

dispersion under low wind speed conditions and in buildn;. vikes. Derivations of the low w-nd 

nspeed ad building wake corrections are described by',amadell and Fosmir (1995).  

Parameter values for the correction factors am based on analysis of diffusion dath collecied in 

various building wake diffusion experiments. The experiments were conaucted under a wide 

range of meteorological conditions. However, a large number rif experin,•its were conducted 

during low wind speeds, when wake effects are mrnamal. The wake corre-tiaon r.odel included 

in ARCON96 treats diffusion under these conditions much better than previous models. Thus.  

the diffusion coefficients in ARCON96 account for both low-wind speed meander and wake 

ARCON96 calculates relsi've concentrations using hourly imeteorological data. It then combines 

the hourly averages to estimate concentrations for periods ringing in duratiou from 2 hours t., 

.'• V, 30 days. Wind direction is considered as the averages are ionmn. As a result, the averages 

account for persistence in both diffusion conditions and wind direction. Cumulative frequency 

distributions am prepared from the averstpe relative concentrations. Relative concentrations that 

are exceeded no more than five percent of the time (95tn ,ercenisle relstwe coiucen;rations) are 

determined from the cumulative frequency distributicns for each averag4ig penod. Finally. the 

relative concentrations for five standard averaging denods used in crrtml room habitability 

:ss•ssmentn. arm calculated from the 95th percentile m-lative cuncent.ralIons 
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A. t

Jlie results from ReL 18 indicate that iodine entering 
the contacinent is at least 95% CsI with the remaining 5 % asI plus Mwith not less than 1% of each as I and 
E--IL Once the iodine enters containment, however, 
additional reactions are likely to occur. In an aqueous 
envrojrment, as expected for LWRs, iodine is erpected to d 1-issoive inwater pools or plate out on wet surfaces ur ionic form as 1-. Subsequently, iodine behavior 
within containment depends on the time and pR of the 
water solutions. Because of the presence of other 
dissolved fission products, radiolysis is expected to oceur and lower the pH of the water pools. Without any pH control, the results indicate that large ftactions of 
=t~l dissolved iodine will be converted to elemental ioie and be released to the containment atmosphere.  
H-lowever, if the pH is controlled and maintained at a 
value of 7 or greater, very little (less than 1%) of the dissolved iodine will be converted to elemental iodine.  Some considerations in achieving pH control are dliscussed in NUYREO/CR-50, "Iodine Evolution and pH Control," (Re. 22). 1 

Organic compounds of iodine, such as methyl Jodide, CH3I, can alo be produced over time largely as a result of elemental iodine reactions with organic 
materials. Onanic iodide formation as a result of "eactor amcidts; has been Mrveyed in WASH-1233, 

.Xeview of Organi Iodide Formation Under Accident 2onditions In VWter-Cooled Rteactors," (ReE 23) and more recently in NUREG/CR-4327, "Organic Iodide Formation Molowing Nuclear Reactor Accidents, 
(Reld24). 1ko. an anpbysis of a number of containment experimens, WASH-1233 concluded that, considering both non-adolytic as well as radiolic means, no more tian 3,2 peront of the aiborne iodine would be converted to organic iodides duing the first two hours 
following a fision product release. The value of 3.2 percent was noted as a cOnservative; upper limit -and was judged to be coasiderably le6ssi nce it did not account, ammn other hn for decreased radiolytic fomation 
odforganwodl du o oie removal eansn within conrtaiament. Reference 24 also included results i adiated fuel elements, and concluded that the organic iodide concentrtio within containment 
would be about 1 percent of the iodine release 
concenta ion over a wide range of iodine 
conCentratimr 

A conversion of 4 percent of the elemental iodine to organic has been implicitly assumed by the NRC staff in R eloGuides 1i3 and L4, based upon an upper 
bound evaluation of the results in WASH-W& 
Hlowever, in uew of the results of Ref. 23 that a 
-nnversion of 3.2 percent is unduly conservative, a 

lue of 3 percent is considered more realistic and will ue used in thi report. Where the pH is controlled at

NUREG-1465
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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 P is not 
notabl different. Reference 18 examined not only iodine entering containment as Clte but also considered other reactions that might lead to volatile forms of iodine within containment, such as reactions of CsOH with surfaces and revapodrtion of CI from RCS surfaces. Referen 18 indicates (Able 2.4) that for the 
Peach Bottom TC2 sequence, the estmated percentage of iodine as HI was 3.2 percent, not notably less than 
the PWR sequences examined. While organic iodide is formed largely from reactions of elemental iodine, Ref.  
22 clearly notes that reactions with HI may be 

~mpotant.  
Although organic iodine is not readily removed by contabuxient rays or filter system it ia unduly 
conservative to assume that organic iodine is not removed at all from the containment atmosphee once genaMed, since such an assumption can result in an overestimate of long-term doses to the thyroid.  References 23 and 24 discuss the mdiolytic destruction 
of organic iodde, and Standard Review Plan Section (S".R) 6.5.2 notes the above reference and indicates that removal of orgpnic iodide may be considered on a case-y-case basis. A rational model for organic Iodine behavior wither Containment would consider both its 
formation as well as destruction in a time-dependent fashion. Development of such a model, however, is 
beyond the scope of the present report.  

Clearly, where the PH is not contrlle to value of?7 or greater, significantly larger fraction of elemental iodinie, as well as organic Iodine may be eqpeted within containment.  
Another fission products, except for the noble gases 
and Iodine, discussed above, are expected to be in particulate for.  

3.6 Proposed Accident Source Terms 
The proposed accident source termis, Inicluding their timing as well as duration, are listed in 'Ibbles 3.12 for BWRs and 3.13 for PWRs. The Information for these 
tables was dedved from the simplification of the 

-EG-11J0 (Rf. 7) sour terms documented in 
NUREG/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 duringthe 
duration time shown.

12



Table 3.12 BWR Releases Into Containment* 

Gap Release*** Early In.Vessel Ex-Vessel Late In-Wssel 

Duration (Hours) 0.5 1.5 3.0 10.0 
Noble Gases" 0.05 0.95 0 0 
Halogens 0.05 0.25 0.30 0.01 
Alkali Metals 0.05 0.20 0.35 0.01 
Tel-urium group 0 0.05 0.25 0.005 
Barium, Strontium 0 0.02 0.1 0 
Noble Metals 0 0.0025 0.0025 0 
Cerium group 0 0.0005 0.005 0 
Lanthanides 0 0.0002 0.005 0 

*Values shown are fractions of core inventory.  
See Wile 3.8 for a listing of the elements in each group Gap release is 3 percent if long-term fuel cooling i maintained.  

Mible 3.13 PWR Releases [nto Contalnmext' 

Gap Release"e* Early In-Vessel x-Vessd Late In-Vessel 
Dumtion (Hours) 0.5 1.3 2.0 10.0 
Noble Gases" 0.05 0.95 0 0 
Halogens 0.05 035 0.25 0.1 
Alkali Metals 0.05 0.25 0.35 0.1 
Tellurium group 0 0.05 0.25 0.005 
Barium, Strontium 0 0.02 0.1 0 
Noble Metals 0 00 0.0025 0 
Cerium group 0 0.0005 0.005 0 
Lanthanides 0 0.0002 0.005 0 

*Values shown are fractions of core inventory.  
See nble 3.8 for a listing of the elements in each group 

* Gap release is 3 percent if long-term fuel cooling i 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, ecept 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.  

"Ihbles 3.12 and 3.13 in this, the final report, were 
modified from the tables in the draft report which were 
taken from lkble 3.9 and Ibble 3.10, for BWRs and

PWRs, respectively. The changes and the reasons for 
these was as follows: 

1. BWR in-vessel release fractions for the volatile 
nuclides (I and Cs) increased slightly while 
ez-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 TI,- Ba and Sr were reduced 
somewhat, both for in-vessel as well as ex-vessel 
releases, in response to comments.  

13 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 
results (Ref. 25) since issuance of NUREG-1150 
which indicate that releases of low volatile 
nuclides, both in-vessel as well as ex-vessel, have 
been overestimated. A re-examination in response 
to comments received showed that the supposed 
"rmeans" of the uncertainty distribution were in 
excess of other measures of the distribution, such 
as the 75th percentile. In this case, the 75t 
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 tflow.  

Based on WASH-1400 (Ref. 5), 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.  
NUREG/CR-4881 (Ref.16) reported a comparison of 
more recently available estimations and observations 
indicating that releases of the dominant fission product 
groups were generally below the values reported in 
Reference 5. However, the magnitude of fission 
products released during the gap release phase can 
vary, depending upon the type of accident. Accidents 
where fuel failures occur may be grouped as followsE.  

1. Accidents where long-term fuel cooling is 
maintained despite fuel failure. Ezamples include 
the design basis LOCA where ECCS functions, 
and a postulated spent fuel handling accident. For 
this category, fuel failure i 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 eqxeience 
prolonged high temperatures.  

2. Accidents where long-term fuel cooling 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 

NUREG-1465

additional release of 2 percent over the duration 
of the gap release phase.  

3. Accidents where fuel failure results from reactivity 
insertion accidents (RIA), 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 Ihbles 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 e=ess of about 40 
GWD/MTU, may be more prone to failure during 
design basis reactivity insertion accidents than 
previously thought. Preliminary indications are that 
high bumup 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 burnmp 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 Ibbles 3.12 and 
3.13 (par gap activity) may not be applicable for 
fuel irradiated to high bumrnup levels (in emcess of about 
40 GWD/MrU).  

With regard to the ex-vessel releases associated with 
core-concrete interactions, according to Reference 17, 
there wer 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 ex-vessel phase are assumed to 
be for a dry reactor cavity having no water overlying any 
core debri Where water covers the core debris, 
aerosol scrubbing will take place and reduce the 
quantity of aerosols entering the containment 
atmosphere. See Section 5.4 for further information.  

3.7 Nonradioactive Aerosols 
In addition to the fission product releases into 
containment shown in libles 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

14
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UNITED STATES OF AMERICA 
NUCLEAR REGULATORY COMMISSION 

BEFORE THE ATOMIC SAFETY AND LICENSING BOARD 

In the Matter of ) 
) Docket No. 50-400-LA CAROLINA POWER & LIGHT ) 

COMPANY ) ASLBP No. 99-762-02-LA 
) 

(Shearon Harris Nuclear Power Plant) 
) 

AFFIDAVIT OF GARETH W. PARRY, STEPHEN F. LAVIE, 
ROBERT L. PALLA AND CHRISTOPHER GRATTON 

IN SUPPORT OF NRC STAFF BRIEF AND SUMMARY OF RELEVANT 
FACTS, DATA AND ARGUMENTS UPON WHICH THE STAFF PROPOSES 

TO RELY AT ORAL ARGUMENT ON ENVIRONMENTAL CONTENTION EC-6 

Gareth W. Parry, Robert L. Palla, Stephen F. LaVie and Christopher Gratton, being duly 

sworn, do hereby state as follows: 

1. My name is Gareth W. Parry. I have been employed by the U.S. Nuclear Regulatory 

Commission (NRC) since 1996 as the Senior Level Advisor on Probabilistic Safety Assessment for 

the Division of System Safety and Analysis in the Office of Nuclear Reactor Regulation. My 

responsibilities are primarily to support the development of the use of risk assessment methods 

and results in regulatory processes associated with the operation of nuclear power reactors. Prior 
to working for NRC I worked for more than fifteen years for NUS, a consulting engineering 

company. While at NUS I participated in various capacities in the performance of more than 20 

PRAs of nuclear power plants in the USA and also in Taiwan, Korea, Spain, the Czech Republic 

and the United Kingdom. I managed two full scale PRA projects, and contributed in a major way 

as task leader for several tasks in others. I contributed to the development of methods for the 

analysis of human reliability, common cause failures and uncertainty analysis as a contractor to 

both NRC and also the Electric Power Research Institute, and have published a large number of 

papers in areas related to probabilistic risk assessment. I have a Ph.D. degree in Theoretical
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Physics from the Imperial College of Science and Technology, the University of London, England, 

and a Bachelor of Science degree in Physics also from Imperial College. I have more than 25 

years of experience in the analysis of safety of nuclear reactors. My resume, including a list of 

publications is attached (Exhibit 1-Resume of Gareth W. Parry).  

2. My name is Stephen F. LaVie. I am employed by the Nuclear Regulatory 

Commission as a Health Physicist in the Licensing Section, Probabilistic Safety Analysis Branch, 

Division of Systems Safety and Analysis in the Office of Nuclear Reactor Regulation. I am 

responsible for reviews of licensee submittals involving assessments of the radiological 

consequences of design basis accidents, and for the preparation of regulatory guidance for 

performing these analyses. In addition, I have twenty years of experience in the commercial 

nuclear power field, including radiation protection, radiological emergency preparedness, 

atmospheric dispersion, radiation shielding, analyses of the radiological consequences of design 

basis accidents, including development of assessment methodologies and computer codes. I have 

fifteen years of direct involvement in providing radiological engineering support to the operating and 

engineering departments at a commercial pressurized water reactor. A statement of my 

professional qualifications is attached hereto. (Exhibit 2-Resume of Stephen F. LaVie).  

3. My name is Robert L. Palla. I am employed by the U.S. Nuclear Regulatory 

Commission as a Senior Reactor Engineer in the Safety Program Section, Probabilistic Safety 

Assessment Branch, Division of Systems Safety and Analysis in the Office of Nuclear Reactor 

Regulation. I am responsible for technical evaluations of license applications and policy issues in 

the areas of severe accident progression and phenomena, containment performance, offsite 

consequences, and risk management, including risk evaluation of spent fuel pools at 

decommissioning plants. I have been conducting such evaluations at NRC since 1981. A 

statement of my professional qualifications is attached (Exhibit 3-Resume of Robert L. Palla).
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4. My name is Christopher Gratton. I am employed as a Reactor Systems Engineer 

for Plant Systems Branch, Division of Systems Safety and Analysis in the Office of Nuclear Reactor 

Regulation. I am responsible for reviews involving the design of spent fuel storage systems, 

including spent fuel pool cooling, under 10 CFR Part 50, and for the preparation of regulatory 

guidance for performing these analyses. I have twenty-one years of experience in the nuclearfield; 

the past seven years have been directly involved in evaluating the designs of spent fuel storage 

systems. This includes a two year study of the design features of spent fuel storage systems at 

boiling and pressurized water reactor plants. I also have seven years of experience operating and 

testing reactor plant systems. A statement of my professional qualifications is attached. (Exhibit 

4-Resume of Christopher Gratton).  

5. The purpose of this affidavit is to address the Board of Commissioners of Orange 

County's (BCOC) environmental contention, EC-6, as admitted by the Atomic Safety Licensing 

Board (Board) in its August 7, 2000, Memorandum and Order (Ruling on Late-Filed Contentions).  

Carolina Power & Light Co (Shearon Harris Nuclear Power Plant), LBP-00-19, 52 NRC 85 (2000).  

6. BCOC's Contention EC-6 states: 

In the Environmental Assessment ("EA") for CP&L's December 23, 1998, 
license amendment application, the NRC Staff concludes that the proposed 
expansion of spent fuel storage capacity at the Shearon Harris nuclear power plant 
will not have a significant effect on the quality of the human environment....  
Therefore, the Staff has decided not to prepare an Environmental Impact Statement 
("EIS") for the proposed license amendment. The Staff's decision not to prepare 
an EIS violates the National Environmental Policy Act ("NEPAX) and NRC's 
implementing regulations, because the Finding of No Significant Impact ("FONSI") 
is erroneous and arbitrary and capricious. In fact, the proposed expansion of spent 
fuel storage capacity at Harris would create accident risks that are significantly in 
excess of the risks identified in the EA, and significantly in excess of accidents risks 
previously evaluated by the NRC Staff in the EIS for the Harris operating license.  
These accident risks would significantly affect the quality of the human environment, 
and therefore must be addressed in an EIS.  

There are two respects in which the proposed license amendment would 
significantly increase the risk of an accident at Harris:
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(1) CP&L proposes several substantial changes in the physical characteristics and mode of operation of the Harris plant. The effects of these changes on the accident risk posed by the Harris plant have not been accounted for in the Staff's EA. The changes would significantly increase, above present levels, the probability and consequences of potential accidents at the Harris plant.  

(2) During the period since the publication in 1979 of NUREG-0575, the NRC's Generic Environmental Impact Statement ("GELS") on spent fuel storage, new information has become available regarding the risks of storing spent fuel in pools. This information shows that the proposed license amendment would significantly increase the probability and consequences of potential accidents at the Harris plant, above the levels indicated in the GELS, the 1983 EIS for the Harris operating license, and the EA. The new information is not addressed in the EA or the 1983 EIS for the Harris operating license.  

Accordingly, the Staff must prepare an EIS that fully considers the environmental impacts of the proposed license amendment, including its effects on the probability and consequences of accidents at the Harris plant. As required by NEPA and Commission policy, the EIS should also examine the costs and benefits of the proposed action in comparison to various alternatives, including Severe Accident Mitigation Design Alternatives ("SAMDAS") and the alternative of dry storage.  

The Board confined consideration of the contention to the seven-step accident sequence 
proposed in Basis F.1 and the associated probability analysis. The sequence, as admitted, 

involves: 

(1) a degraded core accident; 
(2) containment failure or bypass; 
(3) loss of all spent fuel cooling and makeup systems; 
(4) extreme radiation doses precluding personnel access; (5) inability to restart any pool cooling or makeup systems due to extreme 
radiation doses; 
(6) loss of most or all pool water through evaporation; and (7) initiation of an exothermic oxidation reaction in pools C and D.  

The Board also requested the parties to address the following three questions in their 

written presentations: 

1. What is the submitting party's best estimate of the overall probability 
of the sequence set forth in the chain of seven events in the CP&L and BCOC's filings, set forth on page 13 suora? The estimates
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should utilize plant-specific data where available and should utilize 
the best available generic data where generic data is relied upon.  

2. The parties should take careful note of any recent developments in 
the estimation of the probabilities of the individual events in the 
sequence at issue. In particular, have new data or models 
suggested any modification of the estimate of 2 x 10"6 per year set 
forth in the executive summary of NUREG-1353, Regulatory 
Analysis for the Resolution of Generic Issue 82, Beyond Design 
Basis Accidents in Spent Fuel Pools (1989)? Further, do any of the 
concerns expressed in the ACRS's April 13,2000 letter suggest that 
the probabilities of individual elements of the sequence are greater 
than those previously analyzed (e.g., is the chance of occurrence of 
sequence element seven, an exothermic reaction, greater than was 
assumed in the decade-old NUREG-1353)? 

3. Assuming the Board should decide that the probability involved is of 
sufficient moment so as not to permit the postulated accident 
sequence to be classified as "remote and speculative," what would 
be the overall scope of the environmental impact analysis the Staff 
would be required to prepare (i.e., limited to the impacts of that 
accident sequence or a full blown EIS regarding the amendment 
request)? 

7. This affidavit contains the Staff's discussion and analysis of the seven-step accident 

sequence, the Staff's analysis of the probability of the occurrence of the sequence and the Staff's 

answers to questions 1 and 2.  

8. In preparation for this affidavit, we reviewed the documents identified in the 

discussions below.  

A Discussion on PRA and Why It Is Applicable to this Affidavit 

9. A degraded core accident in a nuclear power plant is one in which the normal and 

emergency methods for removing the heat generated by nuclear fission in the reactor core fails so 

that the core overheats. If the function is not restored in time, the core will melt, potentially leading
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to failure of the reactor pressure vessel. Such an accident challenges the containment and may 

lead to failure of the containment. For some degraded core accidents the containment is 

bypassed, meaning that there is a pathway from the reactor pressure vessel directly outside 

containment. Both of these mechanisms of failure of the containment function allow radionuclides 

from the degraded core to be released into the environment posing a threat to public health and 

safety. An analytical approach, known as Probabilistic Risk (or Safety) Assessment or PRA (or 

PSA), has been developed and used worldwide for the analysis of such accidents. The results of 

a PRA or PSA include an identification of the ways in which such accidents can occur, and also 

produce estimates of the probability of such accidents.  

10. An analysis of degraded core accidents and containment failure at the Shearon 

Harris Nuclear Power Plant (Harris) using a PRA has been performed by Carolina Power &Light 

(CP&L, or Licensee) in response to Generic Letter 88-20 (Exhibit 5-Individual Plant Examination 

for Severe Accident Vulnerabilities," Generic Letter 88-20, November 23, 1988) which requested 

that licensees perform an individual plant examination (IPE) to identify vulnerabilities with respect 

to safety. The PRA is contained in CP&L's IPE for the Harris plant (Exhibit 6-Shearon Harris 

Nuclear Power Plant, Individual Plant Examination (IPE) Submittal, August 1993). Further, an 

individual plant examination for external events (IPEEE) (Exhibit 7-Shearon Harris Nuclear Power 

Plant, Individual Plant Examination for External Events (IPEEE) Submittal, June 1995) was 

performed in response to Supplement 4 of GL 88-20 (Exhibit 8-Individual Plant Examination of 

External Events (IPEEE) for Severe Accident Vulnerabilities,' Generic Letter 88-20, Supplement 

4). The IPE has since been updated and is maintained as the Shearon Harris Probabilistic Safety 

Study (PSA) (Exhibit 9-Shearon Harris Nuclear Plant Probabilistic Safety Assessment (PSA), Rev.  

0, 1995). These documents contain information to address the first two events in the seven step 
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sequence directly. An analysis of the complete sequence of events has not previously been 

performed for the Harris plant, or, to our knowledge, for any plant.  

11. PRAs are analytical models used to investigate the potential for the occurrence of 

events that, if indeed possible, are extremely unlikely, and for which, therefore, there is no, (nor is 

there expected to be any), actuarial data. A PRA model represents these rare events as 

combinations and sequences of more elementary events for which experience is more likely to be 

available and which are amenable to analysis.  

12. A level 1 PRA is used to analyze the causes and likelihoods of potential degraded 

core accidents. The model itself consists of logic models called event trees that identify the various 

scenarios that can occur following a challenge to normal operation and that result from 

combinations of successes and failures of the functions or systems that are required in response 

to those challenges. The different scenarios correspond to either successful mitigation of the 

challenge or degraded core accidents that have a different character depending on which functions 

or systems failed. The event trees are supported by other logic models called fault trees that 

identify the various combinations of equipment and personnel failures that lead to function or 

system failure. The fault trees in combination with the event trees are used to identify the 

combinations of equipment and personnel failures that result in each of the degraded core 

accidents.  

13. The consequences of the hypothesized degraded core accidents in terms of their 

impact on containment are explored in what is called a Level 2 PRA, using a containment event
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tree, which is supported by calculations using models of severe accident progression and severe 

accident phenomena such as hydrogen combustion and core concrete interactions.  

14. The estimation of the probabilities of degraded core accidents requires estimating 

the probabilities of equipment failures and errors on the part of the plant staff. While equipment 

failures are in principle amenable to the use of actuarial data, because of the high reliability of 

nuclear power plant equipment, such data is often not attainable, and engineering judgement is 

required to estimate the probabilities. The likelihood of operator error is very much a function of 

the context in which the operator is performing. Since, very few, if any, of the situations addressed 

in the PRA models, such as the need to initiate the "feed and bleed" procedure1 in response to a 

complete loss of secondary side heat removal, have actually occurred, again, the likelihood of such 

errors must be based on judgement, extrapolating from more common situations. This requires 

the use of models. As mentioned above, the estimation of containment failure probabilities requires 

the use of analytical models that represent the analysts' best current understanding of how severe 

accidents would progress. Because engineering judgement is used in all phases of the analysis, 

it is fair to describe a PRA as a structured approach to the use of judgement. There are areas of 

the analysis where there is no consensus on what judgements should be made, and because of 

this, there can be variability in the results of PRAs performed by different analysts. This does not 

imply that one analyst is wrong, but generally means that different assumptions or judgements 

were made. This variability is a source of uncertainty in the results of the PRA. The uncertainties 

resulting from limitations in our understanding exist whether or not use is made of a PRA. The 

"1 uFeed and bleed" is a term used to describe an approach to providing core cooling by 
opening the valves in the reactor pressure boundary that allows coolant to escape into the containment (bleed). The coolant is then cooled by the decay heat removal system and 
returned to the pressure vessel (feed).
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structure of the PRA, however, provides a context for assessing the impact of uncertainties on the 

results.  

15. The Staff recognizes variability as a source of uncertainty and is aware that reliance 

on the results of one study may result in. a bias. In the recently issued Regulatory Guide (RG) 

1.174 (Exhibit 10-Regulatory Guide RG 1.174, "An Approach for Using Probabilistic Risk 

Assessment in Risk-Informed Decisions on Plant-Specific Changes to the Licensing Basis," July 

1998), the Staff has recognized this by requiring that when PRA is used in support of license 

amendments, sources of uncertainty should be identified and their impact on the decision 

evaluated. The Staff recognizes that one factor that increases confidence in the results of a PRA 

is whether a peer review has been performed. A peer review is a process in which an unbiased 

group judges the scientific and technical validity of the work of members of its own community. In 

the context of a PRA, the peer review would be aimed at assuring that the model is constructed 

correctly, and in particular assessing the appropriateness of the assumptions made as they reflect 

current understanding. A peer review would also check whether the results make sense given the 

design and operational practices at the plant.  

16. PRAs have been performed for all the nuclear power plants in the US and many 

others worldwide. The degree of detail in the studies varies widely, and there is variability in the 

detailed results in terms of the contributions to core damage frequency and containment failure 

probability from different scenarios. However, there is general consensus on the types of accidents 

that can cause degraded core conditions, and on the fact that it is necessary to perform plant 

specific analyses to identify contributions that result from unique plant design and operational 

features. While the best source for plant specific information is the plant specific PRA, the industry
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wide experience also provides a resource that can be used to check the reasonableness of the 

conclusions.  

17. When assessing the risk from a nuclear power plant, all significant initiating events 

and all plant operating modes should be addressed. PRAs have been performed for the so-called 

internal initiating events, i.e., those that originate because of failures in, or disturbances of, the 

plant systems themselves. Some PRAs have been performed for initiating events that originate 

from events outside the plant systems boundaries. These are called external initiating events and 

include such events as earthquakes, high winds, and fires internal and external to the plant. The 

contributions from external initiating events tend to be a function of when the plant was designed, 

with the newer plants, such as Harris, being less vulnerable. Relatively few PRAs have been 

performed for initiating events occurring while the plant is in a non-power mode of operation, but 

those that have been performed tend to demonstrate that the risk can be on the same order as that 

from initiating events at full power. There is neither a shutdown PRA nor a seismic PRA for the 

Harris plant. However, the shutdown and seismic PRAs that have been performed for other plants 

provide a basis for an estimate of the contributions to CDF at Harris.  

18. PRAs have been criticized for not being complete in addressing all issues that could 

have an impact on risk'. One particular issue commonly raised is that of design and construction 

errors. The occurrence of design or construction errors is not a probabilistic issue; they either exist 

at a plant or they do not. Therefore, it makes little sense to estimate the probability that a 

significant design or construction error exists at a particular plant. PRAs assume that the plant is 

2 An issue for which PRAs are sometimes criticized is their lack of completeness in 
addressing contributions to risk from sabotage. Sabotage as an issue has been excluded from 
this proceeding.
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constructed in accordance with the design basis. Nevertheless, several hundred LERs are issued 

every year that address design basis issues. However, it has been shown that very few, only about 

1% in 1998, have any safety significance (Exhibit 11-Advisory Committee on Reactor Safety 

(ACRS) Letter, Union of Concerned Scientists Report, "Nuclear Plant Risk Studies: Failing the 

Grade," October 11, 2000).  

19. NRC Staff's approach to the use of PRA in regulatory decision-making is discussed 

in detail in Regulatory Guide 1.174 (Exhibit 10). While the focus of that Regulatory Guide is on the 

use of PRA in support of license amendments, the principles apply more generally. The NRC has 

adopted a risk-informed approach to regulation which uses PRA information, but does not rely on 

it alone. Any assessment of risk must be accompanied by both an assessment of the impact of 

the identified uncertainties, and qualitative arguments that justify the case. Hence, in this affidavit, 

the argument whether a scenario is "remote and speculative" will not be based on a number alone, 

but on an understanding of the reasoning behind that number.  

20. When probabilities are used in this document they will generally be best estimates 

in the sense that they correspond to the mean values of distributions representing uncertainties in 

those values. This is appropriate given the use of mean values of the Core Damage Frequency 

and Large Early Release Frequency in RG 1.174 as the figures of merit in regulatory decision

making (Exhibit 10, page 14).

000427'



-12-

General Approach to the Analysis 

21. This section describes the approach taken by the Staff to the estimation of the 
probability of the seven step accident sequence identified in Paragraph 6. The estimation of the 
probability of this chain of events is not simply the product of the probabilities of the seven events.  
In fact, as will be discussed below, steps 4 and 6 in the sequence are not random events for which 
probabilities may be assessed, but rather they represent conditions that are used to evaluate the 
probability of step 5. As will be seen in the later discussions the timing of the steps in the sequence 
plays a significant role in the determination of the overall probability of the sequence.  

22. As shown by the PRAs performed to date, there are many postulated degraded core 
accidents, each having its own characteristics and its own frequency of occurrence. What the 
characteristics of the sequences are will be discussed as necessary later. The conditional 
probability of containment failure or bypass given a degraded core accident is dependent on the 

characteristics of the accident sequence.  

23. In Orange County's Request for Admission of Late-Filed Environmental Contentions 
(Request for Admission), dated January 31, 2000, BCOC makes the statement that "a degraded 
core accident at the Harris, reactor, with containment failure or bypass, would almost certainly lead 
to interruption of cooling of the Harris pools." The Staff has identified that there are some core 
damage accident sequences for which the spent fuel pool cooling is interrupted. It also recognizes 
that there is a potential, for those sequences in which spent fuel pool cooling is not interrupted, for 

the spent fuel pool cooling to be interrupted following the failure of containment. Thus the estimate
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of the joint probability of the first three steps in the seven-step sequence may contain contributions 

in which spent fuel pool cooling is lost before containment failure, and also contributions in which 

containment failure precedes loss of pool cooling.  

24. If the pool cooling is interrupted for a sufficient length of time, then, because of the 

heat generated by the decay of fission products in the spent fuel, the water in the pools would heat 

up and evaporate or boil off, leading to urjcovery of the fuel elements. Therefore, should pool 

cooling be interrupted, it is essential that it be restored before the fuel becomes uncovered. Event 

6, the loss of all pool water through evaporation, is guaranteed if those functions are not restored.  

Stated another way, if the pool cooling and makeup functions can be restored before the fuel has 

been uncovered, the scenario is terminated. The length of time it takes for the water heat up and 

boil off is a function of the total heat load (which is a function of both the age and quantity of fuel), 

and the amount of water present.  

25. For many of the scenarios of concern, the pool cooling function is recoverable.  

However, a prolonged interruption of the cooling will require makeup to establish an appropriate 

flow through the cooling system. There are several methods of providing makeup.  

26. In the Request for Admission, on pages 8-9, BCOC writes, "Restoration of cooling 

water lost by evaporation would be precluded because onsite radiation levels would prevent access 

by personnel." There are two "eventse in the seven step sequence that relate to this, namely event 

4, extreme radiation doses precluding personnel access, and event 5, inability to restart any pool 

cooling or makeup systems due to extreme radiation doses. "Event 4" is not an event as such, but, 

for the purposes of this analysis, represents the necessity, for each scenario included in the
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combination of events 1, 2, and 3, to assess whether that scenario can lead to sufficient 

contamination dose level to prevent access to areas where corrective or restorative actions are to 

be taken at the time that such actions have to be taken. The location and severity of dose is a 

function of the nature of the degraded core accident, and particularly of the containment failure 

mode and location. Furthermore, the dose to personnel in contaminated areas is both a function 

of time from the release, and of the time spent in the contaminated area.  

27. If the age of the fuel is such that an exothermic reaction of the fuel clad is possible 

once the fuel is uncovered, the onset of the fire would be later than the time it takes for the water 

in the pools to evaporate to the point of uncovery of the fuel. However, the additional time, while 

uncertain, is assumed to be small. Therefore, the time to fuel uncovery is assumed to be the time 

available to perform remedial actions to prevent the occurrence of an exothermic reaction. The 

condition represented by event 6 is used to determine the time available to perform the necessary 

actions.  

28. The probability associated with event 5 is interpreted for this analysis to be the 

probability of failure to restart any pool cooling or makeup systems given the constraints imposed 

by the radiological contamination following the degraded core accident. The more methods that 

are not precluded by the radioactive release the better from the point of view of assuring that at 

least one of them succeeds. The more time that is available the more the likelihood of success.  

29. The consequence of the loss of most or all pool water is most likely an exothermic 

reaction of the fuel in the pools if the fuel is not so old that the decay heat can be removed by air 

cooling. Precisely how old the fuel has to be to prevent a fire is still not resolved. Therefore,
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rather than estimate the probability of an exothermic reaction in pools C and D (event 7 in the 

seven step sequence), it is assumed conservatively that the probability is 1, given that the 

sequence has progressed to the point that the water in the pools has been lost through 

evaporation. However, there will be fuel in pools A and B that is less than five years old and loss 

of water in pools A and B would almost certainly result in an exothermic reaction. At that point, it 

is not likely that cooling could be restored to pools C and D. Thus the time available to effectively 

recover the pool cooling and/or makeup functions is conservatively assumed to be the time taken 

to uncover the fuel in pools A and B.  

30. In this affidavit, the Staff presents its assessment of the probability of the seven-step 

scenario identified in paragraph 6 above. This analysis was subjected to a peer review by Dr.  

Nathan Siu and Mr. Charles Tinkler of the Office of Research. The Staff did not identify any 

sequences where the ability to restart spent fuel pool cooling or provide makeup, following a severe 

core damage accident that failed containment and led to an interruption of spent fuel pool cooling, 

was precluded by severe doses. The Staffs's conclusion therefore, is that the probability of this 

sequence as written is very low, and as discussed in paragraphs 234 to 255, is bounded by 2E

07/reactor year.  

Probability of Degraded Core Accident at the Harris Nuclear Plant 

31. In the following sections, the Staff discusses in turn its estimate of the probability 

of a degraded core accident at the Harris Nuclear Plant; its estimate of the joint probability of a 

degraded core accident and an interruption of spent fuel pool cooling; its assessment of the 

containment failure modes, their probabilities conditional on core damage, and the characteristics
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of the release of radioactivity; an assessment of the impact of the releases on continued operation 

of the spent fuel pool cooling for those accident sequences that do not directly lead to an 

interruption of that function; its estimate of the joint probability of the first three events in the seven

step sequence; a discussion of the methods available for makeup to the spent fuel pools; its 

assessment of which of the methods are precluded because of severe doses from the release; a 

discussion on the likelihood of success in implementing these methods for the most limiting 

situations; and a summary of its conclusions that the probability of the seven-step scenario as 

described is indeed remote and speculative.  

32. The probability of a degraded core accident is usually presented as a core damage 

frequency, or CDF, which is the probability that a core damage accident occurs in one year. For 

the purposes of this affidavit, the assessment of the CDF should include contributions from all 

initiating events in all phases of reactor operation with fuel in the reactor. An initiating event is an 

event that disrupts normal operation and requires safety systems to operate to stabilize the 

situation.  

33. There are several estimates of contributions to the CDF at the Harris Nuclear Plant 

given in various documents provided by CP&L, as discussed in the following paragraphs.  

34. The estimate given in the Individual Plant Examination (IPE) submittal, which 

includes contributors from internal initiating events and internal floods for the full power mode of 

plant operation, is 7E-05/reactor year ( or 7 occurrences inl 00,000 years) (Exhibit 6-page 3-242).  

An internal initiating event in the full power mode of operation is an event caused by a failure in one 

of the operating systems that results in a reactor trip. An internal flood is caused by a failure of the
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integrity of one of the plant systems that releases water or steam. The IPE submittal was subjected 

to a peer review and was also reviewed by NRC Staff and its contractors (Exhibit 12-NRC Staff's 

Evaluation of the Shearon Harris Nuclear Plant Individual Plant Examination (IPE Submittal) (SER 

IPE), January 26, 1996). The NRC Staff review concluded that the IPE met the intent of Generic 

Letter 88-20, which was to determine whether the plant had any vulnerabilities. In the IPE 

submittal, about 75% of the core damage frequency is a result of sequences initiated by a loss of 

coolant accident or LOCA, which is a breach of the reactor pressure boundary inside the 

containment leading to a loss of coolant from the reactor vessel, or a transient-induced LOCA. The 

latter is an accident caused by a reactor trip and a subsequent failure of the pressure boundary, 

and the contributors are primarily station blackout events, i.e., losses of all station power, leading 

to reactor coolant pump seal LOCAs.  

35. An external initiating event is an event external to the plant systems that causes a 

disruption of normal plant operation. The events considered are earthquakes, fires, both internal 

and external to the plant structures, transportation accidents such as aircraft crashes, and high 

winds. The Individual Plant Examination for External Events (IPEEE) estimates the contribution 

from internal fires to have a frequency of 1.1 E-05/per reactor year (Exhibit 7, page 4-49). The 

contributions from all other external events, with the exception of seismic events, were judged to 

be minor and could be screened from consideration (Exhibit 7, page 1-7). The IPEEE was 

performed largely by contractors, and peer reviewed by CP&L staff. The NRC Staff review of the 

IPEEE concluded that the external events were adequately addressed (Exhibit 13-NRC Staff's 

Evaluation of the Shearon Harris Nuclear Power Plant, Unit 1, Individual Plant Examination of 

External Events (SER IPEEE), January 14, 2000) and that the IPEEE was capable of identifying 

the most likely severe accidents and severe accident vulnerabilities.
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36. The Shearon Harris Nuclear Plant Probabilistic Safety Assessment (PSA) Revision 

1, dated October 1995 gives an estimate of the total CDF from full power operations of 5.5E

05/reactor year (Exhibit 9, page 6). This includes contributions from seismic events of 

approximately 8E-06/reactor year and fires of approximately 1 E-05/reactor year (Exhibit 9, page 

5). The seismic contribution to CDF presented in the report was estimated using a method that the 

licensee has since judged to be too conservative (Exhibit 14-Applicant's Response to NRC Staff's 

Second Set of Interrogatories Directed to the Applicant Regarding Contention EC-6, October 19, 

2000).  

37. The PSA estimate of CDF from internal initiating events, which is on the order of 3E

05/reactor year, is considerably lower than that given in the IPE. It is difficult to make a direct 

comparison between the IPE and the PSA, since the results are presented differently. However, 

again, about 75% of the sequences are LOCAs or transient induced LOCAs, with a significant 

contribution from station blackout. Therefore, while the CDF estimate has changed, the 

contributions appear to be in the same proportion. There have been several revisions to the PRA 

model as discussed in Applicant's Response to NRC Staff's First Set of Interrogatories and 

Requests for Production of Documents Directed to the Applicant Regarding Contention EC-6, dated 

September 26, 2000, response to specific interrogatory no. 6, page 19. (Exhibit 15-Applicant's 

Response to NRC Staff's First Set of Interrogatories and Requests for Production of Documents 

Directed to the Applicant Regarding Contention EC-6, September 26, 2000). One significant 

change included in the 1995 PSA is the reduction in initiating event frequencies, based on more 

recent plant specific data (Exhibit 9-Table 3-17; and Exhibit 6-Table 3-4). These changes in 

frequencies are reasonable and in agreement with the general trend that initiating event
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frequencies at US nuclear power plants, have been decreasing (Exhibit 16-NUREG/CR 5750, 

"Rates of Initiating Events at U.S. Nuclear Power Plants: 1987-1995," February 1999-selected 

portion: Executive Summary). However, for the purposes of this analysis, the IPE estimate of CDF 

will be used, even though it is probably conservative, because it has been subject to review by NRC 

or its contractors, unlike the PSA.  

38. The CDF contributions from earthquakes and low power and shutdown operations 

have not been evaluated specifically for Harris. These contributions are discussed below.  

39. A seismic PRA was not performed for the IPEEE; instead a margins approach was 

adopted. The plant, as shown by the IPEEE, has a plant level high-confidence-low-probability-of.  

failure (HCLPF) capacity of .3g that meets the review level earthquake (Exhibit 7-Appendix A, page 

122). In colloquial terms this means that the plant is rugged from a seismic perspective and has 

no specific vulnerabilities. It should be noted that as part of this evaluation, a loss of offsite power 

caused by the earthquake is assumed. The seismic hazard at the Harris site is assessed to be 

very low (Exhibit 17-NUREG 1488, "Revised Uvermore Seismic Hazard Estimates for Sixty-Nine 

Nuclear Power Plant Sites East of the Rocky Mountains," page A-i 4). On the basis of this and the 

results of seismic PRAs that were performed for other plants (Exhibit 18-"An Update of the 

Preliminary Perspectives Gained from Individual Plant Examinations of External Events (IPEEE) 

Submittal Reviews," Nuclear Engineering and Design, Vol. 194 (1999), A.M. Rubin et al.), and 

taking into account that the plant level HCLPF value3 is higher than that of other PWRs located in 

the Eastern U.S. (Cook, Kewaunee, Point Beach), we conclude that the seismic core damage 

frequency is on the order of 1 E-05/reactor year (or 1 occurrence in 100,000 years). Such an 

- The HCLPF value is the peak ground acceleration at which there is a high confidence 
of low probability of failure due to the earthquake.
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accident would typically be considered as equivalent to a long term loss of offsite power, since the 

failure of the electric power distribution system is typically assumed.  

40. None of the estimates of CDF for Harris contain contributions to core damage due 

to accidents at low power or shutdown. Only a few analyses of the low-power and shutdown 

contributions to degraded core probability have been performed, though all indicate that the 

contribution from shutdown states is on the same order as that from full power. The CDF is 

generally considered to be dominated by contributions from reduced inventory operation, because 

there is the least margin for recovery. Interruptions of the decay heat removal function are the 

biggest contributors. Industry PRAs for shutdown states at PWRs have produced CDF estimated 

in the range of 2 to 3E-05 per reactor year. However, the actual estimate is a strong function of 

the outage planning, and in particular, the care taken to provide adequate mitigation capability 

during the mid-loop phase of shutdown (Exhibit 19-SECY-00-0007, "Proposed Staff Plan for Low 

Power and Shutdown Risk Analysis Research to Support Risk-informed Regulatory Decision

Making," January 12, 2000).  

41. For the purposes of this analysis, the Staff estimates the CDF for Harris be the sum 

of: 

- internal events (including floods) 7E-05 (IPE, Exhibit 6) 

- fires 1.1 E-05 (IPEEE, Exhibit 7) 

- seismic 1 E-05 (paragraph 38) 

- shutdown 3E-05 (paragraph 39), 

for a total of 1.2E-04/reactor year (or 1.2 occurrences in 10,000 years).
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Identification of Sequences that Directly Result, or Indirectly May Result in Interruptions of 

Spent Fuel Pool Cooling 

42. In the seven-step sequence identified in the Licensing Board's Memorandum and 

Order, dated August 7, 2000, page 13, event number 3 is identified as "loss of all spent fuel pool 

cooling and makeup systems". BCOC in its Request for Admission states on page 8 that "a 

degraded core accident at the Harris reactor, with containment failure or bypass, would almost 

certainly lead to interruption of cooling of the Harris fuel pools." This is considerably broader than 

event number 3. The following paragraphs specifically address the interruption of spent fuel pool 

cooling. The Staff notes that not all the scenarios that interrupt pool cooling will lead to a loss of 

makeup systems. First, the spent fuel storage system at Harris is described.  

43. The spent fuel storage system is housed in the Fuel Handling Building (FHB), a 

reinforced concrete, seismically qualified structure located adjacent to the Unit 1 Containment 

Auxiliary Building, the Reactor Auxiliary Building, and the Waste Processing building ( Exhibit 

20-Shearon Harris Final Safety Analysis Report (FSAR) Chapter 9-section 9.1.3, p.2). The 

building is designed to protect its contents against natural phenomena, such as tornadoes, 

hurricanes, and floods (Exhibit 20-section 9.1.2, p.2). The FHB houses the four fuel pools, the 

north and south end spent fuel pool cooling water systems, and other systems, structures, and 

components relied upon to support refueling and fuel storage operations (Exhibit 20-section 9.1.2, 

p. 1,2). Spent fuel from the operation of the Harris Unit 1 nuclear reactor is transferred to the FHB 

through the transfer tube located in the south end transfer canal and stored in the spent fuel pool 

A or B (Exhibit 20-section 9.1.2, p.2). The Harris fuel storage system also accepts spent fuel from 

the Robinson and Brunswick nuclear stations, which is currently stored in pools A and B but
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eventually will be stored in pools C and D (Exhibit 21-CP&L Request for License Amendment, 

Spent Fuel Storage, December 23, 1998).  

44. The fuel storage system consists of four seismically qualified, reinforced concrete 

fuel pools and a cask loading pit (Exhibit 20-section 9.1.2, p. 1-2). The fuel pools and the cask pit 

are lined with stainless steel for compatibility with the pool water (Exhibit 20-section 9.1.2, p.2).  

Spent fuel is stored in seismically qualified storage racks at the bottom of the fuel storage pools 

(Exhibit 20-section 9.1.2, p.2). Transfer canals are provided between the cask pit and the pools 

so that spent fuel assemblies can be safety transferred underwater from one pool storage location 

to another (Exhibit 22-CP&L Engineering Drawing, CAR-2165 G-022, General Arrangement Fuel 

Handling Building Plans Sheet 1). Isolation gates are provided between each pool and transfer 

canal (Exhibit 1 5-Specific Interrogatory #8). The gates are constructed of steel and have inflatable 

rubber seals to minimize leakage (Exhibit 15-Specific Interrogatory #8). The gates extend from the 

pool surface to approximately the elevation of the top of the fuel storage racks (Exhibit 

23-Deposition of W. Wills, Exhibit #2, Roll #1, Picture 9; Exhibit 24-CP&L Engineering Drawing, 

CAR-2165 G-025, General Arrangement Fuel Handling Building Sections Sheet 2).  

45. Two spent fuel pool cooling and cleanup systems (SFPCCS) are provided to remove 

decay heat from the spent fuel stored in the four fuel pools (Exhibit 20-section 9.1.3, p.1). One 

SFPCCS services the south end pools (pools A and B) and the south transfer canal, while the other 

system (not currently in use, but to be completed prior to implementation of the license 

amendment) services the north end pools (pools C and D), the north end transfer canal and the 

cask pit (Exhibit 20-section 9.1.3, p.1). The systems are designed to seismic Category 1 

requirements and the system pumps can be powered from on site emergency power (Exhibit
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20-section 9.1.3, p.6). Each SFPCCS consists of two 100% capacity pumps, two heat exchangers, 

filters, and a purification loop with a demineralizer (Exhibit 20-section 9.1.3, p.2-4). While 

independent of each other, the cooling water systems can share inventory through the main 

transfer canal (Exhibit 22). The Unit 1 Component Cooling Water System (CCWS) removes the 

decay heat from both the north end and south end fuel pool heat exchangers, and transfers the 

heat to the Service Water System (Exhibit 20-section 9.1.3, p.3).  

46. Each fuel pool cooling water system (north and south) is comprised of redundant 

cooling loops capable of cooling the stored fuel under design conditions assuming a single active 

failure (Exhibit 20-section 9.1.3, p.5). The fuel pool cooling pumps are remotely operated from the 

control room (Exhibit 25-Shearon Harris Nuclear Power Plant, Plant Operating Manual, SD-1 16, 

System Description, Fuel Pool Cooling and Cleanup System, p.9). Control room and local alarms 

are provided to alert operators of abnormal water level and high temperature in the fuel pools 

(Exhibit 25-p.9). Should a loss of offsite power occur, the fuel pool cooling pumps can be restarted 

from the control room using emergency power provided by the emergency diesel generators 

(Exhibit 25-p.9).  

47. Each fuel pool cooling water system includes a non safety-related, non seismically 

qualified purification loop designed to remove impurities and lower the activity levels in the fuel pool 

coolant (Exhibit 25-p.4). Valving is provided between the cooling system and cleanup system to 

permit isolation of this non safety-related system (Exhibit 25-p.4).
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48. Periodically, coolant makeup is required to offset the effects of evaporation, 

sampling, and fuel transfer activities. Several methods for adding coolant to the spent fuel storage 

system are available to operators as discussed in paragraphs 140-152.  

49. Four categories of degraded core accident sequences that may lead to interruption 

of spent fuel cooling can be identified. They are: (a) those in which equipment failures that 

contribute to core damage lead directly to loss of pool cooling, for example, failures of the 

component cooling water (CCW) system and station blackout (discussed in paragraph 51); (b) 

those resulting from a loss of offsite power with onsite AC power available, in which the spent fuel 

pool cooling function is interrupted (because the spent fuel pool cooling pumps are not 

automatically reloaded on the safety bus by the load sequencer) but is recoverable from the control 

room by simple actions (discussed in paragraph 52); (c) loss of coolant accidents (LOCAs), for 

which, if it is necessary to employ a means of containment heat removal known as sump 

recirculation, the operators will be required to interrupt spent fuel pool cooling to maximize heat 

removal from the containment (paragraph 53); and (d) those for which spent fuel pool cooling is 

not initially lost, but for which a subsequent containment failure could result in failure of equipment 

required to maintain the cooling function as a result of the release of steam and radionuclides into 

the containment auxiliary building and possibly into the reactor auxiliary building (RAB) (Paragraph 

114).  

50. The major difference between these groups is one of timing. The extremes are 

given by the first case, in which the spent fuel pool begins to heat up at the same time as the 

degraded core accident, and the last, in which the heat up starts at the time of release from 

containment. In the former case, therefore, there will be less time for recovery of the spent fuel
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pool function after the release. However, to compensate, there would be time to take preemptive 

action before the containment fails to line up makeup paths.  

51. The first group of scenarios was addressed by the licensee's response to NRC 

Staff's First Set of Interrogatories, specifically numbers 3, 4, and 5 (Exhibit 15). The scenarios 

identified, and their frequencies, which were obtained from the current version of the PSA model 

(which has been updated since the version documented in Exhibit 9) are those initiated by the 

following events: 

- Loss of DC Bus DP-1 A, with a contribution to CDF of 1.1 E-06 

- Loss of offsite power, with a contribution to CDF of 1.3E-05 

- Fire in 6.9kv bus 1 B-SB, with a contribution to CDF 2.6E-07 

- Service water flood scenarios, with a contribution to CDF of 5.2E-06 

The first three sets of scenarios, with a total frequency of approximately 1.4E-05, are dominated 

by station blackout scenarios, i.e., a complete loss of AC power to the reactor. (The fire and loss 

of DC bus scenarios are not a result of loss of power to the site however, but to failures in the 

distribution system within the plant). The service water flood scenarios are losses of service water.  

It is not the Staff's intent to use these numerical results directly, since they are not directly 

comparable to those in the IPE, because of the changes in the model. However, the analysis 

performed by the licensee showed that sequences initiated by equipment failures in the component 

cooling water system and the service water system are not significant contributors, and that power 

related issues dominate the frequency of a combined core damage event and loss of pool cooling.  

Based on experience with performing and reviewing seismic PRA, the Staff understands that the 

seismic scenario with a frequency on the order of 1 E-05/reactor year can also be assumed to be 

dominated by station blackout, which also leads directly to a loss of spent fuel pool cooling.
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Therefore, in any case, the seismic contribution will be assumed to lead to an interruption of spent 

fuel pool cooling.  

52. Accidents initiated by a loss of offsite power with onsite emergency AC power 
available contribute very little to core damage frequency (Exhibit 26-CP&L Response to NRC 
Request for Additional Information: Review of Individual Plant Examination Submittal, January 16, 
1995, page 28) and can be neglected for this affidavit.  

53. A LOCA in and of itself does not directly lead to an interruption of spent fuel 
pool cooling. However, under certain conditions, the operators are directed to interrupt cooling of 
the spent fuel pool heat exchangers to maximize decay heat removal from the reactor itself, while 
maintaining pool temperature below 150 degrees F (Exhibit 20-section 9.1.3, p.5-6). As with all 
PWRs, the contribution of LOCA and transient induced LOCAs to the degraded core frequency is 
significant. While it is not clear which LOCA initiated degraded core accident sequences will result 
in such an interruption of spent fuel pool cooling, it is conservative, from the point of view of the 
consideration of the timing for recovery of spent fuel pool cooling or initiation of makeup, to assume 
that they all would lead to an early interruption of spent fuel pool cooling with respect to the time 
of core damage, even though fuel pool cooling would be recoverable by a relatively simple operator 

action.  

54. Using the information in the IPE, the fraction of the internal event sequences that 
could lead to an interruption of spent fuel pool cooling could be as much as 75% (Exhibit 6, Page 
1-9). This is based on assuming that all scenarios initiated by LOCAs, a loss of offsite power, and
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internal floods would lead to an interruption of pool cooling. The internal fire scenario identified 

above in paragraph 50, and seismic events would also lead to a loss of pool cooling. The fraction 

of shutdown events leading to loss of pool cooling is judged to be small. Thus the frequency of 

events that lead to an interruption of pool cooling is estimated to be the sum of: 

.75x7E-05 (internal events and flooding) = 5.25E-05 

1 E-05 (seismic events) 

2.6E-07 (fires) 

giving a total of approximately 6.3E-05/reactor year (or 6.3 occurrences per 100,000 years).  

55. For the majority of accidents that lead to an initial interruption of spent fuel pool 

cooling, the function is recoverable since the essential equipment has not failed. For those 

accidents involving a loss of AC power, once ac power is restored, the pool cooling function could, 

in principle, be restored even after core damage and containment failure. However, recovery will 

depend on accessibility of locations and whether the necessary equipment has survived the 

accident. For the LOCA sequences, as in the case of the blackout sequences, the long term 

effectiveness of pool cooling will be a function of whether the necessary equipment has survived 

the accident, and on the accessibility of those locations needed to effect the recovery.  

56. The remaining sequences would only affect the pool cooling function if containment 

failure were to lead to failure of the necessary equipment.  

57. Thus, whatever the initiating event, to assess the long term viability of the spent fuel 

pool cooling function, it is necessary to determine: (a) whether the equipment needed to support 

the function will still be available after containment failure (this equipment is: the CCW pumps, the
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electrical distribution system (AC and DC), and the service water system), and (b) whether the 

locations from which the equipment is controlled are accessible.  

Containment Failure or Bypass Modes and Release Category Characteristics 

58. Core damage progression and containment response is evaluated in the level 2 
portion of the PRA. The level 2 analysis, sometimes referred to as the back-end of the risk study, 
addresses severe accident phenomena important to accident progression and containment 

behavior, and provides insights into the mechanisms that could lead to failure or bypass of the 
containment function, the likelihood (conditional probability) of each relevant containment failure 
mode, and the associated fission product release characteristics, such as timing and magnitude 

of release.  

59. Consistent with accepted PRA practice, the licensee evaluated and quantified 
accident progression through the use of a containment event tree and supporting deterministic 

calculations and sensitivity analyses. Results of the level 2 analysis were provided in the Harris 

IPE submitted August 20, 1993 (Exhibit 6).  

60. The Staff and its contractors performed an evaluation of the level 2 IPE, with a focus 
on whether the licensee's method was capable of identifying vulnerabilities to severe accidents.  

The review considered the completeness of the information and the reasonableness of the results 
given the Harris design and operation, but was not intended to validate the accuracy of the
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licensee's detailed findings. The Staff found the IPE to be complete with regard to the information 

requested by Generic Letter 88-20, and the results reasonable (Exhibit 12).  

61. An updated version of the Harris risk assessment, hereafter referred to as the 1995 

PSA, was completed by the licensee in 1995 and submitted during discovery (Exhibit 9). Major 

changes to the Level 1 analysis are described in the applicant's response to Specific Interrogatory 

No. 6 (Exhibit 15) and include: updated initiating event frequencies; additional fault trees for 

demineralized water, normal service water, and main feedwater; and model changes to address 

system and procedure changes. Results from the seismic-risk analysis were also integrated into 

the study as discussed earlier. Major changes to the level 2 analysis are described in the 

applicant's response (Exhibit 27-Applicant's Second Supplemental Response to the NRC Staff's 

First Set of Interrogatories and Requests for Production of Documents Directed to the Applicant 

Regarding Contention EC-6, November 7,2000) to an additional Staff request and include changes 

to the modeling of fission product scrubbing in steam generator tube rupture (SGTR) sequences, 

and containment heat removal in sequences when only sprays or only fan coolers are operating.  

Based on Staff review of the 1995 PSA, the quantity of hydrogen assumed to be generated 

following in-vessel recovery, noted to be very conservative in the prior Staff evaluation of the IPE 

(Exhibit 12, Appendix B, page 9), also appears to have been reduced to more realistic values.  

Each of the changes to the Level 2 model are reasonable, and are considered by the Staff to 

represent improvements over the IPE. Since the level 1 PRA serves as input to the level 2 model, 

the results from the level 2 PRA are impacted by both the Level 1 and Level 2 changes.  

62. In estimating the likelihood of containment failure or bypass for Harris (i.e., step 2 

of the seven-step sequence), the Staff considered the results and insights from the Harris IPE
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(Exhibit 6), the prior Staff review of the IPE (Exhibit 12), the 1995 version of the Harris PRA (Exhibit 

9), and the NUREG-1 150 internal events analysis for the Surry and Zion plants (Exhibit 

28-NUREG-1 150, "Severe Accident Risks: An Assessment for Five U.S. Nuclear Power Plants,* 

December 1990), together with the current state of knowledge regarding severe accident 

phenomena and containment performance.  

63. The Staff also considered the likelihood of various containment failure modes 

reported in the IPEs for other Westinghouse plants with steel-lined reinforced concrete 

containments similar to Harris. These plants are Comanche Peak, Diablo Canyon, Haddam Neck, 

Indian Point and Salem (Exhibit 29-NUREG/CR-5640, "Overview and Comparison of U.S.  

Commercial Nuclear Power Plants," September 1990, page 4-16). This IPE information was 

extracted from the IPE database (Exhibit 30-NUREG-1 603, "Individual Plant Examination Database 

Users Guide," April 1997; Exhibit 31-Worksheet generated from IPE database (CONT-FM Table)), 

and the Staff report on IPE perspectives (Exhibit 32-NUREG-1560, "Individual Plant Examination 

Program: Perspectives on Reactor Safety and Plant Performance," Volume 2, Section 12.3.1, 

December 1997).  

64. The percent of core damage frequency resulting in various containment release 

modes is presented in Table 1 based on available, relevant risk studies (see page 46, infra).  

Included in Table I are results from the Harris 1995 PRA and IPE (columns 2 and 3), the NUREG

1150 internal events analysis for the Surry and Zion plants, as summarized in the Staff's safety 

evaluation for the Harris IPE (columns 4 and 5), and the IPEs for the aforementioned plants with 

containments similar to Harris, as obtained from the IPE database (columns 6 through 8). Also 

included in the last column is the Staff estimate of the conditional containment failure probability
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for each release mode assumed for the purposes of the present assessment. The likelihood of 

containment failure from each release mode is discussed in the paragraphs below.  

65. The Harris containment building is a steel-lined, concrete reinforced containment 

in the form of a vertical cylinder with a hemispherical dome and a flat basemat. The basemat is 

a minimum 12 ft thick reinforced concrete slab. The design pressure is 45 psig and the mean 

failure pressure estimated in the applicant's risk studies is 150 psig. The latter value is about 25 

psi larger than the containment capacities calculated for the Surry and Zion containments (Exhibit 

12, Appendix B, pages 2 and 13), but is comparable to the estimated capacities for other 

Westinghouse plants with steel-lined, concrete reinforced containments (Exhibit 33-NUREG/CR

6338, "Resolution of the Direct Containment Heating Issue for All Westinghouse Plants with Large 

Dry Containments or Subatmospheric Containments," February 1996, page 66).  

66. The Harris IPE indicates that the containment would remain intact in 85% of the core 

damage events (Exhibit 6, page 4-175). The 1995 PSA indicates a similar but slightly lower 

likelihood of maintaining containment integrity (80%) (Exhibit 9, page 20000886). The Harris 

values are comparable to those calculated in NUREG-1 150 for the Surry (81%) and Zion (73%) 

plants, and are within the range of IPE results for plants with similar containment designs (40 to 

85%) (Exhibit 12, Appendix B, page 21) (see Table 1). As discussed in NUREG/CR-1 560, the low 

values for some plants are attributed to a large contribution from sequences involving complete 

failure of containment heat removal (CHR) (Exhibit 32, page 12-66). The existence of both fan 

coolers and containment sprays in the Harris design contribute to a low likelihood of complete 

failure of CHR at Harris. The Staff concludes that the conditional containment failure probability 

in the Harris risk analyses (15 to 20%) provides a reasonable estimate of the likelihood of
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containment failure at Harris from all release modes. For purposes of this assessment, the Staff 
has used a conditional containment failure probability of 20%, and assessed the contribution to this 

probability from the various containment failure modes as described below.  

67. Releases from containment can occur as a result of early, late, or very late 
containment failure due to over-pressurization or thermal attack of the containment pressure 
boundary, bypass of the containment as would occur in a steam generator tube rupture (SGTR) 
event, failure to isolate the containment at the outset of an event, and containment failure as a 
result of phenomena associated with system recovery prior to reactor vessel failure. These 

containment failure modes are discussed in the following paragraphs.  

68. Early containment failures include failures up to and shortly following the time of 
reactor vessel failure. The conditional probability of early containment failure for Harris is 0.3% in 
the IPE (Exhibit 6) and less than 0.1% in the 1995 PSA (Exhibit 12). These values are lower than 
the values reported in NUREG-1 150 for Surry (0.7%) and Zion (0.5%) (Exhibit 12), and in most 
IPEs for plants with similar containments (see Table 1). They do not include the contribution from 
early containment failure in events where core damage progression is arrested prior to reactor 
vessel breach, i.e., events with in-vessel recovery (3.2% and 6.4% in the IPE and 1995 PSA, 
respectively). When this contribution is included, the conditional probability of early containment 

failure at Harris is higher than that in the NUREG-1 150 study for Surry and Zion, and in IPEs for 

similar plants.  

69. Phenomena that can lead to early containment failure include hydrogen combustion 
(deflagrations and detonations), steam explosions (in-vessel and ex-vessel), direct containment
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heating (DCH), and thermal attack of the containment liner due to contact with expelled molten core 

debris (i.e., liner melt-through). The Staff review of the Harris IPE indicated that the phenomena 

leading to early containment failure were treated in considerable detail in the IPE (Exhibit 12, 

Appendix B, page 27). The review identified some minor weaknesses in the IPE submittal 

pertaining to quantification of basic events, however these basic events were not expected to have 

a large impact on the overall results for containment failure and radionuclide releases (Exhibit 12, 

Appendix B, page ix).  

70. The results of both the IPE and 1995 PSA indicate that the likelihood of early 

containment failure is dominated by sequences which involve hydrogen bums (deflagrations) that 

result in containment over-pressure failure. These sequences all have containment heat removal 

(CHR) available and low containment steam concentrations which support early hydrogen 

combustion (Exhibit 9, page 20000887). Thus, the contribution from hydrogen combustion is 

reasonable.  

71. The IPE and PSA also consider the potential for containment failure as a result of 

system recovery after core damage but prior to reactor vessel failure. As modeled in the 

containment event tree, these containment failures can occur as a result of: (1) hydrogen bum 

following in-vessel recovery, (2) containment bypass following in-vessel recovery (if no prior 

hydrogen-related failure), and (3) containment isolation failure following in-vessel recovery (if no 

prior hydrogen or bypass failure) (Exhibit 9, page 20000792) The relative contribution from each 

of these failure modes is difficult to discern from the IPE and PSA documentation, but it appears 

that the major contribution is from hydrogen-related failures and containment bypass failures.
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72. In the review of the IPE, the Staff noted that the treatment of in-vessel hydrogen 

generation, combustion, and containment failure in the IPE submittal is very conservative and leads 

to a high probability of containment failure from hydrogen bum after in-vessel recovery. The 

conservative large fraction of in-vessel oxidation (75%) assumed for reflood was specifically noted 

(Exhibit 12, Appendix B, page 9). Based on the documentation provided by the licensee, this 

assumption has been replaced in the PSA with a hydrogen generation distribution with mean and 

95" percentile values corresponding to about 30% and 50% oxidation, respectively (Exhibit 9, 

pages 20000841 and 20000842), which the Staff considers to be more realistic. The conditional 

probability of containment failure following in-vessel recovery remains about 6% in the PSA, but 

most of this is believed to be due to containment bypass following recovery, i.e., creation of an 

SGTR as a consequence of reflood.  

73. The Staff considers the small contribution to early containment failure from severe 

accident phenomena other than hydrogen deflagrations to be reasonable given the current 

understanding of the threat from these phenomena, and the robust design and high pressure 

capacity of the Harris containment. Specifically, hydrogen detonations and steam explosions have 

not been found to contribute significantly to early containment failure in other IPEs (Exhibit 32, page 

12-56) and the NUREG-1 150 analyses for similar containments (Exhibit 28). Direct containment 

heating (sometimes referred to as high pressure melt ejection) was found to be a leading 

contributor to early containment failure in the IPEs for most of the plants of this type (Exhibit 32, 

p. 12-56). However, subsequent research has shown the conditional probability of containment 

failure from direct containment heating (DCH) for all Westinghouse plants with large dry 

containments to be extremely small and the Staff considers the DCH issue resolved for these 

plants on this basis (Exhibit 33, p. xxi). Finally, liner melt-though was identified as a potential failure
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mode for some sequences in Harris (sequences involving reactor vessel failure at high RCS 

pressure and no RWST injection), but the Staff does not consider it feasible that the mass of debris 

that reaches the liner would be large enough to heat the liner to failure (Exhibit 12, Appendix B, 

p. 24).  

74. Given the robust containment for Harris, the Staff expects the conditional probability 

of early containment failure to be small, and comparable to that for plants of similar design. For 

purposes of this assessment, the Staff has used a conditional probability of 2% to characterize the 

likelihood of early containment failure at Harms. This value is larger than that from the Harris IPE 

(0.3%) (Exhibit 6) and 1995 PSA (<0.1%) (Exhibit 9), and the NUREG-1 150 study (0.7% and 0.5% 

for Surry and Zion, respectively) (Exhibit 12), and provides some margin to account for the small 

possibility that some recovered sequences might lead to early containment failure.  

75. The applicant's assessment of potential containment failure modes included 

consideration of failure due to basemat shear, wall-basemat junction shear, cylinder membrane 

failure and dome membrane failure. The applicant concluded that shear failure of the basemat, 

at the outer radius of the mat where it joins the containment wall, is the most likely failure mode.  

They adopted this failure mode as the characteristic response for the Harris containment, and for 

purposes of source term assessments assumed that it would result in a 0.5 square meter breach 

in the containment (Exhibit 9, pages 20000942 through 20000946).  

76. The Staff notes that this failure mode is not borne out by results from limited 

pressure testing of a scaled concrete nuclear reactor containment vessel performed in 1987 and 

reported in NUREG/CR-5121 (Exhibit 34ý-NUREG/CR-5121, "Experimental Results from Pressure
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Testing A 1:6-Scale Nuclear Power Plant Containment," January 1992). Specifically, pressure 
testing of a 1:6 scale model of a steel-lined reinforced concrete PWR containment resulted in 
tearing of the liner until leakage through the tear and cracked concrete exceeded the capacity of 
the pressurization system. Liner tearing occurred at several locations near piping and equipment 
hatch penetrations prior to predicted failures at other locations, such as shear failure at the 
basemat. Although pre-test predictions of global response compared favorably to the test results, 
the mechanism which defined the limit state of the model was not recognized prior to the test by 
many of the analysts. A similar, more recent test of a 1:4 scale model of a pre-stressed concrete 
PWR containment (Exhibit 35-NUREG/CR-6678, "Pretest Round Robin Analysis of a Prestressed 
Concrete Containment Vessel Model," August 2000) resulted in a similar failure mode.  

77. The Staff acknowledges that while over-pressure failure of the Harris containment 
due to shear failure is credible, it is also possible that failure would occur at a somewhat lower 
pressure due to tearing of the steel liner. In this case, the failure location may be near a 
penetration, such as a mechanical penetration or equipment hatch,,rather than at the basemat-wall 
junction, and the associated flow areas and rates would be lower than for the 0.5 square meter 
breach area assumed by the applicant.  

78. Regardless of which of these failure modes occur, the response of the auxiliary 
building to a hydrogen-related containment failure is expected to be similar. The releases into the 
building will be a steam/air mixture with no significant hydrogen, since the hydrogen would be 
burned during the containment pressurization event. The release will be limited by the breach size, 
high loss coefficients through the concrete/rebar matrix, and choked flow conditions existing during 
the burn. The release from containment will diminish rapidly consistent with experiments and
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analyses which show that containment pressure drops quickly following a bum due to heat transfer 

to cooler surfaces (Exhibit 36-NUREG/CR-2726, "Light Water Reactor Hydrogen Manual," August 

1983, page 1-15). The reactor auxiliary building (RAB) region into which the release occurs will 

pressurize. However, pressurization will be limited by venting through connecting ductwork and/or 

failure of doors into adjacent areas. Because the breach area is substantially less than the 

interconnecting flow areas between major compartments within the auxiliary building, the 

differential pressures within the auxiliary building will be small and the building will respond as a 

large single compartment. The peak pressure in the auxiliary building will gradually increase to a 

value about half of the pre-bum pressure in containment, since the volumes of the containment and 

auxiliary buildings are roughly comparable. The pre-bum pressure in containment is expected to 

be about 10 psig. (Higher steam concentrations are not expected since the heat removal systems 

would be available, and substantially higher steam over-pressure would prevent combustion by 

rendering the atmosphere steam-inerted.) Thus, the final pressure in the RAB would be about 5 

psig if operation of the building ventilation system is not considered, and substantially lower relief 

through the ventilation system is considered.  

79. Late containment failures in the Harris IPE and PSA include failures occurring within 

the first two days following reactor vessel failure. The conditional probability of late containment 

failure for Harris is 1.0% in the IPE (Exhibit 6) and 2.2% in the 1995 PSA (Exhibit 9). These values 

are lower than the values reported in NUREG-1 150 for Surry (5.9%) and Zion (24%) (Exhibit 12), 

and in the IPEs for plants with similar containments (see Table 1). However, the Harris treats late 

and very late containment failures separately, whereas, the late containment failures reported for 

the NUREG-1 150 and IPE plants include both late and very late containment failures combined.  

The total conditional probability of late and very containment failures at Harris (4.6% and 9.1% in
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the IPE and PSA, respectively), is comparable to that for the NUREG-1 150 analysis for Surry and 

at the low end of the range of IPE results for similar plants (see Table 1).  

80. Phenomena contributing to late containment failure include buildup and late 
combustion of hydrogen resulting in rapid over-pressurization of containment, and accumulation 

of steam and non-condensible gases resulting in gradual over-pressurization of containment. The 
results of both the Harris IPE and 1995 PSA indicate that late containment failures are dominated 

by sequences which involve hydrogen bums that result in containment over-pressure failure.  
Dominant sequences involve loss of offsite power with reactor coolant pump (RCP) seal LOCA, no 
operating engineered safeguard features, and late recovery of AC power and restoration of 
containment heat removal (Exhibit 9, page 20000890). Combustion occurs as the steam 
concentration in containment is reduced and a hydrogen burn that can fail containment becomes 
possible when the atmosphere is no longer steam-inerted (Exhibit 9, page 20000891).  

81. The small probability of late containment failure by gradual over-pressurization is 
attributed to the following two reasons. First, the containment has a large reactor cavity floor.  
Therefore it is highly likely that the debris on the cavity floor will be cooled by an overlying pool of 
water. Second, the concrete type in Harris is a quartz-based aggregate which is similar to basaltic 

concrete. The generation of non-condensible gases have been found to be very small for this type 
of concrete. Thus, the conditional probability of gradual over-pressure is expected to be low 

(Exhibit 12, Appendix B, page vi).  

82. The likelihood of late containment failure by gradual over-pressurization would also 
be reduced by manual actions to vent containment in accordance with plant-specific severe
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accident management guidelines (SAMG) implemented by the licensee in July 1998 (Exhibits 

37-Letter from D.B. Alexander, CP&L, to NRC Document Control Desk, Subject: Severe Accident 

Management Closure, July 30, 1999; Exhibit 38-Letter from T.E. Tipton, NEI, to A. Thadani, NRC, 

transmitting Westinghouse Owners Group Severe Accident Management Guidance, Revision 0, 

July 11, 1994). The SAMG provide guidance to the Technical Support Center (TSC) on potential 

recovery actions and measures to be taken in response to accidents that have progressed beyond 

the scope of the plant-specific emergency operating procedures. Prior to reaching the containment 

pressure capacity, the Severe Challenge Guideline 2 (SCG-2) in the SAMG will direct the TSC to 

identify and evaluate available means for depressurizing the containment, including the use of fan 

coolers, containment sprays, or containment venting, and to direct the control room operators to 

implement the selected strategy (Exhibit 38, Volume 2 - Guidelines, SCG-2). In view of the 

availability of containment pressure information in the control room and technical support center, 

the significant amount of time available for evaluation and implementation, and the numerous 

means by which the containment can be depressurized, the Staff considers it highly likely that 

gradual over-pressurization would be prevented.  

83. Given the robust containment for Harris, the Staff expects that the conditional 

probability of late containment failure to be small, and comparable to that for plants of similar 

design. For purposes of this assessment, the Staff has used a conditional probability of 5% to 

characterize the likelihood of late containment failure at Harris. This value is larger than that from 

the Harris IPE (1.0%) (Exhibit 6) and 1995 PSA (2.2%) (Exhibit 9), and slightly less than for the 

NUREG-1 150 plants (Exhibit 12). However, when combined with the conditional probability of very 

late containment failure discussed below (5%), the total conditional probability of late and very late 

containment failure (10%) is comparable to that for the Harris IPE (4.6%) and 1995 PSA (9.1%),
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and the NUREG-1 150 plants, and is within the range of IPE results for similar plants (see Table 

1).  

84. Very late containment failures in the Harris IPE and PSA involve cases in which the 

pressure rise is very slow (due mainly to core-concrete interaction) and containment failure is not 

expected for several days.  

85. The conditional probability of very late containment failure for Harris is 3.6% in the 
IPE (Exhibit 6) and 6.9% in the 1995 PSA (Exhibit 9). As discussed above, very late containment 

failures for the NUREG-1 150 and IPE plants are reported as part of late containment failures, and 

the total conditional probability of late and very containment failures at Harris (4.6% and 9.1% in 
the IPE and PSA, respectively), is comparable to that for the NUREG-1150 analysis for Surry 

(Exhibit 12) and at the low end of the range of IPE results for similar plants (see Table 1).  

86. Phenomena contributing to very late containment failure include basemat melt

through or gradual over-pressurization of containment, both of which are due to prolonged core 

concrete interactions on the reactor cavity floor. Failure to cool the ex-vessel core debris, which 

could occur even with a pool of water overlying the molten core debris, would result in prolonged 

steam and non-condensible gas generation as the debris attacks the concrete by ablation. Plant

specific calculations for Harris indicate a minimum time to basemat melt-through of about 90 hours.  

The time of containment over-pressure failure in sequences without Refueling Water Storage Tank 

(RWST) injection and containment heat removal is also estimated to be about 90 hours.  

(Sequences with RWST injection result in earlier over-pressure failure and are treated as late 

rather than very late containment failures) (Exhibit 9, page 20000890). The results of both the
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Harris IPE and 1995 PSA suggest that very late containment failures are dominated by basemat 

melt-through (Exhibit 9). Associated releases would be into the subsoil below the basemat and 

would not be expected to impact the habitability of the auxiliary building or fuel handling building.  

87. As discussed above in the context of late containment failures, a small probability 

of late containment failure by gradual over-pressurization is reasonable given the Harris cavity 

design and concrete composition, and Severe Accident Management Guidelines that would direct 

the operators to depressurize containment prior to reaching the containment pressure capacity.  

For purposes of this assessment, the Staff has used a conditional probability of 5% to characterize 

the likelihood of very late containment failure at Harris. As discussed above under late containment 

failures, this provides a total conditional probability of late and very late containment failure of 10% 

which is comparable to that for the Harris IPE and 1995 PSA, and the NUREG-1 150 plants, and 

is within the range of IPE results for similar plants.  

88. Containment isolation failures involve failures to isolate a major containment 

penetration prior to core damage, this includes large penetrations, such as personnel airlocks and 

equipment hatches, and smaller penetrations, such as piping systems that could communicate with 

the external environment. The conditional probability of isolation failure for Harris is 0.3% in the 

IPE (Exhibit 6) and 1.6% in the 1995 PSA (Exhibit 9). These values are similar to that estimated 

in the NUREG-1150 Zion analysis (1%) (Exhibit 12), and in the IPEs for plants with similar 

containments (see Table 1). Isolation failures were important in a number of plants, especially if 

no credit is given for manual isolation in the analysis, but releases were generally calculated to be 

small (Exhibit 32, page 12-56).

000457



-42

89. In the Harris IPE, a small isolation failure was the dominant contributor and was 

modeled as a small LOCA with a stuck-open Residual Heat Removal (RHR) relief valve. (All 

containment safeguards function, the reactor vessel fails and debris is discharged to the reactor 

cavity, and sprays and water pools provide fission product scrubbing). Large isolation failures were 

modeled but did not contribute significantly to containment failure (Exhibit 6, p. 4-178). In the 1995 

Harris PSA the dominant contribution to isolation failures is a large seismic event which fails 

containment (Exhibit 9, p. 20000891).  

90. The Staff notes that the isolation failure modes in both the Harris IPE and PSA 

would result in a similar auxiliary building response, i.e., a gradual pressurization in response to 
leakage through the penetration/breach as the containment is pressurized. Also, most potential 

isolation failures would result in releases into the area treated by the reactor auxiliary building 

ventilation system. However, releases into the auxiliary building could contain unburned hydrogen 

potentially rendering the building atmosphere flammable late in the event.  

91. For purposes of this assessment, the Staff has used a conditional probability of 2% 

to characterize the likelihood of containment isolation failure at Harris. This value is larger than that 

from the Harris IPE (0.3%) and 1995 PSA (1.6%), and the NUREG-1150 study (1.0% for Zion), and 

is comparable to that from the IPEs for similar plants (see Table 1).  

92. Containment bypass failures involve direct bypass of the containment due to either 

a LOCA outside, e.g., an interfacing system LOCA (ISLOCA), or a steam generator tube rupture 

(SGTR) event. The total conditional probability of interfacing LOCA and SGTR for Harris (7.2% 

and 3.0% in the IPE (Exhibit 6) and PSA (Exhibit 9), respectively) is comparable to that for the
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NUREG-1 150 analysis for Surry (12.2%) and the IPE results for similar plants (see Table 1). The 

major contributors to containment bypass are discussed below.  

93. ISLOCA As part of the Harris risk study, all systems interfacing with the RCS were 

identified and screened to assess the potential for ISLOCA. The dominant events identified were 

a large break ISLOCA in the RHR suction line and a medium break ISLOCA in the safety injection 

lines. The conditional containment failure probability due to an ISLOCA for Harris is 0.7% in the 

IPE (Exhibit 6) and 0.9% in the 1995 PSA (Exhibit 9). These values and the corresponding event 

frequencies are similar to that estimated in other IPE submittals (see Table 1) and in the NUREG

1150 analysis for Zion (0.2%) (Exhibit 12). The Staff considers the above conditional probability 

of ISLOCAs and potential failure locations to be reasonably representative of this class of event.  

For purposes of this assessment, the Staff has used a conditional probability of 1% to characterize 

the likelihood of ISLOCA.  

94. The ISLOCA will result in a rapid steam discharge into the reactor auxiliary building, 

which would result in substantial building pressurization, on the order of 20 psig for the entire 

auxiliary building, and potential failure of doors or other portions of the auxiliary building. The initial 

blowdown will not include significant fission products since core damage would not yet have 

occurred. Since the ISLOCA is characterized as a large LOCA, the fission products will be 

released into the auxiliary building later, at the time and rate at which they are released from the 

core. By the time of fission product release, the pressures within the auxiliary building will be 

equilibrated and the release path through the building to the environment will depend on the 

auxiliary building failure locations.
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95. SGTR The conditional probability of an SGTR for Harris is 6.5% in the IPE (Exhibit 

6) and 2.1% in the 1995 PSA (Exhibit 9). These values are comparable to that for the NUREG
1150 analysis for Surry (4.6%) and higher than the NUREG-1 150 value for Zion (0.3%) (Exhibit 12).  

96. As noted above in the context of early containment failure, the IPE and PSA also 
consider the potential for containment failure as a result of system recovery after core damage but 
prior to reactor vessel failure. As modeled in the containment event tree, these containment 
failures can occur as a result of: (1) hydrogen bum following in-vessel recovery, (2) containment 
bypass following in-vessel recovery (if no prior hydrogen-related failure), and (3) containment 
isolation failure following in-vessel recovery (if no prior hydrogen or bypass failure). The relative 
contribution from each of these failure modes is difficult to discern from the IPE and PSA 
documentation, but it appears that the major contribution is from hydrogen-related failures and 

containment bypass failures.  

97. Both Harris risk studies considered spontaneous SGTR events (i.e., SGTR-initiated 
events lead to core damage) as well as temperature-induced SGTR events (i.e., events that 
proceed to core damage for reasons other than a SGTR, but result in an induced-SGTR as a 
consequence of higher steam generator temperatures associated with core damage). Fission 
product releases to the environment would generally occur coincident with core damage for both 
types of events (about 10 hours for temperature-induced SGTR events, and 10 to 20 hours for 
SGTR-initiated core damage events), and would enter the environment via pipe risers attached to 
the discharge port of steam generator relief valves (above the roof at the 305' elevation).
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98. The IPE indicates a high conditional probability of temperature-induced SGTR 

events based largely on the emergency operating procedures (EOPs) in place at that time. The 

EOPs required the plant operators to restart the reactor coolant pumps, if available, when there is 
inadequate core cooling. This results in clearing of the reactor cooling pump (RCP) loop seal, and 

establishes a path for natural circulation to the steam generators. Accordingly, there is a high 

probability of induced SGTR in the IPE due to natural circulation of hot gases (Exhibit 12, Appendix 

B, page 22).  

99. Subsequent to the IPE, the Harris EOPs were modified to address concerns related 
to temperature-induced SGTR. This included changes to preclude steam generator 

depressurization in cases where the potential for induced SGTR might be increased by 
depressurization (Exhibit 15, Specific Interrogatory No. 6). The lower conditional containment 

failure probability for SGTR events in the 1995 PSA (2.1%) reflects incorporation of these 

procedure changes.  

100. An NRC staff risk assessment of severe accident-induced SGTR completed in 1998 

indicates that degradation of the steam generator tubes and presence of pre-existing flaws could 

impact the likelihood of temperature-induced SGTR events (Exhibit 39.-NUREG-1570, "Risk 

Assessment of Severe Accident-Induced Steam Generator Tube Rupture," March 1998). This 

should not be a significant factor for Harris since the applicant is planning to replace the Harris 

steam generators during a future outage. Furthermore, as discussed in Paragraph 103, releases 

from SGTR events will not preclude access into areas required to establish SFP makeup, and 

hence do not impact the Staff's assessment of the seven-step sequence.
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101. For purposes of this assessment, the Staff has used a conditional probability of 5% 
to characterize the likelihood of containment bypass due to SGTR at Harris. This value is 
comparable to the NUREG-1 150 study for Surry (4.6%), and larger than the Harris 1995 PSA 
(2.1%) to account for the possibility that some recovered sequences might lead to induced SGTR.
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TABLE 1 

Percent of Core Damage Frequency Resulting in Various Containment Release Modes

Containment Harris .- All Analyzed NUREG-1 150 IPE Results for Other Westinghouse Plants Staff 

Release Mode Sequences with Large Dry, Reinforced Containments Estimate for 

1995 PSA IPE (1993) Surry, Unit 1 Zion, Unit 1 Low Mean High Harris SFP 

Analysis 

Early CF <0.1 0.3 0.7 0.5 0.1 2.4 4.8 2 

Late CF 2.2 1.0 5.9 24.0 9.0 37.8 53.9 5 

Very Late CF 6.9 3.6 N/A' NWA' N/A N/A' N/A' 5 

Isolation Failure 1.6 0.3 N/A 2  1.0 0.0 1.6 7.0 2 

Bypaps 1.3 4.4 8.2 

SGTR 2.1 6.5 4.6 0.3 5 

ISLOCA 0.9 0.7 7.6 0.2 1 

CF after 6.4 3.2 WA 2  N/A 2  - - - N/A 3 

recovery 

Intact 79.9 84.4 81.2 73.0 39.4 53.8 84.7 80 

CDF 5.4E-5 7.OE-5 4.1E-5 6.2E-5 .......

1 

2 
3

included as part of late containment failure 
included as part of early containment failure 
Not treated as a separate contributor -- considered to be Included within the probability values assigned to early containment failure and bypass failure
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Containment 

Release Mode 

Early 

Containment 

Failure

rullUim 

Mechanism 

rapid over

pressure

1 1 1
Release Location

•A

Time of 

Release

Release
at/near time of 

reactor vessel 

breach

Release Characteristics
Dominant Contributor 

large H2 bum 

lack of other contributors 

Is consistent with state of 

knowledge. Specifically, 

DCH and alpha mode 

failures no longer 

considered to be 

significant contributors to 

early failure, and liner 

melt-thru failures are not 

relevant for Harris

I __________ I ___________ I ______I

breach area Is substantially less than flow areas between 

auxiliary building compartments, thus differential pressures 

within the auxiliary building would be small, and the building 

will respond as a single compartment 

peak pressure In auxiliary bulding will gradually increase until 

the pressure boundary Is breached

-,,1 

CD 

04 
0) 
0)

outer radius of basemat 

where It Joins containment 

Wall 

IPE and PSA Indicate that 

gross failure rather than leak

before-break would occur, 

and assumed a 0.5 meter 

breach

steam air mixture with no significant H2 (since H2 would be 

burned during containment pressurization event) 

puff-type release upon exceeding containment pressure 

capait 

release rate into auxiliary building wilI be limited by breach 

size, high loss coefficients through concrete/rebar, and 

choked flow conditions, and will diminish rapidly since 

containment pressure drops quickly following a bum due to 

heat transfer to cooler surfaces
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Late 

Containment 

Failure

1 
7I

puff-type release of steamfair mixture In recovered sequences 

(due to H2 bum) 

more sustained release of steam/air/hydrogen mixture in 

unrecovered sequences (due to gradual over-pressure or 

manual venting) 

auxiliary building pressure response will be similar to that for 

early containment failure (see above)

I L

rapid over

pressure 

due to H2 

bum (at 

recovery), 

or gradual 

over

pressure 

due to 

steam/non

Condensibi 

o gas 

accumulati 

on(in 

unrecovere 

d 

sequences)

0 
0 
0 

0, 
� -l

large H2 bum at recovery 

gradual over-pressure may 

also contribute to late 

failures. However, it Is 

expected that steps would 

be taken by the TSC In 

accordance with the plant

specific SAMG to 

depressurlze the 

containment (by manual 

venting) prior to reaching 

the containment failure 

pressure. Thus, the 

contribution from gradual 

over-pressure is expected 

to be small

for rapid over-pressure 

failures, failure Is expected to 

occur at outer radius of 

basemat where It joins 

containment wall 

for gradual over-pressure 

sequences, releases are 

expected to be In the same 

location, unless actions to 

manually vent containment 

are taken, in which case the 

release location will depend 

on the vent lOne selected

at time of 

recovery In 

recovered 

sequences 

(due to H2 

bum) 

at 24-90h In 

unrecovered 

sequences 

(due to gradual 

over-pressure 

failure or 

manual 

venting)
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Isolation Failure failure to 

Isolate a 

major 

containmen 

I 

penetration 

pilor to 

core 

damage.  

Both large 

penetration 

a (e.g., 

containmen 

t purge 

lines, 

personnel 

airlocks, 

and 

equipment 

hatches) 

and small 

penetration 

a (e.g.,

In PSA, dominant 

contributor Is large 

Isolation failure due to a 

seismic event that fails 

containment 

In IPE, dominant 

contributor is small 

Isolation failure, modeled 

as a small LOCA with a 

stuck open RHR relief 

valve 

the PSA (and IPE) also 

models the potential for 

containment failure 

following recovery.  

Associated releases are 

modeled as a small 

Isolation failure Involving 

failure to reseat RHR relief 

valve

coincident with 

care damage

for seismic failure of 

containment, releases would 

be expected to occur at outer 

radius of basemat where It 

joins containment wall (need 

to confirm this) 

for all other events, releases 

would be Into the 

compartment In which the 

RHR relief valve would 

discharge 

although not Identified as a 

dominant Isolation failure 

path In the PSA, failure of 

containment purge valves 

may represent an additional 

release location

I - I I L I.

I I
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0 0 
0 Cr)

gradual release of steam/hydrogen mixture -- blowdown would 

not be expected to result In significant pressurization of the 

auxiliary building. H2 concentrations In reactor building could 

potentially be flammable depending on size of RCS break 

relative to RHR relief valvefilne
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ISLOCA, SGTR with failed 

open SRVs, and SGTR 

with cycling SRVs 

contribute about equally In 

the PSA

Bypass Failure

relief valves _ _____________ I _______ ____________________________

I I

Initial steam blowdown In ISLOCA could result In auxiliary 

building pressurization sufficient to fall doors and weak 

structures In the building pressure boundary (about 10 to 20 

psig, but would need to confirm). At the time of fission 

product release, pressures will be equilibrated thereby 

reducing dispersion In the bullding

Y

01)

direct 

bypass of 

the 

contaInmen 

I due to 

either a 

LOCA 

outside 

containmen 

I (ISLOCA) 

or a SGTR

releases for ISLOCA would 

occur somewhere within the 

low pressure piping 

boundary. Break may or 

may not be submerged 

depending on break location.  

If submerged, releases will 

be scrubbed by overlying 

pool resulting in substantially 

less contamination in other 

areas of the building 

releases for SGTR events 

would be via the steam 

generator secondary side 

relief valves

steam 

blowdown 

('clean* 

release) at 

event Initiation 

followed by a 

later, gradual 

release of 

fission 

products 

coincident with 

core damage
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mechanical and elecltrcal 

penetration areas, personnel 

aldock, equipment hatches

containmen 

t Integrity is 

maintained.  

releases 

are limited 

to leakage 

at or below 

the design 

basis leak 

rate

leakage at design basis leak rate. Substantial fission product 

removal by sprays and natural processes
Containment

N/A
1-1 a

rele L L ___________I I

Inl•#
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coincident with 

core damage
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Assessment of the Impact of Containment Failure on Spent Fuel Pool Cooling 

102. The Staff evaluated the likelihood that releases from the postulated containment 

failure could cause the concomitant failure of spent fuel pool cooling. This evaluation focuses on 
two possible failures. The first involves the component cooling water (CCW) system. Since CCW 
is the cooling medium for the spent fuel pool heat exchangers, such a failure would make it difficult 
to restore normal cooling to the spent fuel pools. The CCW pumps and heat exchangers are 
located on the 236' elevation of the reactor auxiliary building (RAB) along the far wall of Area D.  
The two CCW trains are located at opposite ends of the RAB (Exhibit 40-CP&L Engineering 
Drawing CAR-2165 G-01 6, General Arrangement Reactor Auxilliary Building Plan EL. 236.00').  
The second area of interest is the emergency and normal switchgear area located on the 286' 
elevation (in Area D). Battery rooms are also located in this area (Exhibit 41-CP&L Engineering 
Drawing CAR-2165 G-018, General Arrangement Reactor Auxilliary Building Plan EL. 286.00').  
(To facilitate the following discussion, the areas of the RAB will be designated as shown on the 
following figure. This plan does not represent any particular elevation. Not all areas will be 

applicable to all elevations.)
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103. The containment is the last of the three barriers to the release of fission products 

to the environment. The other two barriers are the reactor fuel and the reactor coolant system.  

Failures of the containment barrier are grouped as (1) containment bypasses, (2) containment 

isolation failures, (3) interfacing system LOCAs (ISLOCA), and (4) failure of the containment 

structure. The applicant considered containment failure and bypasses in the IPE (Exhibit 6) and 

PSA (Exhibit 9). The Staff considered these failure mechanisms in performing this evaluation, as 

discussed in the following paragraphs.  

104. The containment bypass sequence considered by the licensee is a steam generator 

tube rupture in which the affected steam generator cannot be isolated from the reactor coolant 

system due to a steam relief valve that failed to shut. The steam relief valves are located on the 

main steam lines and serve to relieve over-pressure conditions by exhausting steam to the 

environment. The steam generator relief valves are located within the main steam valve area.  

Pipe risers attached to the discharge port of these valves extend beyond the roof at the 305' 

elevation (Exhibit 42-CP&L Engineering Drawing CAR-2165 G-01 9, General Arrangement Reactor 

Auxilliary Building Plan EL. 305.00'). Since these releases are direct to the environment, the Staff 

concludes that this pathway cannot reasonably affect the COW components on the 236' elevation 

or the switchgear on the 286' elevation.  

105. Numerous piping systems penetrate the containment to provide needed functions 

during normal operations. Many of these functions are not needed or are otherwise undesirable 

during an accident and the associated piping penetrations are automatically isolated when 

containment isolation is actuated. A containment isolation failure occurs when one or more of
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these valves fail to shut, providing a path for the release of radioactive material from the 

containment. The majority of these penetrations, and the systems to which they are connected, 

are located within areas of the RAB that are exhausted by the RAB normal ventilation system 

(RABNVS) or the RAB emergency exhaust system (RABEES) (Exhibit 43-Shearon Harris Nuclear 

Power Plant Final Safety Analysis Report (FSAR) Chapter 6-section 6.5.1.2.2; Exhibit 20, section 

9.4.3).  

106. The RABNVS draws in and conditions outside air, distributes the air throughout the 

RAB, and exhausts the air to the environment via the main plant stack. The RABNVS is not 

required to operate during an accident condition. The RABNVS is not powered from emergency 

buses. On receipt of a safety injection signal (which is expected on high containment pressure for 

the accident sequences that are the subject of this affidavit), the RABNVS supply and exhaust are 

shutdown and selected dampers are re-aligned to allow selected areas and cubicles within the RAB 

to be exhausted by RABEES to the environment via the main plant stack. RABEES is an 

engineered safeguards feature that collects, filters, and releases processed contaminated exhaust 

via the main plant stack. RABEES maintains a slight negative pressure in the affected areas. The 

post-accident alignment of the RABNVS and the RABEES provides for the removal of airborne 

radioactive material released to the RAB while minimizing the re-introduction of the radioactive 

materials via the RAB outside air intakes (Exhibit 43, section 6.5.1.2.2; Exhibit 20, section 9.4.3).  

107. Should the event involve a station blackout, the RABNVS and RABEES would not 

be operational since the fans would not be energized. However, the boundary between areas 

exhausted by RABEES and those areas that are not exhausted by RABEES must be reasonably 

leak tight in order for the RABEES to maintain the required slight negative pressure with the
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relatively small design exhaust flow rate (6,600 cubic feet per minute (cfm) each train) (Exhibit 43, 

Table 6.5.1-3). Although the RABEES fans would be de-energized during a station blackout, the 

RABEES ductwork provides-a means for steam and radioactive material releases to be vented from 

the affected areas to other areas and even to the main plant stack. The Staff assumes that such 

flow would be driven by pressure differentials caused by the containment failure since the fans 

would not be operating. Although the pressure differential may exceed the pressure capability of 

the RABEES ductwork and cause a duct rupture, the Staff believes that it is likely the pressure 

could still be dissipated as the duct, intact or ruptured, would still provide a path through walls or 

floors to adjacent areas.  

108. There are some significant penetrations that are not located in areas exhausted by 

RABEES: 

First, the normal personnel containment access airlock opens into an area on the RAB 236' 

elevation that provides a relatively unimpeded pathway to one of the CCW pumps (Exhibit 40; 

Exhibit 44-Shearon Harris Nuclear Power Plant Final Safety Analysis Report (FSAR) Chapter 

3-section 3.8.1.1.3.3).  

Second, an emergency exit airlock opens out into the 261' elevation (Exhibit 45-CP&L Engineering 

Drawing CAR-2165 G-017, General Arrangement Reactor Auxilliary Building Plan EL. 261.00'; 

Exhibit 44, section 3.8.1.1.3.3). Both of these airlocks have two interlocked doors-one inside 

containment, one outside containment. The inside airlock door seats with increasing containment 

pressure, thereby minimizing potential leakage. Leakage through these airlocks is monitored by
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periodic surveillances (Exhibit 43, section 6.2.6). The Staff concludes that no significant leakage 
would be expected via these penetrations.  

Third, an equipment hatch opens into an enclosed area located on the 286' elevation (Exhibit 41; 
Exhibit 44, section 3.8.1.1.3.3). This equipment hatch is welded closed. There is a smaller 
opening in this hatch cover that is sealed by a gasketed bolted flange. Leakage via this hatch is 
periodically monitored (Exhibit 43, section 6.2.6). The Staff concludes that no significant leakage 
would be expected via this penetration. In addition, the enclosed area is separated from other 
areas on the 286' elevation, including the emergency and normal switchgear areas by two airlocks.  

Fourth, the containment purge supply and exhaust ducts penetrate the containment through two 
motor operated isolation valves. The 42" diameter ducts are closed during normal operation and 
would remain closed during an accident condition. An 8" purge line connects inside the 42" 
isolation valves that provides a purge capability used during normal operations. This purge line 
isolates automatically on a safety injection signal and the isolation dampers fail closed. This purge 
line connects with the ventilation system and is exhausted via the main plant stack (Exhibit 20, 
section 9.4.7). As such, releases from these penetrations cannot reasonably impact CCW.  

Fifth, the main steam lines and the feed water lines penetrate the containment within the main 
steam valve area. This area, which extends from the 261' elevation to the 318' elevation and ends 
in an enclosure located above the 305' elevation roof, is designed to withstand high-energy line 
breaks (Exhibit 46-CP&L Engineering Drawing CAR-2165 G-021, General Arrangement Reactor 
Auxilliary Building Sections Sheet 2). This area is enclosed by 4-5' thick poured concrete walls.  
Releases and energy from failures in this area would rise in this area and be exhausted to the
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environment. As such, there would be no impact on the CCW components on the 236' elevation 

or the normal ar)d emergency switchgear on the 286' elevation.  

109. There are various emergency core-cooling systems that interconnect with the 

reactor coolant system. These systems are designed to operate at pressures that are less than 

the normal operating pressure of the reactor coolant system. A check valve is often used to block 

flow from the high-pressure system to the low-pressure system. When the reactor coolant 

pressure is reduced (e.g., as the result of a LOCA), the check valve allows the intended flow into 

the reactor coolant system. An ISLOCA occurs when one of these check valves fail and result in 

the over pressurization and failure of the low-pressure piping. The affected piping and systems are 

located in areas exhausted by RABEES and the conclusions drawn earlier in Paragraphs 105 

through 108 regarding isolation failures would apply (Exhibit 40; Exhibit 41; Exhibit 42; Exhibit 45; 

Exhibit 47-CP&L Engineering Drawing CAR-2165 G-01 5, General Arrangement Reactor Auxilliary 

Building Plan EL. 190.00' & 216.00'; Exhibit 43, section 6.5.1.2.2).  

110. Containment overpressure failures were postulated by the licensee in the Harris I PE 

and PSA to result in a 0.5 meter breach at the intersection of the containment wall with the 

containment basemat due to an overpressure caused by a hydrogen bum. The overpressure event 

will vent through the breach into the RAB 216' elevation. Although the pressure pulse inside the 

containment will be rapid, the containment pressure will quickly decay to the pressure that existed 

prior to the combustion. Given the volume for expansion afforded by the RAB, the size of the 

postulated break, and the extensive surfaces for steam condensation, the Staff concludes that 

there would be a gradual buildup of pressure in the RAB rather than a pressure spike. The
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postulated containment breach could occur anywhere on the circumference of the containment on 

the 216' elevation (Paragraph 112).  

111. The RAB is largely constructed of poured concrete. Exterior walls vary, but are at 

least 4' thick to 305' elevation and 3' thick above there. The areas are separated by internal walls 

that vary in thickness. Fire doors, stairwells, and some open passageways connect adjacent areas.  

The interior walls that separate areas D, E, F, G, and H are at least 3'-4' thick. Floor slabs and the 
roof are 2' thick. These configuration details can be viewed on the plant arrangement drawings 

(Exhibit 40; Exhibit 41; Exhibit 42; Exhibit 45; Exhibit 46). The Staff concludes that floors and walls 
will not be challenged as the containment release will dissipated throughout the RAS via the doors 

and ventilation ducts. The Staff bases this qualitative conclusion on (1) the postulated gradual 
pressure buildup (See Paragraph 110), (2) the thickness of floor slabs and the interior walls, (3) 
the existence of comparably weaker fire doors and open passageways, (4) the RABEES ductwork 

(See Paragraph 106), and (5) the mass of surfaces (e.g., piping and components, structural steel, 

concrete walls and floors) available as a heat sink to reduce steam energy.  

112. A containment breach on the RAB 216' elevation could occur in Areas E, F, G, and 

H. These areas are separated by standard fire doors. Given the relative strength of the reinforced 

concrete walls as compared to the fire doors into adjacent areas, such as the waste processing 

building, and to the 190', 216', 236', and 261' elevations of Areas E and F of the RAB via one of 

two stairwells. These stairwells are open between elevations but are separated from each 

elevation by a fire door. The release could also be transported via the RABEES ductwork to the 

other elevations served by RABEES (as well as expanding up through the plant main stack).  

Although the pressure surge might collapse or rupture a run of ductwork, the Staff believes that
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such a failure will still provide a pathway for pressure to dissipate. This dissipation of energy is 

expected to reduce the overall pressure in the RAB, reduce the challenge to the walls and floors, 

and reduce the steam energy that reaches the area containing the CCW pumps. The release from 

a breach into Area H of the 216' elevation would be expected to expand via failed fire doors into 

Areas E, F, or G, or the 216' elevation of the FHB and not affect CCW components on the RAB 

236' elevation. A breach in Area G on the RAB 216' elevation will not affect the CCW components 

on the 236' elevation or the switchgear on the 286' elevation as the release will likely expand into 

the waste processing building (WPB) via the open passageways.  

113. Since the two stairwells do not extend to the RAB 286' elevation, and since RABEES 

does not serve the 286' elevation, it is unlikely that the release from a breach in the containment 

would impact the normal and emergency switchgear areas, which are located on the 286' elevation 

in Area D.  

114. Assuming the release from the containment breach does reach Areas E and F of 

the RAB 236' elevation, the release must fail an additional fire door on the RAB 236' elevation in 

order for the release to expand from Areas E and F to environs of the CCW pump and heat 

exchangers, which are located in Area D on the 236' elevation. The Staff believes that it is unlikely, 

given the pressure relief into other areas, that the release would reach the CCW pumps with 

sufficient energy to cause damage. While the release might have the potential to increase local 

area temperature and humidity, the CCW pump areas are ventilated by the RAB engineered 

safeguards features equipment cooling system (Exhibit 20, section 9.4.5.2).
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115. Although the above evaluation is largely qualitative, the Staff concludes with 
reasonable assurance that a release from the containment will either not reach the CCW 
components and the switchgear, or will reach the components and switchgear with insufficient 
latent energy to have an adverse impact on this equipment or create an environmental condition 

that would lead to subsequent failure of CCW.  

116. Therefore, the probability of a severe core damage accident and an interruption of 
spent fuel pool cooling is estimated to be 6 .3 E-05/reactor year (or 6.3 occurrences per 100,000 

years).  

Assessment of Possibility of Restart of Spent Fuel Pool Cooling or Makeup Systems 

117. The assessment of the possibility of restart of spent fuel pool cooling or makeup 
systems takes into consideration the following: the time available to perform the recovery actions; 
the timing of containment failure; and the doses expected in areas required to be accessible. The 
next section discusses the time available to take action to prevent fuel uncovery.  

Timing for Spent Fuel Pool Heat Up 

118. The time available to plant operators to take mitigating actions in the event of a loss 
of cooling to the spent fuel storage pools is a function of the decay heat of the stored fuel and the 
capacity of the fuel storage system heat sink. Decay heat is a function of the fuel's operating 
history and amount of time since the fuel was last used to generate power. Spent fuel decay heat
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decreases with time from the last reactor shutdown. The credited heat sink is conservatively 

comprised of the available coolant to be heated and evaporated in the fuel pools once forced 

cooling is lost. For conservatism, it is also assumed that all decay heat is transferred from the 

stored fuel to the fuel pool coolant.  

119. Although the subject of this proceeding is the effects of the postulated accident 

sequence on the safe storage of spent fuel in spent fuel pools C and D, the largest heat loads in 

the spent fuel storage system will reside in spent fuel pools A and B, which are not under 

consideration here, but where the most recently discharge fuel from the Harris Unit 1 reactor is 

stored (Exhibit 27, Specific Interrogatory#7, heatload spreadsheet). The higher heat loads in pools 

A and B will result in more rapid pool heat up rates and evaporation rates and will provide a more 

conservative result than assessing the effects of losing forced cooling and makeup to spent fuel 

pools C and D. The affects of a sustained loss of cooling on all four fuel storage pools are 

discussed in the following paragraphs.  

120. Spent fuel storage pools C and D are currently not authorized to store spent fuel.  

The licensee initially plans to store spent fuel with decay heat levels up to 1,000,000 BTU/hr in fuel 

pool C with fuel pool D isolated (Exhibit 21, p.5 of Encl. 1; Exhibit 27, Specific Interrogatory #7, heat 

load spreadsheet). In the future, the licensee plans to operate fuel pools C and D as a system by 

removing isolation gates 7 and 9 to transfer canal 2/3 (north transfer canal), along with gate 8 that 

isolates the cask loading pit (Exhibit 48-Applicant's First Supplemental Response to the NRC 

Staff's First Set of Interrogatories and Requests for Production of Documents Directed to the 

Applicant Regarding Contention EC-6, October 20, 2000, Specific Interrogatory #8, p.2). See Fig 

1. With the gates 7, 8, and 9 removed, fuel pool coolant can flow freely between pools C and D,
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the north transfer canal, and the cask pit, with the system of interconnecting pools acting as a 

single heat sink.  

A 9w11•• 
l ll° 

c[m] 

Pool" (IM) B Pool C Poo (2) DPo 

Bulkhead Gate Configuration 0- (normally closed) 4 (normally open) 

The "normally open" conflguratm for gate 9 would apply subseq~uent to placingl tis pool in Service ta is scheduled for early the non decade. Otherwise, tits gate would remain normally closed.  

Figure 1 - FHB Bulkhead Gate Configuration After Activation 
of Fuel Pools C and D (Exhibit 48, Specific Interrogatory #8, FIG. 2) 

121. Likewise, for the fuel stored in pools A and B, CP&L will operate with gates 3 and 
4 to transfer canal 1/4 (south transfer canal) removed, allowing those storage locations to share 
inventory (Exhibit 48, Specific Interrogatory #8, FIG. 2). A main transfer canal runs the length 
of the FHB, connecting the north end fuel pools to the south end fuel storage systems. CP&L 
plans to align the main transfer canal with pools A and B by removing gate 1 during normal 
operations (Exhibit 48, Specific Interrogatory #8, FIG. 2). In this configuration, the coolant 
available in the main transfer canal is available to pools A and B as a makeup source. It is
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reasonable to expect that the four pools would be in the configuration shown in Figure 1 at the 

beginning of the postulated event sequence (Exhibit 48, Specific Interrogatory #8, Table 4).  

122. CP&L's supplemental response (Exhibit 27, Specific Interrogatory #7) includes a 

heat load analysis for the four fuel storage pools, calculating the time it would take to boil the 

coolant in the fuel pools given a complete loss of forced cooling, and the coolant makeup 

requirements to the fuel pools to offset the effects of evaporation. The NRC reviewed the 

calculations as part of this proceeding and found them to be acceptable for the purpose of 

estimating the time to boil and the required makeup capacity to offset losses in pool coolant due 

to boiling.  

123. The results of the calculations indicate that more than 384 hrs would be available 

from the time forced cooling is lost until the fuel pool C would reach boiling, assuming the 

maximum expected heat load of 1 MBTU/hr in the fuel pool C (Exhibit, 27, Specific Interrogatory 

#7). The time to boil assumes the pool is at an initial operating temperature of 95 OF, with fuel 

pool D isolated (Exhibit 27, Specific Interrogatory #7).  

124. Once the pool reaches boiling temperatures, operators must reestablish forced 

cooling or provide makeup at a rate that prevents a loss of coolant level in the fuel pools. If no 

mitigative actions are taken to provide coolant makeup to the fuel pools, it would take an 

additional 2399 hours for a total of 2783 hours (116 days) to boil the coolant from fuel pool C 

and the north transfer canal down to a level equivalent to the top of the spent fuel storage racks 

(Exhibit 27, Specific Interrogatory #7). For conservatism, the NRC did not attempt to credit the 

coolant in the spent fuel storage racks, the coolant between the fuel storage racks and spent
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fuel pool walls, or the coolant below the fuel storage racks. Rather, the NRC assumes that if 

the coolant level decreases to the top of the fuel storage racks, it is unlikely that the level will be 

recovered before the pool boils dry.  

125. If operators are to be successful in maintaining fuel pool level constant, they 

must provide makeup water to the fuel pools at a rate that is equivalent to the evaporation rate.  

With the maximum heat load in fuel pool C, a makeup flow rate of 2 gallons per minute (gpm) 

would have to be established to maintain fuel pool level (Exhibit 27, Specific Interrogatory #7).  

126. CP&L has plans in the future to operate fuel pools C and D and the north fuel 

transfer canal as a single heat sink and increase the allowable heat load to be stored in fuel 

pools C and D to 15.6 MBTU/hr. This heat load limit has not been reviewed and approved by 

the NRC. For the purpose of this proceeding, however, the effect of this heat load increase in 

fuel pools C and D was evaluated for the postulated accident sequence. Under these heat load 

conditions and assuming forced cooling was lost to pools C and D, the pools would heat up 

from their normal operating temperature of 95 OF, reach boiling in approximately 34 hours, and 

boil down to the top of the fuel storage racks in 211 hours, a total of 245 hours or 10 days, 

assuming no operator actions to restore cooling or align makeup water (Exhibit 27, Specific 

Interrogatory #7). Under these increased decay heat load conditions, coolant makeup 

requirements for pools C and D would increase from 2 gpm to 34 gpm (Exhibit 27, Specific 

Interrogatory #7).  

127. Comparing the effects of losing cooling to pool C with a 1,000,000 Btu/hr heat 

load (the maximum allowable if the proposed licensing action were approved) with the higher
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heat loads in pools A and B, it would take more than 20 hours to heat pools A and B from their 

initial temperature of 95 °F to boiling, and then an additional 173 hours for a total of 193 hours 

(8 days) to boil the coolant level down to the top of the fuel storage racks, assuming no 

operator actions to add makeup to the pools or restore forced cooling (Exhibit 27, Specific 

Interrogatory #7, spreadsheet). The decay heat load in fuel pools A and B conservatively 

assumes that the postulated accident sequence occurs at the beginning of the operating cycle 

when the decay heat of the previous refueling offload is at its highest (Exhibit 27, Specific 

Interrogatory #7, spreadsheet). By comparison, if the postulated accident sequence were to 

occur at the end of the operating cycle, the time-to-boil would increase from 20 to 38.6 hours, 

and the time to boil off the inventory of the fuel pools and south and main transfer canals would 

increase from 173 to 325 hours (Exhibit 27, Specific Interrogatory #7, spreadsheet). The total 

time for operators to take action to restore cooling or initiate makeup to the fuel storage system 

under these heat load conditions would be 364 hours, or 15 days.  

128. To maintain level in pool A and B, operators must supply makeup coolant at a 

rate at least as great as the boil off rate. At the beginning of the cycle, a makeup flow rate of 

54 gallons per minute (gpm) would have to be established to maintain level in fuel pools A and 

B. At the end of the operating cycle, due to the lower decay heat load of the stored fuel, only 

29 gpm of coolant makeup would be necessary to maintain inventory level (Exhibit 27, Specific 

Interrogatory #7, spreadsheet).  

129. Therefore, the total makeup requirements for a sustained loss of cooling event 

for all four pools at the beginning of the operating cycle would be 56 gpm, and would decrease 

to 31 gpm at the end of the operating cycle, assuming a 1 MBTU/hr decay heat load limit in fuel
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pools C and D (Exhibit 27, Specific Interrogatory #7, spreadsheet). If the licensee were 
authorized to increase their decay heat load limit in pool C and D to 15.6 MBTU/hr, makeup 
requirements would proportionally increase from 56 to 88 gpm at the beginning of the operating 
cycle, and then decrease to 63 gpm by the end of the operating cycle (Exhibit 27, Specific 

Interrogatory #7, spreadsheet).  

130. If the postulated accident sequence occurs at the beginning of an operating 
cycle and includes a loss of offsite power, operators would expect to receive control room 
alarms indicating a loss of spent fuel pool cooling. With an initial coolant temperature of 95 OF, 
and assuming the "beginning of cycle" heat load assumed in Exhibit 27, Specific Interrogatory 
#7, spreadsheet, a fuel pool high temperature alarm would annunciate within 2 hours.  
Annunciator response procedure ALB-023-4-16 (Exhibit 49-Shearon Harris Nuclear Power 
Plant, Plant Operating Manual, Annunciator Response Procedure, APP-ALB-023) directs the 
operator to check the status of the spent fuel pool cooling water pumps, and to start a pump if 
none is running (Exhibit 49, 4-16, p.1). Pump operation is controlled from the main control 
room (Exhibit 25, p.9). If the operators acknowledge this alarm, but take no action at this time, 
the pools will continue to heat up (pools A and B faster than pools C and D), and after 
approximately 20 hours, pools A and B will reach boiling (Exhibit 27, Specific Interrogatory #7, 
spreadsheet). Due to evaporation, the level of pools A and B will decrease at a rate of 1.69 
inches per hour, and reach the fuel pool low level alarm after approximately 3.5 hours (23.5 
hours after the initial loss of cooling to the fuel pools) (Exhibit 27, Specific Interrogatory #7, 
spreadsheet; Exhibit 25, p. 7). Annunciator response procedure ALB-023-4-17 directs 
operators to check the level in the fuel pools and to increase level in the pool to clear the alarm.
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(Exhibit 49, 4-17, p.2). Fuel pools C and D would be heating up more slowly and would not 

have begun to boil at this time.  

131. If the postulated accident sequence were to occur closer to the end of the cycle, 

the reduced decay heat load in the fuel pools would extend the time available for operators to 

take mitigating actions by approximately a factor of two from those stated in the previous two 

paragraphs, and reduce the makeup requirements by approximately one-third.  

Identification of Containment Failure Modes of Concern for the Scenario of Interest 

132. Step (5) in the seven step sequence is "inability to restart any pool cooling or 

makeup systems due to extreme radiation doses". Those scenarios in which the pool cooling 

system can be restarted, including provision of makeup, if required, before the containment 

fails, are excluded from contributing to this event.  

133. For the majority of accidents that result in an interruption of the spent fuel pool 

cooling function, the function itself is recoverable once the cause of the interruption has been 

rectified. In other words, a very small fraction of the interruptions of cooling are caused by 

mechanical failure of the spent fuel pool cooling system and the supporting CCW system.  

Thus, given that failure of containment is not expected to fail the equipment required for spent 

fuel pool cooling (paragraphs 102-115) the fraction of scenarios in which the function can be 

restored before containment failure do not contribute to the seven step scenario.
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134. The likelihood of recovering the cooling* function before containment failure 
depends on the precise timing of events. Because there is a very large number of possible 

scenarios representing different time sequences of events, the Staff has not focused on 

assessing the probability of restoration. However for the very late containment failures, a good 
case can be made that makeup or cooling would be restored before containment failure.  

135. The very late containment failures are assessed to occur after about 90 hours.  

At this stage, for all non-blackout sequences, if cooling has not already been restored, which in 
itself is considered a remote possibility, low level pool alarms will have sounded in the control 
room, requiring pool makeup. For these sequences, since there is no significant radiological 

contamination at this time, all makeup methods are available. Even if the pool were boiling, the 
FHB ventilation system would be operating, and therefore there would be no impediment to 

accessing the operating floor.  

136. For those accidents involving a loss of station power, the likelihood that power 
has not been restored is again remote, and again, indications would be available to alert the 
operators to the need to fill the pools. The likelihood of a prolonged loss of offsite power is very 
small. NUREG/CR-5496, Evaluation of Loss of Offsite Power Events at Nuclear Power Plants: 
1980 - 1996 (Exhibit 50-NUREG/CR-5496, "Evaluation of Loss of Offsite Power Events at 

Nuclear Power Plants: 1980-1996," November 1998) records the longest duration for loss of 

offsite power as about 5 days (for a severe weather related LOSP), with average times being 
much less, and on the order of 20 hours for severe weather related losses, six hours for grid 

related events, and just over an hour for the plant centered LOSP.
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137. Thus, for the very late containment failure modes, the likelihood that the pool 

cooling function has not been restored is judged to be very low. Therefore, for the purposes of 

this analysis, the containment failure modes of interest are the early, late, and isolation failure 

modes. It could be argued that a good portion of the late containment failure modes also 

should be excluded since there is a possibility that the pool cooling could have been restored 

before containment failure.  

138. With the conservative assumption that all the late failures occur before an 

attempt is made to provide makeup or restore cooling to the spent fuel pools, the probability of 

the first three steps in the seven step scenario is 6.3E-5x.09, i.e., the probability of a severe 

core damage accident and an interruption of spent fuel pool cooling, multiplied by the failure 

containment probability in the early (.02), late (.05) and isolation failure (.02) modes. This is 

approximately 6E-06/reactor year (or 6 occurrences per 1,000,000 years).  

139. To analyze the scenario further, it is necessary to make an assessment of 

whether the methods for restoring pool cooling or providing makeup are precluded by dose 

concerns. This is discussed in the next sections. It is assumed conservatively that some 

makeup will be required in order to establish pool cooling. For the early containment failure 

modes in particular this would not necessarily be the case, as the water in none of the pools, 

including pools A and B, would not have reached boiling point before containment failure. First 

the methods for providing makeup are discussed. Second the impact of the releases from the 

various failure modes on the accessibility of locations where personnel actions are required to 

implement the makeup methods is discussed.
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Methods for Spent Fuel Pool Makeup 

140. In the following paragraphs, the methods available to provide makeup to the 
spent fuel pools identified by the licensee in their responses to the NRC Staff's first set of 
interrogatories, dated September 26, 2000 are discussed (Exhibit 15).  

141. Demineralized Water System (DWS) 

The DWS is a nonsafety-related, nonseismically qualified system that performs no safety 
function (Exhibit 20, section 9.2.3-4). Under accident conditions, DWS receives its power from 
offsite sources. If the postulated accident sequence includes a loss of oftsite power (LOOP), 
power will be interrupted to DWS components, including the demineralized water transfer 
pumps which supply demineralized water to all users. Upon restoration of oftsite power, the 
transfer pumps will restart automatically without any additional operator action, returning the 
system to an operable status (Exhibit 51-E-mail from D. Rosinski, Shaw Pittman, to S. Uttal, 
NRC, Subject: Additional Information, November 7,2000). The demineralized water storage 
tank, the filtered water storage tank, and the pumps and power supplies are located in or 
adjacent to the Water Treatment Building (Exhibit 52-E-mail from D. Rosinski, ShawPittman, to 
S. Uttal, NRC, Subject: Additional Information, November 6,2000; Exhibit 50). Currently, the 
DWS supplies normal makeup to the south end spent fuel storage system through connections 
in the south end SFPCCS purification system piping. Following the installation of plant 
modifications associated with fuel pools C and D, completely redundant spent fuel pool cooling 
system, purification systems, and skimmer will be installed in the north end of the FHB (Exhibit 
20, sections 9.2.3-1 through 4; Exhibit 15, p. 29).
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142. To add makeup coolant to SFP B, a single valve is manually opened at the south 

end SFPCCS purification station (south end FHB at the 216' level). The DWS is supplied by a 

500,000 gallon storage tank and can deliver 100 gpm in this configuration. CP&L estimates 

that this valve alignment can be completed in approximately 5 minutes. Although this 

procedure assumes the spent fuel purification pump is running, the DWS will deliver at least 

100 gpm in this configuration regardless of whether the purification pump is operating (Exhibit 

15; Exhibit 53-Memorandum, Ed Bums to Bruce Morgan, C1 100002.070-4318, Subject: 

Information Request, October 3, 2000, cover letter). [Normal Makeup] 

143. The DWS can also supply water to other components in the fuel pool storage 

system (e.g., transfer canal, fuel pool A) by aligning additional valves in the FHB. Access to the 

216' and 236' levels of the FHB is necessary to align the system. To operate the purification 

system pumps, access to the 261' level is also necessary (Exhibit 54-Shearon Harris Nuclear 

Power Plant, Plant Operating Manual, OP-1 16, Fuel Pool Cooling and Cleanup, Operating 

Procedure, Section 8.5). Although this procedure assumes a spent fuel purification pump is 

running, the DWS will deliver at least 100 gpm in this configuration regardless of whether the 

purification pump is operating (Exhibit 53). CP&L estimates that this valve alignment can be 

completed in approximately 30 minutes (Exhibit 15, p. 26). [Alternate #1] 

144. The DWS system can also deliver makeup water to the fuel storage system 

through the skimmer system. The skimmer system removes any floating debris from the 

surface of various pools. Fuel pools A, B, the south transfer canal, the north transfer canal, the 

main transfer canal, and the cask pit have skimmer system connections. For this alignment, 

the fuel pool skimmer system must be in service. Access to the 236' level of the FHB and
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operation of a single manual valve is necessary to establish the estimated flow rate of 100 gpm 
(Exhibit 15, p.27; Exhibit 54, section 8.6). [Alternate #3] 

145. The FHB also has DWS hose stations on the 286' level that can be used to add 
water directly to the fuel storage pools and transfer canals on the FHB operating deck via 
hoses, and each fuel pool wall contains a valve box with a DWS supply valve where makeup 
water can be added directly to that pool. Although the hose station and valve boxes are not 
identified as normal, alternate, or emergency supplies of makeup for the fuel storage system, 
these DWS headers are normally pressurized and can be quickly aligned to supply water to the 
pools at a rate of approximately 100 gpm (Exhibit 15). [Unproceduralized Alternate DWS] 

146. Refueling Water Storage Tank (RWST) 

The RWST is a safety-related, seismically qualified source of makeup water for the spent fuel 
storage system. The tank is also the primary source of water for the low pressure injection 
system during the injection phase of a loss of coolant accident. The 490,000 gallon storage 
tank can be aligned to the fuel pool purification system by opening two valves, one in the 
reactor auxiliary building (RAB) on the 236' level, and one at the purification station on the 216' 
level of the FHB. In addition, a pressure gauge is installed at the purification system pump 
suction on the 216' level of the FHB. Access to the 261' level of the FHB is also required to 
start the purification pumps. The RWST is capable of supplying 100 gpm in this configuration.  
The SFPCCS purification pumps receive their power under accident conditions from offsite 
sources. CP&L estimates that this valve alignment can be completed in approximately 30 
minutes (Exhibit 15, p. 27;Exhibit 54, Section 8.5). [Alternate #2]
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147. The RWST can also be manually aligned to the suction of the spent fuel pool 

cooling pumps to deliver water to the south transfer canal, the main transfer canal, or the cask 

pit. Eleven valves must be manually operated, eight on the 236' level and two on the 216' level 

of the FHB and one on the 236' level of the RAB. A 5000 gpm flow rate can be established 

using the spent fuel pool cooling pumps. Makeup water will also transfer from the RWST to the 

fuel pools by gravity flow, if the RWST level is sufficiently high. CP&L estimates that this valve 

alignment can be completed in approximately 30 minutes (Exhibit 15, p. 28;Exhibit 54, Section 

8.12). [Alternate #4] 

148. During postulated accident sequences involving large break LOCAs, the RWST 

is needed to support the injection function. FSAR Section 6.3.2.8 provides the results of 

calculations that show at least 20,000 gallons of coolant would remain in the RWST after the 

operators transferred the suction of the RHR system from the RWST to the containment 

recirculation lineup. This coolant would then be available to be transferred to the fuel pools by 

the means described above in paragraphs 146 and 147. In other sequences where injection 

was not necessary or had failed, an RWST inventory of at least 436,000 gallons would be 

available to transfer to the spent fuel storage system (Exhibit 43, section 6.3.2.8).  

149.. Reactor Makeup Water Storage Tank (RMWST) 

The RMWST can also be aligned to supply makeup water to the fuel pools. Operators must 

manually align four valves to connect the 80,000 gallon RMWST to the purification system.  

Two valves are located on the 261' elevation of the RAB, the other two are located on the 216'
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elevation of the FHB in the vicinity of the south end fuel pool purification components. The 
reactor water makeup system is normally operating with at least one pump running to supply 
water for it is designed to service. Power for this system under postulated accident conditions 
is supplied from offsite sources. Portions of the reactor water makeup system that can be 
aligned to supply water to the fuel storage pools are not safety-related or seismically qualified.  
The RMWST can supply makeup water to the fuel pool purification system at a rate of 75 to 
100 gpm. CP&L estimates that this system can be aligned to supply makeup water in 
approximately 30 minutes (Exhibit 15, p. 29;Exhibit 54, Section 8.26). [Alternate #6] 

150. Emergency Service Water System (ESW) 

Provisions are also made during emergencies to supply the fuel pools with water from the 
safety-related, seismically qualified ESW system through a temporary jumper installed on the 
236' level of the RAB. Pumps in the ESW system are supplied power from offsite or onsite 
emergency sources during the postulated accident sequence. Operators must install the 
jumper using tools and material stored on the 236' level of the RAB. Two valves on the 236' 
level of the RAB must also be opened to initiate flow to the fuel pools. Makeup water is 
supplied from Harris lake through the ESW system, which is considered unlimited. The flow 
rate from the ESW system is 50 to 75 gpm in this configuration. CP&L estimates that the 
temporary hose can be installed and the valves opened in approximately 30 minutes (Exhibit 
20, section 9.1.3, p. 9.1.3-6b; Exhibit 15, p. 25; Exhibit 54, Section 8.13). [Altemate #5]
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151. Other systems are also located in the FHB and available to provide makeup 

water to the fuel pools, but are not specifically described in Harris plant procedures. These 

systems are addressed in the following paragraphs.  

152. Fire Protection System (FPS) 

The plant FPS draws water from Harris Lake using a non safety-related motor driven fire pump 

and a redundant diesel driven fire pump. The motor driven pump receives its power from offsite 

sources during the postulated accident sequence (Exhibit 20, section 9.5). The system is 

designed to remain pressurized at all times. Seven non seismically qualified hose stations are 

located along the operating deck of the FHB (286' level) (Exhibit 22). To initiate filling of a fuel 

pool or transfer canal, an operator would direct the end of the fire hose in the direction of the 

fuel storage system location and open a single valve at the hose station located on the FHB 

operating deck (Exhibit 15, p. 29). [Unproceduralized Alternate FPS] 

153. Gate Seal Features 

Under emergency conditions where access to all locations of the site may not be possible, such 

as those in the postulated accident sequence, the pneumatic seals on the isolation gates can 

be deflated to aid in the delivery of coolant inventory or makeup water to all locations in the fuel 

storage system (Exhibit 15, p. 24). Deflating the gate seals allows the coolant to bypass the 

gate and flow into the adjacent storage location (e.g., pool or transfer canal) (Exhibit 15, p. 24).  

If all seals in the fuel storage system were deflated, inventory could flow to any location in the 

fuel storage system. In the same manner, coolant makeup added to one pool would be
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available to all pools through leakage in the gate seals. Therefore, with the seals deflated it 
would not be necessary to add makeup water directly to the boiling spent fuel pool (Exhibit 15, 

p. 24).  

154. If the operators choose not to deflate the gate seals, coolant makeup can be still 

added to any pool location using any of the available methods described above until the level in 
the location receiving the makeup water exceeds the top of the associated pool gate, which is 
approximately one foot below the FHB operating deck level (286'). Fuel pool coolant would 
then spill over into the adjacent storage location and continue to fill that location until the level 
reached to the top of the next gate. In this manner, under accident conditions, operators would 
be able to add makeup to all pools by initiating makeup to a single pool or transfer canal without 
removing the isolation gates or deflating the seals (Exhibit 23; Exhibit 24).  

An Assessment of Accessibility of Areas Containing Equipment Required to Establish 

Makeup 

155. The Staff has evaluated the potential impact of the postulated sequence on the 
accessibility of various areas within the reactor auxiliary building (RAB) and the fuel handling 

building (FHB). The Staff also evaluated the impact of associated radioactive material releases 

on the accessibility of the FHB from areas external to the building.  

156. The accessibility of plant areas, and the plant site, is dependent on the 

magnitude and form of the radioactive materials released by the postulated containment failure, 

and the transport and dispersion of these materials once released from the containment. A
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large number of calculation cases would be necessary to quantify the radiation environment of 

the plant and its environs due to the number of potential containment failure modes, the timing 

of these failures, the location of these failures within the plant, meteorological conditions, and 

the availability of offsite and emergency power. This evaluation is largely qualitative. However, 

insights into the post-accident accessability can be developed through a qualitative assessment 

of potential release pathways in the context of plant and systems configurations and site 

meteorology. In performing this evaluation, the Staff considered material submitted by the 

applicant in support of the amendment, the FSAR (specific citations are provided in the text), 

and information obtained during discovery. The Staff also had the benefit of a tour of the Harris 

site on September 29, 2000.  

157. Section 10 CFR 20.1201(a)(1) limits the annual occupational dose to 5 rem 

TEDE. However, 10 CFR 20.1001 (b) states that "nothing in this part shall be construed as 

limiting actions that may be necessary to protect health and safety.' Section 10 CFR 

50.47(b)(1 1) requires licensees to have in place means to control emergency exposures, 

including "exposure guidelines consistent with the EPA Emergency Worker and Lifesaving 

Activity Protective Action Guides.' The EPA guidance provides a dose limit of 25 rem4 for 

actions involving life-saving or the protection of large populations when lower doses are not 

practicable. The EPA guidance also provides for doses greater than 25 rem for actions 

involving life-saving or the protection of large populations when lower doses are not practicable 

and when the exposed individuals are volunteers and have been briefed of the risks involved.  

4. The EPA dose guidelines are expressed as the sum of the external effective dose equivalent and 
committed effective dose equivalent The total effective dose equivalent (TEDE) is defined in 10 CFR 20.1003 as 
"the sum of the deep-dose equivalent (for external exposures) and the committed effective dose equivalent (for 
internal exposures).* The deep-dose equivalent is comparable to the external effective dose equivalent for uniform 
exposures over the entire body.
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The EPA considers these exposures to be justified if the maximum risks permitted to workers 

are acceptably low, and the risks or costs to others that are avoided by their actions outweigh 

the risks to which workers are subjected (Exhibit 55-USEPA, "Manual of Protective Action 
Guides and Protective Actions for Nuclear Incidents," EPA 400-R-92-001, May 1992, pp. 2-9 to 
2-13). While the EPA guidance would allow exposures greater than 25 rem, there is uncertainty 

regarding the availability of volunteers. As a result of these considerations, the Staff has 
assumed an exposure criterion of 25 rem total effective dose equivalent (TEDE) for this 

evaluation.  

158. The methods for providing makeup to the pools have been discussed in 
paragraphs 140 through 154. The estimated time to complete the various altematives range 
from 5 to 30 minutes. The applicant has indicated that the same methods are applicable to 
pools And B, and pools C and D (Exhibit 15, Specific Interrogatory #9, p.31). Performing these 
methods requires access to the FHB, or the FHB and RAB, from within the plant and from the 
site yard. Access to the FHB is discussed first (see Paragraph 161), followed by access to the 
RAB (see Paragraph 182), and access from the site yard (see Paragraph 194). Habitability of 

the control room is addressed starting with Paragraph 183.  

159. The configuration of the spent fuel pools, the transfer canals, and the 
interconnecting gates was described in paragraphs 118 through 121. Although sealed gates 

separate the pools and the main transfer canal, the gate seals can be depressurized readily 
without tools or other equipment by personnel on the operating floor (Exhibit 15, Specific 

Interrogatory #8). When depressurized, water on either side of the gate will seek an equal 

level. The configuration of the gates also allows water to overflow from one pool to another
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without overflowing on to the floor, should depressurization not be possible, so that filling one 

pool will provide water to the other pools (Exhibit 24; Exhibit 23).  

160. In evaluating the accessability of the FHB, the Staff considered six primary 

radiation and contamination sources. These are (1) direct radiation shines from the radioactive 

material held up in the reactor containment (see Paragraph 161); (2) direct radiation shine from 

contamination in piping systems outside of the containment (see Paragraph 163); (3) the 

introduction of contaminated air to the FHB by ventilation systems (see Paragraph 164); (4) 

infiltration of contamination from the RAB (see Paragraph 169); (5) radiation from fission 

products released from the fuel in spent fuel pools as a result of the heatup prior to fuel 

uncovery (see Paragraph 178); and (6) increase in radiation shine dose from stored fuel as a 

result of pool water level decrease (Paragraph 174).  

161. The containment wall is 4.5' thick reinforced concrete up to about the 376' 

elevation, and 2.5' thick in the dome (Exhibit 56-CP&L Engineering Drawing CAR-2165 G-013, 

General Arrangement Containment Building Plan EL. Sections Sheet 1). At 376', the 

containment wall is higher than the adjacent buildings (Exhibit 24; Exhibit 46; Exhibit 57-.CP&L 

Engineering Drawing CAR-2165 G-002, General Arrangement Plot Plan). In Section 12.3.2.16 

of the FSAR, the applicant reported estimated post-accident dose rates in various plant areas 

(Exhibit 58-Shearon Harris Nuclear Power Plant Final Safety Analysis Report (FSAR) Chapter 

12, section 12.3.2.16). These doses were calculated in response to post-TMI requirements and 

were based on the assumption that 100% of the core inventory of noble gases, 50% of iodines, 

5. As used in this affidavit, radiation shine refers to the emission of energy in the form of electromagnetic radiation from radioactive material held in an enclosure, such as the reactor 
containment or piping systems. Used to denote exposure situations in which the radiation, but not the radioactive material that emitted it, penetrates the walls of the enclosure.
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and 1% of other particulates are released to the intaccontainment (Exhibit 58, section 

12.3.2.16). The FSAR reported that the maximum radiation level in the vicinity of the 

containment wall in the WPB was 8 rem (Exhibit 58, section 12.3.2.16). Since there are no 

post-accident radiation sources outside of the containment in this area, the 8 rem estimate 

represents the radiation shine from activity within the containment. Assuming a 25 rem 

emergency worker exposure criterion (see Paragraph 157), a stay time of 3 hours would be 

feasible, assuming no other sources. Although access to these areas may not be necessary, 

the estimated dose rates represent the limiting case. At increased distances from the 

containment wall with additional intervening concrete walls, the postulated dose will be less.  

162. The FHB construction (including the roof) is poured concrete. The FHB has four 

elevations: 216', 236', 261' and 286'. The 216' elevation is arranged in two sections-south and 

north--with the intervening space being unexcavated. The FHB is open from the 286' elevation 

(operating floor) to the building roof. The exterior walls facing the reactor containment are a 

minimum of 3' thick above the operating floor (286' el) with a maximum thickness of 4'. Below 

the operating floor the walls are thicker and range up to 9'. The minimum thickness of the roof 

is 18 inches. Floor slabs are 2' and thicker (Exhibit 24; Exhibit 59-CP&L Engineering Drawing 

CAR-2165 G-023, General Arrangement Fuel Handling Building Plan Plans Sheet 2; Exhibit 

22). In addition to the FHB and containment walls, there are several concrete walls and floors 

internal to the RAB that provide additional shielding (Exhibit 46, Exhibit 47; Exhibit 40; Exhibit 

45; Exhibit 41). The Staff concludes that radiation shine from the containment will be 

adequately attenuated by the intervening walls and floors and that containment radiation shine 

dose rates will not be significant in areas where actions will be taken to makeup pool water.
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163. The Staff evaluated the impact of contaminated piping on the accessibility to 

areas where actions will be taken to makeup pool water. Within the FHB there are no piping or 

components that would contain fission products following a reactor accident (Exhibit 59; Exhibit 

22). Although the spent fuel pool water, associated piping, and demineralizers may be 

contaminated, the design of these systems is such that general area dose rates would be less 

than 5 mrem/hr (Exhibit 58, section 12.3-9). While there are some equipment cubicles that 

have higher dose rates, access to these cubicles is not required.  

164. The Staff evaluated the impact that ventilation systems might have on the 

accessability and habitability of the areas where actions would be taken to makeup pool water.  

The FHB and RAB have independent ventilation systems with outside air intakes that could 

draw in contaminated air from a radioactive plume released by the accident sequence (Exhibit 

20, section 9.4.3; Exhibit 43, section 6.5.1.2.2 and 6.5.1.2.1; Exhibit 20, section 9.4.2). The 

impact of these systems is dependent on the availability of offsite and onsite power, 

meteorological conditions such as wind direction, and the timing of the release. In some of the 

accident sequences considered, the containment failure is delayed, providing a window of time 

to implement pool makeup actions in advance of the radioactive material release, as discussed 

in paragraphs 132 through 139. In these cases, the operation of the ventilation systems would 

not have an impact on accessibility or habitability. For some early containment failures (e.g., 

failures within 12 hours), the release plume may begin, end, and clear the site environs before 

makeup is required. These events are discussed in the following paragraphs.  

165. The FHB normal ventilation systems draws in and conditions outside air, 

distributes the air in the FHB and exhausts the air via the main plant stack. There are three
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separate subsystems, each with its own intake fans and exhaust fans. One subsystem services 
the areas above the operating floor while the remaining subsystems serve the areas beneath 
the operating floor, with a subsystem each for the north and south ends. These subsystems 

are not considered ESF systems and are not powered from emergency buses (Exhibit 20, 
section section 9.4.2). If offsite power is lost as part of the accident sequence, the fans cannot 

draw contaminated air into the FHB.  

166. On receipt of a high radiation monitor alarm on any one of the 24 detectors 
located above the operating floor, the normal supply and exhaust fans for the operating floor 
are stopped and the intake and exhaust dampers are closed. These actions isolate the 
operating floor from the environment. In addition, safety-related dampers in the supply and 
return ducts for the north end rail / truck lock close. The FHB emergency exhaust fans start 
and exhaust the area above the operating floor to the main plant stack (Exhibit 20, section 
9.4.2). There is no forced ventilation supply to the operating floor under these conditions. The 
radiation detectors are set to alarm with a short response time whenever the dose rate in the 
FHB operating floor area exceeds 100 mrem/hr (Exhibit 43, section 6.5.1.2.1; Exhibit 20, 
section 9.4.2). While radioactive material would be admitted to the FHB prior to reaching this 
radiation level, the radiation level trend will level out and start to decrease once the switchover 
to emergency ventilation has occurred. A dose rate of 100 mrem/hr would require a stay time 
of about 250 hours to reach the emergency worker exposure limit of 25 rem. If the dose rate 
were to be higher, the stay times would be reduced proportionally. Since the transition to 

emergency exhaust occurs in less than one minute (Exhibit 43, section 6.5.1.2.1), the Staff 

expects that the peak dose rate will not be greater than the alarm setpoint by more than an 
order of magnitude. However, even with a dose rate ten times greater, the Staff concludes that
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the resulting stay time periods would continue to provide adequate time to take actions on, or 

transit, the operating floor to restore spent fuel pool makeup.  

167. The normal supply and exhaust fans for the areas beneath the operating floor of 

the FHB continue to operate if offsite power is available unless manually isolated since they do 

not isolate on high radiation level alarms (Exhibit 20, section 9.4.2). Thus, these supply 

systems could be a source of contamination for areas below the operating floor. This condition 

could limit access to the south and north end Of the FHB 216' elevation where actions 

associated with some of the means to restore makeup are located. The outside air intake for 

the north end supply is located on the north end of the FHB at grade level (261') (Exhibit 20, 

section 9.4.2; Exhibit 22). In order for a plume released from the containment or RAB to reach 

the outside air intake at the north end of the FHB, the winds must be coming from SSE to ESE 

(Exhibit 57; Exhibit 60-Drawing Generated by Staff using CP&L drawings G-O02 and G-003, 

depicting air intake wind direction impact, November 2000).' The Staff performed analyses on 

meteorological data supplied by CP & L (Exhibit 15, Specific Interrogatory #1) to determine 

atmospheric dispersion coefficients. Worksheets from these analyses are provided in Exhibit 

63 (Staff Analysis of Harris Site Meteorology, November 2000, prepared by S.F. LaVie). Only 

10.1% of the annual wind direction observations between 1995 and 1999 were from these 

sectors. The Staff believes that the configuration of the FHB intake is such that building wake 

effects at the north end of the FHB could minimize the actual intake during these periods.  

Given the considerations above, and the potential timing of the radioactivity release, the Staff is 

6. The north direction shown on CP & L engineering drawings represents north on the 

plant coordinate scheme. The true North is 25 degrees clockwise from the plant coordinate 
North (Exhibit 61-Shearon Harris Nuclear Power Plant Final Safety Analysis Report (FSAR) 
Chapter 1-Figure 1.2.2-1). True North is the basis for meteorological measurements (Exhibit 
62-USNRC Regulatory Guide 1.145, "Atmospheric Dispersion Models for Potential Accident 
Consequence Assessments at Nuclear Power Plants,* Revision 1; 1982, Position C.11.1).
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of the opinion that the continued operation of the normal supply fans would not preclude access 

to the FHB 216' elevation north end for the large majority of the postulated sequences.  

168. The purification system equipment on the south end of FHB 216' elevation is 

redundant to the equipment at the north end (Exhibit 59). The outside air intake for the south 

end supply is located in a small enclosure on the RAB 286' elevation roof between the RAB 

305' elevation exterior wall and the containment (Exhibit 20, Table 9.4.0-2). The intake is 

located south of the plant stack, south of the RAB, east of the containment, and west of the 

main steam relief valve risers. As this outside air intake is located well within the wake cavity of 

the RAB and the containment building (Exhibit 41), the Staff believes that the intake of 

contaminated air cannot be discounted on the basis of wind direction. The FHB 216' elevation 

south end could be accessible prior to or after the start of the radioactivity release. However, 

the Staff does not have sufficient assurance to conclude that this area would be accessible 

during a release to the environment.  

169. There are doors that connect the FHB 216', 236', and 261' elevations with the 

corresponding elevations in the RAB (Exhibit 59; Exhibit 22; Exhibit 47; Exhibit 40; Exhibit 45).  

These doors provide pathways for infiltration of contamination from the RAB. In order to assist 

understanding the discussion, the following figure divides the RAB into several areas, identified 

by letter for further reference.

000502



-87-

170. On the 216' elevation, there are two fire doors that connect the south end of the 

FHB to Area H in the RAB (Exhibit 59; Exhibit 47). On the 236' elevation there is a door that 

connects the FHB pump room with Area A in the RAB (Exhibit 59; Exhibit 40). On the 261' 

elevation there are two doors that connect the FHB and RAB. The first connects a valve gallery 

in the FHB with Area H of the RAB. The second connects the ventilation equipment room with 

Area A of the RAB (Exhibit 22; Exhibit 45).  

171. Within the FHB, there are two equipment hatches on each of the 236', 261', and 

286' elevation floors that provide an opening to the elevation below (Exhibit 22; Exhibit 59).  

These hatches are normally closed during plant operations. While the hatches cover the entire 

opening, they are not considered to be airtight. If there were to be a sufficient pressure 

differential, the Staff believes it might be possible for contamination to migrate to other 

elevations in the FHB. However, if the normal ventilation system is operable, the Staff believes
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that the contamination that infiltrates from the RAB would be collected and exhausted to the 
environment, rather than migrate to another elevation. Even if the ventilation systems were not 
powered, the Staff believes that the open ductwork would provide a path of least resistance that 
could be expected to minimize differential pressures and migration via the equipment hatches.  
Although pressure might collapse or rupture a run of ductwork, the Staff believes that such a 
failure will still provide a pathway for the pressure to dissipate.  

172. Due to the physical arrangement of the FHB elevations and the configuration of 
the ventilation systems, there is no communication of air between the north and south ends of 
the FHB below the operating floor. (While there is a pipe tunnel between the 216' and 236' 
elevations that connects both ends, sealing features minimize air flow.) (Exhibit 59; Exhibit 24; 
Exhibit 64-CP&L Engineering Drawing CAR-2165 G-024, General Arrangement Fuel Handling 
Building Sections Sheet 1). Contamination that enters the FHB via the fire doors on the south 
end cannot impact the accessibility of the areas at the north end. For this reason, the Staff 
concludes that the accessability of the FHB 216' elevation north end will not be impacted by 
contamination infiltration from the RAB. The Staff is not able to make a similar conclusion for 
the FHB 216' elevation south end.  

173. Since the FHB above the operating floor is designed to be maintained at a slight 
negative pressure by the FHB emergency exhaust system during fuel handling accidents 
(Exhibit 43, section 6.5.1.2.1), the Staff believes that the physical boundary between the 
operating floor and other areas must be reasonably leak tight for the system to maintain the 
required slight negative pressure with the relatively small design exhaust flow rate of 6000 cfm 
per train (Exhibit 43, Table 6.5.1-1). There are no doorways to the RAB on or above the
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operating floor (Exhibit 22). Since this configuration minimizes the possible migration of 

contamination from lower elevations of the FHB to the operating floor, the Staff concludes that 

the accessability of the operating floor will not be impacted by contamination infiltration from the 

RAB.  

174. The Staff considered the impact that steam and radioactive material released 

due to pool boiling could have on personnel access to the operating floor, as well as the impact 

of reduced pool water level on radiation shine doses from the stored fuel. The radiation release 

addressed here is that from the accelerated leakage of fuel gap activity due to fuel rod heating 

following the loss of pool cooling.  

175. The applicant has estimated that 16 days would elapse from the time of the loss 

of forced spent fuel pool cooling and the onset of boiling in pool C. The applicant estimated 

that it would take an additional 100 days for the water in pool C to boil down to the top of the 

fuel racks. Only pool C is being considered in this evaluation. While the applicant would be 

licensed to store fuel in pools C and D with a total heat load no greater than 1 million BTU for 

both pools, the applicant does not intend to put pool D into use at the present time. Since pool 

D would be isolated, its water mass is not credited in these time estimates. The applicant has 

estimated 20 hours for the onset of boiling in pool A & B, and an additional 173 hours for the 

water in pool A & B to boil down to the top of the fuel racks (based on the beginning of cycle, 

which is the most limiting case).7 The basis of these estimates was described in detail earlier in 

this affidavit (see Paragraphs 118-131).  

7. Although the focus of this proceeding is on the expansion of the spent fuel facility into 
pools C and D, the largest heat loads in the storage system reside in pools A and B. While 
pools A and B are outside the scope of this proceeding, the higher heat loads in these pools 
results in shorter time estimates that could have an impact on the access the pools C & D.
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176. If the plant personnel Were not successful in restoring pool cooling or aligning 
pool makeup prior to the onset of pool boiling, steam emanating from the affected pool(s) would 
increase the temperature and humidity of the FHB. If offsite power is available, the normal 
ventilation supply and exhaust system would be expected to maintain the FHB temperature and 
steam concentration to levels that would not preclude personnel intermittent access. If power is 
not available, this generation of steam could create conditions in which normal personnel 
access could be impeded due to temperature and humidity. Since the steam will be at 
saturation conditions (i.e., 212 degrees F and 14.7 psia), actions such as opening the south 
end stairwell and truck lock doors to allow steam to exhaust, the use of smoke clearing fans, 
and (in localized areas) fire-fighting hose fog nozzles could restore personnel access. The 
Staff also believes that personnel protective equipment such as commercially available steam 
suits and respiratory equipment could be utilized to provide a means of access to the FHB 

operating deck.  

177. The configuration of the spent fuel pools, the transfer canals, and the 
interconnecting gates was described earlier in this affidavit (See Paragraph 120). Although 
sealed gates separate the pools and the main transfer canal, the seals can be depressurized 
readily without tools or other equipment by personnel on the operating floor. When 
depressurized, water on either side of the gate will seek an equal level (Exhibit 15, Specific 
Interrogatory #8). However, should it not be possible to approach a gate due to boiling or 
radiation shine from the adjacent pool, the configuration of the gates allows water to overflow 
from one pool to another without overflowing on to the floor (Exhibit 24; Exhibit 23). Because of 
this configuration, the Staff concludes that It is possible to take actions to makeup water to the
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cask loading pool and have it overflow to the boiling pool. The minimum distance from the 

closest edge of pool B and furthest edge of the cask loading pool is about 60 feet (Exhibit 22) 

providing additional separation between the boiling pool and locations at which makeup water 

can be added.  

178. The Staff evaluated the potential release of fission products from the fuel due to 

boiling. The analysis worksheets are provided as Exhibit 65 (Staff Analysis of Radioactivity 

Release Due to Spent Fuel Pool Boiling, November 2000, S.F. LaVie). The Staff estimated the 

dose rate in the FHB from the fission product release at 2 hours following the onset of boiling.  

Based on this analysis, the Staff concluded that the radiation release from the fuel in pool C 

would not be limiting due to the age of the fuel in this pool. For pool A & B, the Staff 

determined that the dose rate at 2 hours provided a maximum stay time of about 40 minutes 

based on the 25 rem emergency work exposure limit (See Paragraph 157). The Staff 

concludes that this stay time is sufficient to initiate pool makeup via demineralized water hose 

bibs or fire hose stations, or to pass through the north end to gain access to the FHB 216' 

elevation makeup station. As noted in Paragraph 176, protective measures may need to be 

taken for steam. This conclusion is based on the radiation dose from inhalation of radioiodine.  

No credit was taken in the analysis for the use of respiratory protection equipment or thyroid 

prophylaxis. The use of either of these two protective measures would increase stay time.  

179. In addition to serving as a cooling medium, the spent fuel pool water provides 

radiation shielding for the stored fuel. The water depth is 23.7 feet above the top of the fuel 

racks (Exhibit 64). This depth of water is predicated on the ability of the pool to scrub fission 

gases released during a fuel handling accident (Exhibit 66-Safety Guide 25, "Assumptions
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Used for Evaluating the Potential Radiological Consequences of a Fuel Handling Accident in 
the Fuel Handling and Storage Facility for Boiling and Pressurized Water Reactors," March 23, 
1972, Footnote 2 to Position C.1 .c), rather than on its shielding capabilities. During normal 
operations, the dose rate at the pool surface is typically on the order of a few mrem/hour 
(Exhibit 58, section 12.3.2.13). Since the attenuation of radiation by the pool water is 
exponential in nature, a significant decrease in pool level is necessary to increase ambient dose 
rates to levels that impede accessability. During routine fuel movement, individual fuel 
assemblies are raised to within approximately 10 feet of the water surface (Exhibit 24) with 
personnel exposure rates maintained on the order of a few mrem/hour. Although the fuel racks 
contain more than one fuel assembly, the Staff believes that (1) the increased fuel to receptor 
distance while the fuel is in the racks, (2) the self-shielding afforded by the fuel assemblies, the 
fuel racks, and the interstitial water, and (3) the margin between the routinely observed 
exposure rates (with the fuel element raised) and the emergency worker exposure limits 
supports a conclusion that the pool level would need to decreased more than 10 feet in order to 
create personnel access restrictions during emergency conditions. Since the pool walls form a 
vertical collimator, the maximum dose rate would be directly above the pool. Radiation scatter8 

off pool walls and in the pool water could increase radiation doses at locations away from the 
periphery of the pool. Generally, the radiation dose decreases by about a factor of 10 for each 
scatter (Exhibit 67-=Principles of Radiation Shielding," 1984 Prentice-Hall, NJ, Chilton, A.B. et 
al.-section 9.1.5). Even with the scatter, the Staff concludes that; the dose rates beyond the 
immediate periphery of the pool will be significantly less than those directly over the pool.  

. When a beam of radiation interacts with the atoms in materials, the path of radiation is often changed with the beam emerging in a different direction at a lower energy. This mechanism is referred to as scattering. In a spent fuel situation, an individual standing away from the edge of the pool could be adequately shielded from the direct radiation from the spent fuel, but still be exposed to radiation that reflects off of the opposite pool walls.
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180. The pool heat-up rates discussed earlier in this affidavit correspond to a boil-off 

of about 0.1 inch per hour from pool C. The corresponding boil off for pools A and B is 

approximately 2 inches per hour. Using the analysis in Paragraph 179, it would take about 60 

hours to reduce the pool water level by 10 feet at the pool A & B boil off rate of 2 inches per 

hour and 1200 hours for pool C. Given (1) the collimating by the pool walls, (2) the significant 

decrease in pool water level necessary to create dose rates that would impede personnel 

access, (3) the slow decrease in pool depth by boiling, (4) the distances separating the A & B 

and C pools, and (5) the ability to add water to the C pool and have it overflow to the A & B 

pools, the Staff concludes that the reduction in pool A & B water level will not impact the 

accessability of the north end of the FHB.  

181. Based on the considerations in paragraphs 174 through 180, the Staff concludes 

that the onset of pool boiling will not preclude personnel access to the FHB operating floor.  

182. The Staff considered the habitability of the main control room as a result of the 

accident. This included consideration of radiation shine and infiltration. The control room is 

located on the 305' elevation of the RAB (Area C) (Exhibit 43, section 6.4.2; Exhibit 42). The 

shielding design of the control room envelope was based on two direct radiation sources: (1) 

direct radiation shine from the containment, and (2) direct radiation shine from radiation leakage 

external from the containment (Exhibit 58, 'section 12.3.2.14). The first source of radiation 

shine is comparable to that expected for the postulated accident sequence for this proceeding.  

As such, it can be concluded that the control room shielding design would continue to be 

adequate for this source. The second source is based on a design basis LOCA in which the
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fission products are held up in the containment and released at a rate of 0.1% volume per day 
for the first 24 hours, and 0.05% volume per day for the subsequent 29 days. With these 
assumptions, the postulated dose is 0.1 rem for 30 days (Exhibit 58, section 12.3.2.14). The 
release rates associated with some containment failure modes may significantly exceed the 
assumed design basis rates. However, the duration of these releases will be less. The 
concrete shielding of the control room is 4' thick (Exhibit 42; Exhibit 46). The Staff believes that 
it is likely that the dose rates inside the control room from this source, albeit increased, will 

allow access and residence in the control room.  

183. The control room air conditioning system (CRACS) consists of a supply system 
with two 100% capacity air handling units and an exhaust system with two 100% capacity 
exhaust fans. Outside air intake and exhaust lines have two motor-operated isolation valves in 
series. There is an emergency filtration system consisting of two 100% capacity filtration trains.  
Components are safety-grade and are powered from emergency sources (Exhibit 43, section 

6.4.2; Exhibit 20, section 9.4.1).  

184. The configuration and operation of the Harris control room is described in the 
FSAR (Exhibit 43, section 6.4.2; Exhibit 20, section 9.4.1) and is summarized in this paragraph.  
In the event of a safety injection signal or a high radiation alarm on the normal outside air 
intake, a control room isolation signal is generated. This results in the following automatic 
actions: all isolation valves on the normal intake and exhaust system shut, and both emergency 
filtration systems start in the full-recirculation model (i.e., no outside air makeup). Once these 
automatic functions are completed, the operator will manually place one of the filtration trains in 
standby, and will select and open one emergency outside air intake to pressurize the control
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room. There are two outside air intakes on either side of the RAB at the 323' elevation.  

Radiation monitors in these intakes allow the operator to select the least contaminated intake.  

Based on a review of the release points in relation to the control room outside air intakes 

(Exhibit 20, Table 9.4.1-1; Exhibit 57), the Staff concludes that both intakes could be within the 

plume for some combinations of release points and wind directions.  

185. Although the control room is isolated, the Staff concludes that pressurization is 

necessary to maintain the control room at a positive pressure against infiltration of 

contamination via control room boundary penetrations, such as cable penetrations and doors.  

During this pressurization period, 400 cfm of outside air is drawn in, filtered, and discharged to 

the control room volume. There is no forced exhaust during this period. Although the filter is 

highly efficient, some contamination would still be discharged into the control room. The design 

of these systems is predicated on not exceeding the 5 rem whole body or equivalent to any 

organ criterion of 10 CFR 50, Appendix A, GDC-1 9 for design basis events. The whole body 

dose was estimated to be 0.6 rem and the thyroid dose was estimated to be 7 rem for a design 

basis LOCA (Exhibit 68-Shearon Harris Nuclear Power Plant Final Safety Analysis Report 

(FSAR) Chapter 15-Table 15.6.5-12, Table 15.6.5-12).  

186. During station blackout conditions, the control room pressurization and filtration 

systems would be inoperable, potentially allowing for the infiltration of contamination. The 

Staff's experience in reviewing control room designs for design basis events suggests that the 

Harris control room may not be habitable under these conditions. However, it must be noted 

that under station blackout conditions, there are few if any plant operations that can be 

performed from the control room. Command and control of the event would transfer to the
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technical support center which has its own filtration system and emergency diesel generators.  

However, the control room would continue to be manned until it is no longer habitable. A review 

of the meteorology joint frequency data for 1995-1999 indicates that 60.3% of the time the wind 

is blowing such that the plume would be directed away from the control room intakes (Exhibit 

57; Exhibit 60) (See Paragraph 167). There would be no impact on the control room during 

these periods. With the information available and based on these considerations, the Staff 

cannot conclude that the control room would be habitable for all combinations of accident 

sequences and wind directions following core damage and containment failure.  

187. In evaluating the accessability of the RAB, the Staff limited its evaluation to 

Areas G and H on the RAB 216' elevation (See the figure following Paragraph 169), Areas A, B, 

and C on the RAB 236' elevation, and Areas A and B on the 261' elevation since these areas 

contain valves which need to be operated for some spent fuel pool makeup altematives. The 

Staff considered two primary radiation and contamination sources. These are (1) direct shine 

from the radioactive material held up in the reactor containment and in piping systems outside 

the containment; and (2) the spread of containment failure releases in the RAB.  

188. Section 12.3.2.16 of the FSAR, discusses estimated post-accident dose rates in 

various plant areas (Exhibit 58, section 12.3.2.16). These doses were calculated in response to 

post-TMI requirements and were based on the assumption that 100% of the core inventory of 

noble gases, 50% of iodines, and 1% of other particulates are released to the containment.  

Dose rates estimated using this source term are expected to be comparable to those that would 

be obtained using the most likely severe accident source terms (Exhibit 15, Specific 

Interrogatory #4). A review of the data provided in the FSAR indicates that the shine doses
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would not be limiting in gaining access to RAB areas to perform valve operations associated 

with spent fuel pool makeup, or to gain access to the FHB.  

189. The containment is the last of the three barriers to the release of fission products 

to the environment. The other two barriers are the reactor fuel and the reactor coolant system.  

Failures of the containment barrier are grouped as (1) containment bypasses, (2) containment 

isolation failures, (3) interfacing system LOCAs (ISLOCA), and (4) failure of the containment 

structure. The impact of steam and fission product releases from containment failures on the 

operability of the CCW components was addressed in Paragraphs 102 through 116. The 

evaluation contained in those paragraphs is applicable to accessability concerns as well. In the 

following paragraphs, those evaluations will be summarized in the context of personnel 

accessability to the RAB.  

190. The containment bypass sequence (steam generator tube rupture) was 

addressed in Paragraph 100, where it was stated that releases would be to the environment 

and that the ventilation alignment prevents the steam generator release from being drawn back 

into the RAB. As such, the Staff concludes that this failure mode is not expected to affect 

accessibility of the areas of interest within the RAB.  

191. Paragraphs 105 through 108 addressed containment isolation failures and the 

normal and emergency operation of the ventilation systems in the RAB. In those paragraphs it 

was concluded that, if the RABEES were operating. the release would be exhausted to the 

environment while minimizing the re-introduction of the radioactive materials via the RAB 

outside air intakes. The Staff believes that releases to the RABEES areas during system de-
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energization will largely be held up within the area and will slowly infiltrate through the RAB.  
During the hold-up, deposition and plateout of a significant fraction of aerosols and particulates 
would be expected (Exhibit 69-NUREG/BR-0150, "RTM96: Response Technical Manual," Vol.  
1, Rev. 4, March 1996, McKenna, T., et al.,, Table C-5). As a result, the Staff believes that the 
contamination of floors and surfaces outside of the RABEES boundary would not create 
accessability concerns. Re-energization of RABEES, when possible, could be expected to 
purge airborne contamination and allow access to the areas of interest.  

192. The containment structural failure pathway was evaluated in Paragraphs 110 
through 114. In that evaluation, the Staff concluded that the containment breach would be 
dissipated throughout the RAB. The Staff concludes that this breach would likely spread 
contamination throughout the RAB. If the RABEES is operating, a significant amount of the 
contamination would be exhausted from the RAB. If RABEES is not operating (e.g., station 
blackout), the Staff believes that access may not be possible until the RAB atmosphere could 

be purged on restoration of AC power.  

193. Based on the considerations addressed in paragraphs 187 through 192, the Staff 
concludes that access should be possible to areas in the RAB where operations related to 
making up spent pool water need to be performed. For events involving the release of 
significant pressure from the containment failure or involving station blackout, this access might 

be delayed until the RAB could be purged.  

194. The Staff considered the accessability of the FHB from site buildings other than 
the RAB and from the site yard. The operating floor of the FHB can be accessed from (1) a
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stairwell from the waste processing building (WPB) at'the south end of the FHB (Exhibit 22); (2) 

the roof of the WPB via an exterior door to the south end stairwell (leading to the incomplete 

Unit 2 excavation) (Exhibit 22); (3) the grade level access door at the east side of the north end 

of the FHB (Exhibit 22); (4) the grade level truck lock at the north end of the FHB; and (5) an 

exterior door on the west side of the north end of the FHB leading to the FHB 236' elevation 

(Exhibit 59). The location of these FHB access points in relation to the expected release points 

(Exhibit 57) is such that one or more access points would be available regardless of wind 

direction. With the exception of access via the WPB stairwell, these access points are located 

in such a manner as outside equipment, such as pumper trucks, could be positioned to transfer 

water via hoses, without reliance on site equipment that may have been rendered inoperable.  

195. The Staff performed an evaluation of the potential radiation dose rates that could 

exist on the Harris site following the accident sequence postulated in this proceeding and the 

impact that these radiation doses might have on the accessability of the reactor site. The Staff 

considered the following exposure pathways to the overall dose rate to an individual present in 

the environs: (1) the external dose rate from exposure to radiation shine from contamination in 

the plume, (2) the internal dose rate from the inhalation of contamination in the plume, and (3) 

the external dose rate from exposure to radiation shine from plume fallout on the ground. A 

fourth exposure pathway, internal dose rate from ingestion of contaminated foodstuffs, was 

deemed to be irrelevant by the Staff for this particular evaluation since it is expected that plant 

personnel will not partake of food or water in radioactively contaminated areas. The Staff 

focused its evaluation on access to the FHB from the yard and the WPB. Although the Staff 

expects that access to the FHB via the RAB could be possible for certain containment failure 

sequences, for this evaluation the Staff assumed that access via the RAB is not possible due to 

high general area dose rates.
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196. Although the Staff expects that protective clothing, respiratory protection, or 

thyroid prophylaxis would be used, the Staff has assumed no analysis credit for the use of such 

protective measures.  

197. The Staff calculated dose rates for only the ground exposure pathway. The Staff 

did not calculate dose rates for the plume exposure or inhalation exposure pathways, as the 

Staff has assumed that the dose rates from these latter two pathways would preclude personnel 

access while the plume was present. The Staff concludes that the plume would not be present 

and, therefore, not a source of radiation exposure in either of two situations: (1) the 

containment failure is categorized as very late and the release of fission products has not 

started; or (2) the wind direction at the time of release is such that the plume is not being 

directed towards one or more the FHI access points.  

198. The applicant has projected failure times ranging from 71.4 to 89.6 hours for the 

various very late containment failures, and 40.9 to 56.8 hours for the various late containment 

failures (Exhibit 9, Table 9-1). The applicant has estimated times to perform various actions to 

restore spent fuel cooling or provide spent fuel pool makeup, the longest of which was 30 

minutes (Exhibit 15, Specific Interrogatory #9). The Staff believes that it is likely that adequate 

actions can and will be taken to prevent fuel uncovery in the spent fuel pools in these late and 

very late failure sequences.  

199. For early containment failures, the Staff assumes that the fission product release 

will start before actions can be taken to restore cooling or provide makeup to the spent fuel 

pools, and that actions will be delayed until access can be gained, either after the plume has
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cleared the area or a change in wind direction has made access to a FHB access point 

possible.  

200. The operating floor of the FHB can be accessed from (1) a stairwell from the 

WPB at the south end of the FHB (Exhibit 22); (2) the roof of the WPB via an exterior door to 

the south end stairwell (leading to the incomplete Unit 2 excavation) (Exhibit 22); (3) the grade 

level access door at the east side oi the north end of the FHB (Exhibit 22); (4) the grade level 

truck lock at the north end of the FHB (Exhibit 22); and (5) an exterior door on the west side of 

the north end of the FHB leading to the FHB 236' elevation (Exhibit 59). The Staff concludes 

that the location of these FHB access points in relation to the expected release points (Exhibit 

57) is such that one or more access points would be available regardless of wind direction. As 

discussed in Paragraph 167, the wind blew towards the north end of the FHB only 10.1% of the 

time between 1995 and 1999. The three access points at the north end would likely be 

available about 90% of the time.  

201. Section 10 CFR 20.1201(a)(1) limits the annual occupational dose to 5 rem 

TEDE. However, 10 CFR 20.1001(b) states that unothing in this part shall be construed as 

limiting actions that may be necessary to protect health and safety." Section 10 CFR 

50.47(b)(1 1) requires licensees to have in place means to control emergency exposures, 

including "exposure guidelines consistent with the EPA Emergency Worker and Lifesaving 

Activity Protective Action Guides.' The EPA guidance provides a dose limit of 25 rem9 for 

actions involving life-saving or the protection of large populations when lower doses are not 

9. The EPA dose guidelines are expressed as the sum of the external effective dose equivalent and 
committed effective dose equivalent. The total effective dose equivalent (TEDE) is defined in 10 CFR 20.1003 as 
"the sum of the deep-dose equivalent (for external exposures) and the committed effective dose equivalent (for 
internal exposures." The deep-dose equivalent is comparable to the external effective dose equivalent for uniform 
exposures over the entire body.
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practicable. The EPA guidance also provides for doses greater than 25 rem for actions 

involving life-saving or the protection of large populations when lower doses are not practicable 

and when the exposed individuals are volunteers and have been brief of the risks involved. The 

EPA considers these exposures to be justified if the maximum risks permitted to workers are 

acceptably low, and the risks or costs to others that are avoided by their actions outweigh the 

risks to which workers are subjected (Exhibit 55, pp.2-9 to 2-13). While the EPA guidance 

would allow exposures greater than 25 rem, there is uncertainty regarding the availability of 

volunteers. As a result of these considerations, the Staff has assumed an exposure criterion of 

25 rem total effective dose equivalent (TEDE) for this evaluation.  

202. The Staff calculated the dose rate from exposure to the ground contamination 

due to plume fallout. While the plume exposure would cease once the plume had cleared the 
area, the ground contamination would continue to be a source of radiation after this. The Staff 
based its analysis on a core inventory based on the Harris rated thermal reactor power, the 

release category source terms tabulated by CP & L in response to the Staff's specific 

interrogatory #4 (Exhibit 15, Specific Interrogatory #4), atmospheric dispersion coefficients 

calculated using the meteorological data obtained in the Staff's specific interrogatory #1 (Exhibit 

15, Specific Interrogatory #1), and dose conversion factors from EPA Federal Guidance Report 

No. 12 (Exhibit 70-'External Exposure to Radionuclides in Air, Water, and Soil,* Federal 

Guidance Report 12, EPA-402-R-93-081, 1993-Table 111.3, September 1993, Eckerman, K.F., 

Ryman, J.C.). While the Staff's analysis conservatively assumes an instantaneous ground-level 

puff release, the applicant's release category source terms were used to establish the 

magnitude and mix of the fission products in the instantaneous releases. As such, the Staff 

concludes that the magnitudes and mixes assumed in this evaluation reflect the release holdup
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times, duration times, and release energies, and the other parameters that characterize the 

release category source terms.  

203. Particulate and aerosol materials in the plume are projected to fall out with a 

deposition velocity of 0.3 cm/sec (Exhibit 69, Footnote a to Table F-1 1). The Staff's analysis 

considered 48 radionuclides, selected for their importance to reactor accident consequence 

assessment (Exhibit 71-Reactor Safety Study, "An Assessment of Accident Risks in U.S.  

Commercial Nuclear Power Plants-Calculation of Reactor Accident Consequences,W Appendix 

VI, WASH-1400, 1975-Table VI.3-1). The Staff selected several receptor locations 

surrounding the FHB, generally at points of access. Worksheets for the Staff's analyses are 

provided as Exhibit 63 and Exhibit 72 (Staff Analysis of Post-Accident Ground Deposition Dose 

Rate, November 2000, S.F. LaVie). The results of the Staff's analyses are presented in Exhibit 

72.  

204. In assessing the likelihood of gaining access through a contaminated area 

following plume transit, the Staff assumed that a dose rate of about 25 rem/hour and higher 

would likely preclude access. At a dose rate of 25 rem/hour, the available stay time before 

which the dose would exceed the assumed criterion of 25 rem (Paragraph 201), would be one 

hour. Two of the FHB access locations can be approached within feet by a motor vehicle, 

affording a minimum exposure time. The Staff estimates that other access locations would 

involve 5-10 minutes of walking after being approached by a motor vehicle (Exhibit 22). The 

ingress and egress time would expend 20-30% of the available stay time of one hour, leaving 

about 18 rem for the performance of the restoration or makeup actions.
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205. The analysis results indicate that, for accident sequences other than the large 
early containment failure (in which no credit is taken for scrubbing by the pool overlaying core 
debris or by containment sprays), the postulated dose rate would be less than the assumed 
criterion of 25 rem/hour for one or more access points after various periods of decay up to five 
days (Exhibit 72, pp.1-3). The postulated dose from ground contamination can occur only if the 
fission product plume has passed over the access area. The Staff has determined that the 
location of the FHB access points in relation to the expected release points (as discussed in 
Paragraph 205) makes it unlikely that fallout from the plume would affect all available access 
points. Although it is expected that wind directions would change over the course of the event, 
the Staff expects such changes to reduce the ground level concentration at any given access 
point due to the larger surface area upon which the plume fallout is deposited. Based upon 
these considerations, the Staff has concluded, with reasonable assurance, that access would 

likely be available to the FHB from the site yard.  

206. The Staff believes that several of the assumptions used in this analysis are 
conservative and that it is likely the actual dose rates would be much lower. First, all of the 
fission product releases were assumed to be ground level releases. This was assumed since 
the Staff could not discount (with certainty) a portion of the release occurring from a building 
opening and the fact that the main plant stack does not meet the Staff's criterion for an elevated 
release point (i.e., vent height 2.5 times the height of adjacent buildings) (Exhibit 62, Position 
C.1.3.2). For a ground level release, the ground level contaminant concentrations are at their 
maximum value at the release point and decrease with increasing distance. For an elevated 
release, the ground level contaminant concentrations are at a minimum value near the release, 
and initially increase with increasing downwind distance until a maximum concentration is 
reached, after which the concentration decreases with increasing distances (Exhibit
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73-"Meteorology and Atomic Energy," TID241 90, July 1968, Slade, D.F., edit, Figure A.4).  

Wind speed generally increases with increasing elevation (Exhibit 73, section 3-1.2.6). Since 

atmospheric dispersion is inversely proportional to wind speed (Exhibit 62, Equations 1,2,3, and 

4), concentrations will be further reduced. The minimum elevated plume height is the elevation 

of the top of the stack. However, a plume will rise due to buoyancy effects and mechanical jet 

forces before it is turned horizontal by the wind (Exhibit 73, section 5-2.1.1). The Staff has 

ignored these effects in its analysis. The energy associated with a containment failure will 

impact thermal energy to the fission product release, adding to the buoyancy rise. Regulatory 

Guide 1.111 (Exhibit 74-USNRC Regulatory Guide 1.111, "Methods for Estimating Atmospheric 

Transport and Dispersion of Gaseous Effluents in Routine Releases from Light Water Cooled 

Reactors," Revision 1; 1977, C.2.a) provides guidance for addressing release points that are 

greater than the height of adjacent structures but less than the 2.5 criterion. The guide 

suggests that if the vertical exit velocity is at least five times the horizontal wind speed, the 

plume should be treated as an elevated release. The main plant stack exit velocity of 2950 

ft/min with all fans running (Exhibit 20, section 9.4.0-10) is 5.8 times the maximum wind speed 

of 5.8 mph (Exhibit 75-Shearon Harris Nuclear Power Plant Final Safety Analysis Report 

(FSAR) Chapter 2-section 2.3.3-91). Thus, it is likely than the plume would be elevated for 

accident sequences in which offsite power was not lost. The Staff used the ARCON96 

computer code for generating the atmospheric dispersion coefficients. ARCON96 generates 

95%-tile values (i.e., the actual dispersion coefficient will not exceed the calculated value more 

than 5% of the time) (Exhibit 76-NUREG/CR-6331, "Atmospheric Relative Concentrations in 

Building Wakes," Rev. 1, Ramsdell, J.V., section 3.1). Based on the above considerations, the 

Staff believes that the atmospheric dispersion coefficients used in this evaluation are 

conservative and that the actual dispersion during an accident would likely be less by a factor of 

5-10 or more.
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207. The Staff's method of analysis assumed that the fission products projected to be 
released during the entire accident sequence were instantaneously released, transported, and 
deposited at the receptor. The Staff believes that this time compression results in conservative 
estimates of fallout in that (1) no credit was taken for contaminant depletion by deposition into 
upwind areas; and (2) for longer term release durations, changes in wind direction would result 
in a wider spread of the deposition. In the latter, while the total amount of fallout would be the 
same, the amount at the postulated receptors would be less, resulting in dose rates lower than 

those projected here.  

Assessment of Impact of Accessibility Concerns on Makeup 

208. The methods for providing makeup are summarized in Table 2, which identifies 
the locations for associated personnel actions, and support requirements.  

209. From the forgoing discussions, the following conclusions are drawn. In all 
degraded core scenarios that leads to an interruption of spent fuel pool cooling, and early, late 
or containment isolation failure, access to the lower floors of the south end of the FHB cannot 
be guaranteed (paragraph 168). Thus the following methods for providing makeup to the pools 
A and B are not guaranteed to be available: the normal method (paragraph 142), and alternate 
makeup methods 1, 2, 3, 4, 5, and 6 (paragraphs 142, 143, 145, 146, 148, 149). Only the use 
of the fire protection system and the DWS to directly fill pools A and B are not precluded.  

210. If offsite power is available, the lower elevations of the north end of the FHB 
could be inaccessible for the 10% of the time that the wind blows the plume in that direction
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following the release (paragraph 167). For the 90% of the time that the wind is in a favorable 

direction and off site power is available, all methods of makeup to pools C and D are available 

with operator actions taking place in the north end of the FHB and in the RAB. The availability 

of offsite power is assessed to preclude significant contamination in those areas of the RAB to 

which access is required to implement the makeup methods. The makeup from any of the 

methods is far in excess of that needed for the heat load in pools C and D (paragraph 125, 

126), and the excess would flow into pools A and B (paragraphs 153, 154), whether or not the 

gate seals have been deflated.  

211. If offsite power is not available at the time of the passing of the plume, the lower 

elevations of the north end of the FHB would not become contaminated regardless of wind 

direction (paragraph 167). However, those methods that require access to the RAB, namely 

alternate methods 2, 4, 5, and 6 may be compromised, because of possible contamination 

(paragraph 193). Alternate method 3 requires off site power and so is unavailable until the 

power is restored. The normal makeup and alternate method #1 are still available to be used, 

both in their gravity feed modes. For the 10% of these scenarios in which the wind is in an 

unfavorable direction, the yard in the vicinity could be contaminated. This is discussed further 

in paragraph 216 below.  

212. Therefore, for 90% of all scenarios that lead to a degraded core accident, 

interruption of spent fuel pool cooling and a containment failure, the locations for operator 

actions to implement at least two simple methods for providing makeup, namely the normal 

makeup and alternate #1, are fully accessible. The environmental conditions at the lower 

elevations of the north end of the FHB would not be challenging to the operators, and there are 

procedures for implementation.
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213. Furthermore, for all the scenarios discussed in paragraphs 210 and 211 above, 
there is no contamination of the operating floor, and access can be gained from the yard 
(paragraph 205), so makeup using the unnumbered alternative methods (i.e., direct addition to 
the fuel storage pools from DWS and FPS) is possible.  

214. For the 10% of the scenarios for which offsite power is available and the wind is 
in an unfavorable direction, none of the methods relying on access to the lower elevations of 
the FHB at either the north or south end can be relied upon. However, access from the yard to 
the operating floor of the FHB would still be possible (paragraph 205). Thus the unnumbered 
alternate makeup methods, using the FPS and DWS at the operating floor would be available.  
With offsite power available, both the electric and diesel driven fire pumps are available.
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Method Locations of manual actions Support requirements 

Normal Makeup 1 valve on 216' elevation FHB (South end for DWS storage tank full for gravity feed; 
(Procedure OP-1 16) pools A and B; North end for C and D) Offsite power (demineralized water system; spent fuel 
DWS pool purification system) 

Alternate # 1 2 valves on 216' of FHB; two on 236' of FHB; DWS storage tank full for gravity feed; 
(Procedure OP-1 16) close power supply breakers on 261' FHB; Offsite power (spent fuel pool purification system) 
DWS turn on purification pump at 236'FHB or 

operating floor (S for A and B, N for C and D) 

Alternate # 2 216' FHB, install pressure gauge and open Offsite power (spent fuel pool purification system) 
(Procedure OP-1 16) valve; RWST Inventory 

236' of RAB, open I valve; 
close power supply breakers on 261' FHB; 
turn on purification pump at 236'FHB or 
operating floor (S for A and B, N for C and D) 

Alternate #3 236' FHB align 1 valve (S for A and B, N for C Offsite power - Spent fuel pool skimmer system in 
(Procedure OP-1 16) and D) operation 

Alternate #4 236' FHB - 8 valves; 216' FHB 2 valves; (S for RWST full for gravity feed; 
(Procedure OP-1 16) A and B, N for C and D) 236'RAB 1 valve Spent fuel pool cooling pump (offsite or onsite power) 

Alternate # 5 236' RAB Install jumper; 236' FHB open 2 ESW system (Offsite or onsite ac power) 
(Procedure OP-1 16) valves (S for A and B, N for C and D) 

Alternate #6 261' RAB 2 valves, 216' FHB 2 valves (S for offsite power; RMWST Inventory 
(Procedure OP-1 16) A and B, N for C and D) 

Demineralized valve stations on operating floor offsite power; 
water DWS storage tank full for gravity feed; 

Fire protection hose stations on operating floor of FHB offsite power for motor driven fire pump; 
system diesel driven fire pump 

Table 2Makeup Alternatives01 
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215. The seismic scenario is assumed in this analysis to have resulted from a 
relatively low magnitude earthquake whose principal impact on the plant is to cause a loss of 

offsite power due to failure of the ceramic insulators in the switchyard. The very large 

earthquakes that lead to major structural failures are considered to be very low frequency 

events. The most likely cause of core damage, given the seismic ruggedness of the plant is a 
station blackout. The frequency of the first three steps in the sequence therefore is estimated 

to be on the order of 1 E-06/reactor year. This frequency is an integral over a range of 

earthquakes with increasing ground acceleration. At the lower accelerations, the non
seismically qualified systems such as the fire water system and the demineralized water 

systems would be expected to remain intact, and as in paragraph 211 above, the normal and 
alternate #1 makeup methods would be available as would the fire protection system. At the 
higher accelerations, this could not be guaranteed. However, if all else failed, mobile sources, 

such as pumper trucks, could be brought to bear, as long as site access is possible (see 

paragraph 216 below). Because of its potential impact on multiple systems, the seismic 

scenario is considered to be the most limiting.  

216. The Staff has concluded that even were the access paths to be contaminated by 
the passing plume, the contamination would not be such as to preclude an approach to the FHB 
from the yard to gain access, although the stay time might be limited (paragraphs 197 - 207).  
Because of the relative size of the FHB and the plume width, a simultaneous contamination of 

access locations to both the South and North end of the building is very unlikely, and could only 

result from a significant change in wind direction during the release. Such a change would 

have the effect of lowering dose rates for any one of the paths, thus allowing more time for 

access through any one of the paths.
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217. The Staff therefore concludes that there are no scenarios in which all methods of 

providing makeup to the pools would be precluded as a result of extreme radiation doses. In 

this case, the probability of step 5 of the seven-step scenario, as written, is essentially zero.  

However, the fact that some of the methods for providing makeup are potentially less reliable or 

more difficult to implement than others, deserves to be addressed.  

Assessment of Likelihood of Failure to Provide Makeup or Restore Pool Cooling 

218. This section discusses the assessment of how likely the operating Staff are to 

restore cooling or initiate makeup to the pool following a severe core damage accident with a 

failure of the containment function. The analytical method used to assess the likelihood of 

successful operator actions is known as Human Reliability Analysis, or HRA. The methods 

developed for HRA have primarily been to assess the likelihood of error associated with routine 

processes such as restoration of systems following maintenance, with carrying out tasks 

following a written set of instructions, and also in responding to plant transients or accidents. In 

the IPE and IPEEE, in general credit was only taken for responses for which there was 

procedural guidance, typically the emergency operating procedures and functional restoration 

guidelines.  

219. Once core damage has occurred, mitigation strategies are provided by the 

severe accident management guidelines. These are not procedures as such but provide 

guidance for the plant Staff to develop appropriate ad hoc procedures to attempt to mitigate the 

impact of the core damage accident. At this stage, the responsibility for management of the 

accident is transferred to the Technical Support Center, or TSC, which has a large staff and 

facilities for overseeing all aspects of the plant, including the spent fuel pool.
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220. In order to be successful in coping with the interruption of spent fuel pool cooling, 

there are three basic functions required of the plant operating staff: (a) they must recognize that 

the cooling has been lost and that it is necessary to recover cooling to prevent a zirconium fire 

with its accompanying release of fission products; (b) they must formulate plans on how to 

restore cooling; and (c) they must execute the plans successfully.  

221. If the interruption to pool cooling is a direct result of plant conditions, there will be 
several indications that the pool cooling has been interrupted, the most obvious being the fuel 

pool high temperature alsrm. The alarm is actuated from a temperature detector directly 

reading fuel pool coolant temperature in each pool. At Harris the fuel pool high temperature 

alarm is set at 105F. If it is assumed that the pool is initially at 95F and will rise at 5.7F/hr, 

corresponding to the heat load in pools A and B at the beginning of the cycle, operators will 

receive a pool high temperature alarm in approximately 2 hrs. However, prior to receiving the 

high temperature alarm, unless there is a station blackout (SBO) the operators will receive other 

SFP-related alarms. Depending on how the accident progresses, these advance alarms will 
give the operators notice that cooling has been lost to the pool. For example, if SFPCCS flow is 

lost due to a loss of offsite power, the control room operators will receive a SFP inlet low flow 

alarm (<1 925 gpm), before the pool begins to heat up.  

222. Similarly, control room operators may receive an alarm on the Auxiliary 

Equipment panel 1 alerting them to a high SFP HX outlet temperature condition If CCW or ESW 

is lost due to the postulated accident condition. In this case, SFPCCS flow would not be lost, 

however, cooiing to the SFPCCS heat exchangers would be interrupted. The SFPCCS heat
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exchanger temperature alarm is also set at 105F. While this alarm will not give operators 

advance indication of a loss of pool cooling when compared to the direct reading pool 

temperature alarm, the heat exchanger high temperature alarm provides operators with a 

measure of redundancy.  

223. These alarms will "lock in, and they will stay locked in until the condition causing 

the alarm clears (e.g., flow is restored, temperature is reduced below the alarm setpoint). With 

a pool heatup rate of 5.7 F/hr, operators have 18 hrs to restore cooling or align makeup from 

the time the pool high temperature alarm is received before the pools begin boiling. The alarm 

indicating lights on the annunciator panels will remain illuminated to remind operators of the 

alarm condition in the system.  

224. In the event operators are directed by procedure to secure cooling to the fuel 

pool heat exchangers to maximize the heat removal from the containment, the suspension of 

fuel pool cooling will be a conscious decision by the control room operators. Similarly, the fuel 

pool high temperature alarm will initiate at about two hours after termination of cooling and will 

remain locked-in until the condition is addressed by the plant operators.  

225. Thus in all the scenarios of interest there will be several indications to remind 

operators of the condition of the spent fuel pool. However, there will also be many other 

competing indications of higher immediate priority in the control room during the course of the 

accident. So while the alarms are important indications, they cannot be relied on to guarantee 

that the plant Staff responds early in the course of the accident.
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226. Eventually, if the cooling is not restored, level will decrease due to evaporation, 

and the fuel pool low level alarm will actuate. At that time, the annunciator procedure directs 

the operator to makeup to the pool. For the highest heat load, at the beginning of the cycle, the 

alarm will actuate at 23.5 hours after loss of cooling to the pools (paragraph 130). For the very 

late containment failure scenarios, in which the containment is assumed to fail in more than 90 

hours after the accident initiation, this would be a compelling cue because at this time, things 

would not be happening quickly in the reactor and the containment. There would be at least 60 

hours to take action before the containment fails, and there is no radiological impediment to 

taking action. Thus for the very late containment failure scenarios, we assume a high likelihood 

of success.  

227. For the early and for many of the late containment failure modes, the low level 

alarm may not occur before containment failure. Since we have assumed that the control room 

would not necessarily be habitable after a containment failure, the control room low level alarm 

cannot be relied on to provide a reminder to the operating Staff after the containment has 

failed.  

228. Even though the indications may not be compelling, particularly if the operating 

Staff has abandoned the control room, and responsibility for accident management has been 

transferred to the TSC, the Staff considers that for the plant operating Staff, the TSC, and the 

NRC incident response center, all to neglect considering the need to address the spent fuel 

pool cooling over a period of 5 days is not reasonable, particularly in light of the current 

concern, and the NRC Staff's awareness of the risks posed by spent fuel pools, as 

characterized by guidance to NRC Emergency Operations Center Staff regarding spent fuel 

pool damage and consequence assessment (Exhibit 69).
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229. Given that it has been recognized that it is necessary to provide makeup to or 

restart cooling of the pools, the decision has to be made on how to achieve this goal. Most of 

the make up methods are addressed in procedure OP-1 16. Only the use of the fire protection 

system and the use of the dernineralized water tank to directly makeup to the pool at the 

operating floor of the FHB are unproceduralized. They are however, very simple actions 

involving, in the one case, opening a single valve, and in the other, opening a valve, running an 

already installed hose, and starting a fire protection pump. The plant Staff has already 

considered these actions as they are described in their responses to the Staff's interrogatories.  

230. The final function that must be successfully completed is the execution of these 

tasks. If there is reason to believe that there is a significant concern about radiological 

contamination in areas where access is needed to perform the task, no credit has been taken 

for the method of providing makeup. Other concerns that affect the likelihood of success are 

those of accessibility, whether there is ample time to perform the tasks, whether there are 

procedures, and whether special tools are necessary and available. In response to the Staff's 

request for information, CP&L Staff confirmed that the "auxiliary operators who would be called 

upon to re-position valves to effect spent fuel pool makeup do carry keys to the affected areas 

(and any intervening fire/security doors), keys to locked valves, and flashlights, all as part of 

their normal shift duties and responsibilities.' Thus physical access is not a concern.  

231. Most of the methods are relatively simple, the simplest requiring the opening of a 

single valve, the most complex, the installation of a jumper and opening two valves. CP&L has 

estimated that most can be accomplished locally within 30 minutes. Given that the time 

available to implement these actions is tens of hours, the time constraints are not limiting.
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232. Procedures exist for most of the makeup methods. The equipment that is 

required to be manipulated is labeled clearly in the plant as was confirmed during the Staff's 

site visit. Most of the equipment is readily accessible. The one exception is the connection 

from ESW system to the spent fuel pool (Alternate makeup #5) where the connection is near 

the ceiling.  

233. Given the above, once the decision has been made on a method for makeup, 

the likelihood of success is high. The most likely cause of failure to restore pool cooling or start 

makeup systems is considered to be a failure in recognizing the need to take action. However, 

in those accidents in which the containment is likely to have failed before the need to provide 

makeup is clear, the Staff at the site would already be in the process of damage control, and no 

longer concerned with protecting the reactor, but of limiting radiological contamination, and the 

spent fuel pool would likely be an obvious target of concern.  

234. While no HRA method has been constructed and calibrated to provide human 

error probabilities for such situations, for the purpose of this analysis, a probability of .1 has 

been assigned to the event that the restoration of pool cooling or provision of makeup is not 

successful for those cases where the only access is to the operating floor of the FHB. In this 

case, given the time available, equipment reliability will not be limiting but recovery actions may 

be hampered by the steam environment on the operating floor. As discussed in paragraphs 

179 and 180, radiation doses are not limiting even if the water level in pools A and B is 

significantly lowered. This probability represents the Staff's assessment that success is likely, 

though not guaranteed. For those cases where there are several methods available,
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and no access or environmental problems, the likelihood of failure is much lower, but assumed 

for this purpose to be .01.  

Summary 

235. The Staff estimates the core damage probability at the Harris plant, including 

contributions from both internal and external initiating events from full power and low-power and 

shutdown states, to be 1.2E-04/reactor year. While there is some uncertainty with this 

estimate, the Staff believes that this is a reasonably conservative assessment. The contribution 

from internal initiating events in particular is likely to be conservative, since the frequency of 

initiating events has been shown, based on plant specific data, to be considerably lower than 

that assumed in the IPE (Exhibit 9, Table 3-17, and Exhibit 6, Table 3-4).  

236. The conditional probability that the spent fuel pool cooling is interrupted will be 

dominated by common causes of both core damage and the interruption of spent fuel pool 

cooling. The joint probability of both events from independent causes will be very low because, 

the probability of failure of a redundant, normally operating system, such as the'spent fuel pool 

cooling system over a short time is very low. Therefore, this affidavit has focused on 

dependent causes.  

237. The Staff assesses that many, but by no means all, of the degraded core 

sequences may lead directly to an interruption of spent fuel pool cooling. The accident 

sequences initiated by a loss of offsite power, one internal fire scenario, seismic events, and 

loss of dc bus DP-1 are highly likely to result in a simultaneous loss of spent fuel pool cooling 

since the dominant contributions are from scenarios that correspond to a complete loss of
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station power. The accident sequences resulting from internal floods also lead directly to a loss 

of spent fuel pool cooling, since the service water system (which is assessed to be the source 

of the internal flood) is the ultimate heat sink for the pool cooling system. The LOCAs and 

transient induced LOCAs may result in an interruption of spent fuel pool cooling as a result of 

operator action to maximize the heat removal from containment during the recirculation phase.  

238. Accident sequences resulting from transients other than those discussed above 

do not result directly in a loss of spent fuel pool cooling. Interfacing systems LOCAs and Steam 

Generator Tube Rupture accidents in a similar manner will not lead directly to loss of the spent 

fuel pool cooling function. Further, it is not expected that a large fraction of the accidents 

occurring during shutdown will result in a direct loss of the spent fuel pool cooling function.  

239. The Staff has considered the likelihood that should the containment fail, the 

release of steam and radionuclides into the plant auxiliary buildings might affect equipment 

necessary to maintain pool cooling, primarily the component cooling water system, and 

emergency power systems. The Staff has concluded that the likelihood of such a 

consequential loss of cooling is low (paragraph 115).  

240. Therefore, the Staff concludes that the frequency of accidents that could lead to 

an interruption of spent fuel pool cooling is less than 1 E-04/reactor year, with a best estimate, 

given the information available, of 6.3E-05 (paragraph 116).  

241. All the sequences that are initiated by a loss of offsite power also result in the 

interruption of several of the methods of makeup to the pools, since the demineralized water 

system is not powered by the emergency buses. This is not necessarily true of the accidents
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caused by the 6.9kv bus fire nor the loss of dc bus DP-1, since they may not disrupt power to 

station loads other than the reactor. However, methods that employ gravity feed and the use of 

the fire protection system with the diesel driven fire pump would still be available. Sequences 

not initiated by a loss of offsite power will not lead to interruption of the makeup methods.  

Therefore, no scenarios have been identified that directly lead to loss of all cooling and makeup 

systems.  

242. Event number 5 in the sequence of events is "inability to restart any pool cooling 

or makeup systems due to extreme radiation doses". For the majority of accidents that result in 

an interruption of the spent fuel pool cooling function, the function itself is recoverable once the 

cause of the interruption has been rectified. In other words, a very small fraction of the 

interruptions of cooling are caused by mechanical failure of the spent fuel pool cooling system 

and the supporting CCW system. Thus, the fraction of scenarios in which the function can be 
/ 

restored before containment failure do not contribute to the seven step scenario.  

243. The likelihood of recovering the cooling function before containment failure 

depends on the precise timing of events. Because there is a very large number of possible 

scenarios representing different time sequences of events, the Staff has not focused on 

assessing the probability of restoration for the early and late containment failure mode 

scenarios. However for the very late containment failures, as discussed in paragraph 137, 

there is a very high probability that makeup or cooling would be restored before containment 

failure.  

244. For the other containment failure modes of interest for this sequence, the Staff 

has considered their impact with respect to radiological contamination of those plant areas to

00053a



-120

which plant personnel would need access to reestablish pool cooling or pool makeup. Those 

releases that bypass the containment, such as those resulting from steam generator tube 

ruptures are of little concern because such accidents do not interrupt the pool cooling function.  

The containment failure modes of concern are primarily the early, late and very late 

containment failures.  

245. The Staff considers that the containment failure modes of most concern are the 

early and late containment failures. Their combined probability of failure is less than .1.  

Furthermore, it cannot be guaranteed that the control room would be habitable. A very 

conservative approach is to assume that the control room has been abandoned and that the 

only recourse is to provide makeup.  

246. The Staff concludes that the probability of a degraded core accident that leads to 

an interruption of the pool cooling function and a containment failure prior to restoration of pool 

cooling is bounded by 6.3E-06. CJ.L-. o -4 .,71E-4, 

247. The Staff has identified no scenarios that, in the time available to provide 

makeup, would prevent access to all the areas where operator action is needed to establish 

makeup, although the time for access might be restricted because of dose considerations. For 

most scenarios, access to the plant to initiate several of the methods is possible. Thus, it can 

be argued that element (5) of the seven step scenario has a probability of essentially zero.  

However, as will be discussed below, given the time available and taking into account that, for 

most of the scenarios there are several easily implemented methods accessible for providing 

makeup, even taking into account human reliability considerations, the probability of a more 

broadly defined sequence, namely one in which the degraded core accident leading to a
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containment failure and a loss of spent fuel pool cooling for a long enough time that the water is 

evaporated so that the fuel is uncovered is very low.  

248. For 90% of the non-seismic contributions several methods are available that can 

be implemented from multiple locations with a likelihood of success of .01. The contribution to 

the frequency of a the evaporation of pools A and B, which is the more limiting case, is 5.3E-06 

(the non-seismic contribution) x.9x.01=5E-08.  

249. Assuming conservatively that if offsite power is available when the plume passes 

(leading to contamination of the north end of the FHB) only the use of the FPS and DWS at the 

operating floor of the FHB is possible for the 10% of cases in which the wind is in an 

unfavorable direction, then the contribution is bounded by 5.3E-06x.1x.1=5.3E-08.  

250. For the seismic contribution, it is conservatively assumed that access to the 

operating floor is required to provide makeup, with a likelihood of failure of .1, the frequency is 

1 E-06x.1=1 E-07 

251. Thus the total frequency of a sufficiently prolonged loss of cooling to pools A and 

B resulting in evaporation of the water to the extent of uncovering the fuel is-estimated to be on 

the order of 2E-07/reactor year (5E-08 + 5E-08 + 1 E-07). This is an upper bound on the 

probability of the seven step scenario, since the latter is a more restrictively defined scenario 

than that for which the frequency is estimated, in that it specifies the dose as being the factor 

that mitigates against successful initiation of makeup or pool cooling. This basis for, and a 

characterization of this estimate is discussed in the following paragraphs.
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252. Since it does not have a detailed plant model of the Harris plant, the Staff has 

used information from the licensee's PRA models to estimate the joint probability of the first 

three steps of the seven step sequence. The IPE, the IPEEE, and the PSA represent a 

significant effort. The IPE and IPEEE are peer reviewed documents and have also been 

subject to review by NRC Staff. The PSA has also received peer review at a fairly high level 

(Exhibit 77-Shearon Harris Nuclear Plant Probabilistic Safety Assessment, Review of 

Sequence Solution, Revision 0, April 1998). A comparison with results from PRAs for similar 

plants confirms that the results presented by the licensee are reasonable estimates of core 

damage probability and containment failure probability.  

253. The estimates used for the seismic and shutdown contributions to the core 

damage frequency were not based on plant specific studies, but on available information for 

similar plants. They are believed to be representative, which could be conservative, but would 

not be expected to be non-conservative by as much as a factor of 2.  

254. Rather than performing a very detailed calculation, the Staff has taken a 

bounding approach, focusing on the major factors that impact the outcome. In making 

regulatory decisions when using PSA results, the Staff recognizes the importance of accounting 

for the uncertainties in the analysis. The conclusion of this analysis is, however, not very 

sensitive to the uncertainties for the following reasons.  

255. The Staff has taken what it believes to be a conservative approach to estimating 

the conditional probability of a coincidental interruption of the spent fuel pool cooling function 

that requires recovery following containment failure. For the containment failure modes that are
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such that failure could occur in the same time frame as pool boiling, namely the early and late 

containment failure modes, no credit has been taken for recovery of pool cooling before 

containment failure. If credit were taken this could significantly reduce the frequency.  

Furthermore, it has taken no credit for assuming that, for 60% of the accidents, the control 

room would remain habitable (Paragraph 186), which would increase the likelihood of recovery 

of the spent fuel pool cooling before makeup were necessary.  

256. Because the Staff believes that it has demonstrated that there are no accident 

sequences in which access to at least one method of pool makeup is precluded, the probability 

of the scenario as written is essentially zero. In this case, a precise evaluation of the probability 

is not needed. However, it has also recognized that the successful termination of the sequence 

is dependent on operator action, given that it is not precluded by severe radiation doses. For 

most of the scenarios, the actions are relatively simple. However, there are some scenarios 

where the only viable method might be entering the operating floor of the FHB, and if this were 

to happen late in the scenario, there is the potential for the steam environment causing some 

difficulty for operators. Therefore, the estimate provided above takes into account the likelihood 

of failure of the operators to successfully implement makeup to the spent fuel pools.  

257. To address the second question posed by the Board, the most recent published 

study of beyond design basis accidents in spent fuel pools is the Draft Final Technical Study of 

Spent Fuel Pool Accident Risk at Decommissioning Nuclear Power Plants (TWG), February 

2000 (httpJ/www.nrc.gov/NRC/REACTOR/DECOMMISSIONINGISF/index.html). Neither this 

report nor NUREG-1 353 has a direct relevance to this affidavit, since they do not address 

severe core damage accidents as an initiating event for the loss of spent fuel pool cooling.  

However, it should be noted that the TWG report is in substantial agreement with NUREG-1 353
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in recognizing the very rare, high ground acceleration earthquakes as being the major concern.  
Such major earthquakes are not an issue here. The concerns expressed in the Advisory 
Committee on Reactor Safety (ACRS) April 13, 2000 letter do not impact the estimation of the 
probability of the seven step sequence. In particular, the Staff has taken the position in this 
affidavit, that even if the probability of step seven, the chance of an occurrence of an 
exothermic reaction, given the first six steps of the sequence, is assumed to be 1, the 
probability of the sequence is low enough that its occurrence is considered remote and 
speculative. Furthermore, the issue raised by the ACRS in relation to the ignition temperature 
does not directly impact the probability of the sequence. In the TWG report, the ignition 
temperature is used to determine the age of fuel for which an exothermic reaction is no longer a 
concern. In reality, a refinement of the ignition temperature could impact the time to ignition 
once the fuel is uncovered. However, this has played no role in the assessment contained in 

this affidavit.  

258. The exhibits attached hereto are true and correct copies of the documents relied 

upon in this affidavit.  

259. I hereby certify that the information contained in paragraphs 1, 5-8, 9-42, 49-57, 
116-117, 132-139, 208-220, and 224-258 is true and correct to the best of my knowledge, 

information and belief.  

Gareth W. Parry
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260. I hereby certify that the information contained in paragraphs 2, 102-115, 155

207, and 258 and in Exhibits 60, 63, 65 and 72 is true and correct to the best of knowledge, 

information and belief.  

Ste n FZ. LaVie 

261. I hereby certify that the information contained in paragraphs 3, 58-101 and 258, 

and Table 1 is true and correct to the best of my knowledge, information and belief.  

Robert L. Palla 

262. I hereby certify that the information contained in paragraphs 4, 43-48, 118-131, 

140-154,221-223 and 258 is true and correct to the best of my knowledge, information and 

belief. • •ao 

Christophfr Gratton 

Sworn and subscribed to 

before me this L"• day of November, 2000.  

My Commission expires 44&0 /•P'•/
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