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Framatome is the largest provider of services supporting the construction and operation 

of nuclear reactors in the world. In the United States (U.S.) the original operating 

license for PWRs and BWRs was for 40 years. As the end of licensed-life approached, 

electric utilities requested a renewed license extending operation to 60 years. As the 

end of licensed-life for 60 years is approaching, electric utilities are requesting a 

subsequent license renewal to operate for 80 years. With the 60 and 80 year extension, 

the U.S. Nuclear Regulatory Commission examined the key safety issues. 

One of the safety issues for both 60 and 80 years is the degradation of the reactor 

vessel's structural toughness. The vessel's steel can be damaged by irradiation. Thus, 

a key issue for license renewal is the ability to accurately and precisely determine the 

- --irra0iation. -Previously-Framatome developea~arcaavahcea fechrfrJlogyto address the 

irradiation deep within the vessel's steel for extending operation to 60 years. 

This topical report furthers the advances in the technology for analyzing 

fluence-radiation to the reactor vessels. Framatome has advanced the methodology for 

determining irradiation qegradation in all reactor vessel components. The nozzle region 

is of particular interest for 80 years of operation. As explained in the report, the 

benchmark database verifies that Framatome's advanced methodology is sufficiently 

accurate and precise to have a 95 / 95 level of confidence in the safety analyses for all 

PWRs and BWRs. 
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The Framatome fluence methodologies for SLR (Subsequent License Renewal) are 

based on two topical reports. The first one, BAW-2241 P-A, Revision 2, "Fluence and 

Uncertainty Methodologies",1 has been reviewed and approved by the United States 

Nuclear Regulatory Commission (NRG). It is approved for analysis of all commercial 

Pressurized Water Reactors (PWRs) and Boiling Water Reactors (BWRs). There are of 

course "Limitations and Conditions" specified for the range of applications in the "Final 

Safety Evaluation" by the NRG. 

The NRG has indicated in Reference 2 that SLR requires an expanded analysis of 

reactor regions that will possibly experience increased irradiation degradation. This 

second topical report, "Fluence Methodologies for SLR", ANP-10348P, presents a 

significantly more compl~~sy§tem_of_aoalyses_and computer-cofle calculations-than-the 
- -- - -- ---- ---- -- --- -

first one. The reason for developing a more complex system than the "Fluence and 

Uncertainty M~thodologie_s" 1 u~~d for the fuel..,beltline region is that Reference 2 -

addresses much more complex geometric locations than previously analyzed; these are 

the nozzle regions, etc. 

The complex system of computer codes used to analyze reactor regions beyond the 

beltline includes SouoW0RKS3
, VICTORIA 4 (a plugin for ANSYS 5), ADVANTG 6 and 

MCNP.7 This new system is known as SVAM. The fuel-beltline computer-code system 

in Reference 1 is known as (MERLIN) DORT - Synthesis. [ 

1 
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As explained in this topical report, the benchmark and calculational uncertainty analyses 

of the methodologies for SLR are an extension of the analyses performed for the 

"Fluence and Uncertainty Methodologies" topical report. 1 The additional benchmark 

and uncertainty analyses have demonstrated that the [ 

] 

The beltline benchmark results for SVAM compared to DORT - Synthesis were exactly 

as expected. As shown by the dosi!!letry data in Figure_t~t, [ 
. --~---- - --------•---- -- -

] the root mean square relative 

standard deviation in the measured data is estimated as 7.0 %. Since the measured 

data is the standard for judging the accuracy and precision in the calculations, the 

calculated results cannot be more accurate, nor have a lower standard deviation than 

the measured data. [ 

] 

[ 

] The benchmark comparison clearly indicated that [ 

] SVAM is 

accurate (bias removal being actuated) and the relative standard deviation in SVAM's 
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] Thus, with respect to SLR analyses [ 

The beltline in Figure 1-1 goes from the top of the fuel, [ 

] The nozzle region, with the vessel support beams, extends to the top of the 

core flood nozzle. [ 

] The results in the following sections demonstrate 

that SVAM is accurate in the nozzle region with a well-defined random uncertainty. 

Thus, [ 

] SVAM is valid in the nozzle __regio~s. ___ _ 
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Regulatory requirements for SLR are concerned with the uncertainties in irradiation 

degradation, along with other licensing issues. Beginning in the 1960s, evaluations of 

irradiation uncertainties have followed a progression of updates to maintain the 

appropriate safety margins for reactor operation. In 1961, the American Society for 

Testing and Materials established a standard for reactor vessel surveillance programs 

(ASTM E 185-61, "Standard Practice for Conducting Surveillance Tests for Light-Water 

Cooled Nuclear Power Reactor Vessels"). Framatome (Babcock & Wilcox in 1961) 

developed a surveillance program to monitor changes in the mechanical properties of 

vessel material test specimens in accordance with the ASTM standard. 

2.1 10 CFR 50, Appendix H 

ASTM_E _185-61 provided a satisfactory material test-program. However, the accuracy 

and reliability of irradiation damage predictions was based on empirical techniques; the 

results were unreliable. In 1973, the NRC implemented 10 CFR 50, Appendix H, 

"Reactor Vessel Material Surveillance Program Requirements". The updated program 

improved the quality of irradiation damage predictions by relying on the theoretical 

concepts of fracture mechanics. 

When Charpy specimens from surveillance programs in operating reactors began to be 

available, the correlation of the data to the theory resulted in large uncertainties in the 

predictions of embrittlement (LlRTNoT)- A significant part of the problem was the large 

variation in irradiation values. In 1977, the NRC initiated the "Light Water Reactor 

Pressure Vessel Surveillance Dosimetry Improvement Program". Part of the Program 

was the PCA (Pool Critical Assembly) Experiment and Blind Test. The NRC requested 

that Westinghouse, CE, B & Wand others analyze the PCA Experiment and provide 

them their calculated results. The analysts at the various organizations did not know 

the measured results from the Blind Test. Thus, the differences between the calculated 

and measured results would provide a good indication of the industry's uncertainties. 
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Based on Westinghouse, CE, B & Wand others' Charpy material specimen 

measurements and associated fluence values, the NRC concluded that the industry's 

mean fluence uncertainty was 21.0 %. Framatome (Babcock & Wilcox in 1977) had 

developed the most technologically advanced methods for performing dosimetry 

measurements and fluence analyses; their uncertainty was 12.0 %. 1 The accuracy and 

consistency of the Framatome methods were independently confirmed by R.L. Simons, 

E.P. Lippincott, et alia, from the Westinghouse Hanford Company. 11 NUREG/CR-1861 

discusses the PCA results. 

2.2 Regulatory Guide 1.99, Revision 2 8 

Assuming a relative standard deviation of 20.0 %, material scientists adjusted the 

fluence values to determine "chemistry factors" and uncertainties for an embrittlement 

model. The model was based on correlating the shift (L1) in the reference temperature 

(RT) for the-nil-ductility transition- (NOT) in the material's properties (L1RTNoT) to the 

greater than 1.0 MeV fluence. While some changes in fluence values were greater than 

20.0 %, others were less. The root mean change was not greater than 20.0 %. 

Subsequently, the modeling of the data formed the basis for Regulatory Guide 1.99, 

Revision 2. The industry's radiation analysts adopted a standard whereby the fluence 

irradiation would be "unfolded" using dosimetry measurements and analytical 

procedures. Based on the uncertainty of the dosimetry measurements, the overall 

uncertainty in the fluence was less than 20.0 %. 

The analytical procedures used to unfold the fluence were also used to assess the 

irradiation damage "lead factor". Lead factors related (a) the test specimen material 

irradiation - embrittlement to (b) the irradiation - embrittlement of the actual vessel 

material. With reactor licensing limited to 40 years, 32 effective full power years with an 

80 % capacity factor, the lead factors demonstrated that there was more than adequate 

margin to ensure that irradiation embrittlement of the reactor vessel would never be a 

safety issue. 
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2.3 60 Year License Renewal 

When the industry began discussing renewing the licenses of PWRs and BWRs, the 

NRG began to review the licensing and safety issues. Irradiation experts at the NRG 

and those supporting the NRG had questions concerning the fluence uncertainties. The 

industry was not only going to a 60 year license, but the capacity factors were also 

increasing to values higher than 90 %. Irradiation of vessel materials could be increased 

by more than a factor of 1. 7 compared to a 40 year license. 

A concern expressed by the NRG's irradiation - embrittlement experts was the 

consistency between the fluence uncertainty and the embrittlement margin. The 

Regulatory Guide 1.99, Revision 2 model for assessing embrittlement is based on a 

"least squares" correlation. That is, the "chemistry factors" and the fluence are best

estimate values; completely unbiased. The only uncertainty is from random deviations 
~---~-- ----- ~--- -

- -- --related-to-a-"normal"-probabilitfaistributiori:-As-a -consequence, the confidence in the 

embrittlement degradation predictions is based on 2 standard deviations (a) for the 

Guide's margin term·. This p·rovides a greater than 95 % confidence that 95 % of the 

predictions (95 / 95) will bound the embrittlement degradation. 

The problem for the NRG's irradiation - embrittlement experts was that most of the 

unfolded specimen fluence results were biased. That is, they were not truly best

estimate mean values. Biased results, that were too high, were initially thought to be 

conservative. However, as the experts assessed the specimen measurements and the 

vessel irradiation lead factors, it became clear that biases could be a problem. 

If the causes of the biases are unknown, then a possible 10 % positive bias at the 

capsule, but an unknown 20 % positive bias at the vessel would actually be non

conservative. · The effect of biases becomes clearer when considering the standard 

deviation (cr) in the measurements (x). 

a = 
X N -1 

(2-1) 
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The number of measurements (i) in Equation 2-1 begins with "1", and ends with a total 

of N values. Equation 2-2 expresses the evaluation of biases with respect to the 

expected mean value ( x ) of the meas'urements and the "one" True Value. 

~ x. - (True Value). 
Bias = L.i 1 1 = x - TrueVa/ue 

i=1 N 
(2-2) 

As indicated by Equation 2-2, if there are no biases (Bias = 0.0), then the mean value 

( x ) of the measured results would accurately represent the "True Value". Moreover, 

the Equation 2-1 standard deviation would be significant. There could be at least a 95 % 

confidence that the embrittlement damage was bounded by the 2 a margin term. 

However, if there were biases in x due to unknown causes, then using Equation 2-1 to 

assess the standard deviation would be meaningless. With unknown biases it would be 

impossible to say thatthe deviation around x could be represented by -~oJmaJ 
~-- - -- -- ---- --T- --------- -------···-

distribution of deviations. There would be no confidence in bounding the embrittlement 

degradation with a tolerance factor of "2" times the standard deviation (O'). 

In addition to biases in the "unfolded" results being a concern for license renewal, the 

fundamentals of the fluence methodology were an NRC concern because of the 

reliance on measurements. There are no measurements at the "one-quarter" (T/4) 

vessel thickness (T) where the fracture toughness safety analysis is evaluated. 

Therefore, it would not be possible to actually have confidence in the safety of the 

fracture toughness results based on the Regulatory Guide 1.99, Revision 2 margin term. 

2.4 Regulatory Guide 1.190 9 

In 1988, the NRC met informally with members of the industry to discuss their concerns. 

The concerns were expressed in a ''white paper" for the industry to consider. The "white 

paper" eventually became Regulatory Guide 1.190, 9 "Calculational and Dosimetry 

Methods for Determining Pressure Vessel Neutron Fluence". It recommended that 

updated fluence methodologies be developed to calculate best-estimate values. 

Moreover, the calculations would need to be independent ofthe measurements. [ 

] 
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[ 

] 

Framatome updated its fluence methodology and presented it in a topical report to the 

NRG in May of 1997.1 The topical report adhered to the guidance in an early draft of 

Regulatory Guide 1.190 (Draft Regulatory Guide DG-1025). It was approved for 

licensing in February of 1999.1 
[ 

] 
-- --- --

-2~5 ~ - ~s-o·Yeai Siifisecjuent License i~enewal 
As reactors began to operate in the 6_0 year licen~e re_newal. period, the industry began 

to discuss a subsequent renewal period. Again, the NRC's irradiation experts reviewed 

the licensing and safety issues. The experts again recommended that the industry's 

radiation methods, models and procedures be updated.2 

While Regulatory Guide 1.190 9 provides an excellent basis for determining the fluence 

for irradiation degradation, it is based on the fuel region beltline. This is explained in 

Section 1.3.3 of the Regulatory Guide 9, ''Fluence Determination", on pages 12 and 13. 

Specifically (page 13): 

"To account for the neutron spectrum dependence of RTNoTwhen the 

E > 1 MeV fluence is extrapolated from the inside of the pressure vessel to 

the T/4- and 3T/4-vessel locations {Tis the thickness}, a spectral lead 

factor (which accounts for the change in neutron spectrum between 

downcomer and vessel internal locations) must be applied to the fluence 

for the calculation of 11RTNoT- This spectral lead factor has been included 
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The Regulatory Guide 1.190 discussion of (a) the "spectral lead factor" being equivalent 

to (b) "Regulatory Guide 1.99, Revision 2, Equation 3", is only valid within the 

fuel-beltline region. Within the beltline, there is no need to consider spectral lead 

factors; Equation 3 is valid.8 The NRC's irradiation experts, however, are questioning 

the industry about vessel regions beyond the fuel-beltline being impacted by SLR. 

Figure 2-1 illustrates the concern of the NRC's irradiation experts. The fuel-beltline 

region is adjacent to the active fuel (noted by the blue dashed lines with the legend 

description - Approximate location of the active fuel). This region is geometrically 

simple compared to the nozzle region above it. The primary system's fluid nozzles are 

geometrically complex. The complexity is not only difficult to model, but it also le_a~s_ 19. _ 
-------···· --

complex·neutron spectrumeffecls.Theeffects-cannot be modeled with the spectral 

lead factors that are provided in Regulatory Guide 1.99, Revision 2, Equation 3.8 

In the regions above and below the fuel-beltline, spectral lead factors (based on 

displacements per atom {dpa}) are clearly needed. Thus, the Regulatory Requirements 

for an 80 year SLR need to be expanded beyond those for 60 year license renewal. 

The 80 year SLR needs to focus on regions that are above and below the fuel-beltline. 

An updated 80 year SLR radiation (fluence) Regulatory Guide would be useful. 

The NRC has agreed that the industry, including themselves, should write a revised 

ANS / ANSI Standard that is based on Regulatory Guide 1.190, but is updated to reflect 

the uncertainties and methods appropriate for SLR. Just as Framatome previously 

updated its methodologies to comply with Regulatory Guide 1.190 before the final Guide 

· was complete, Framatome agrees with the NRC's assessment of updates for SLR. 

Thus, the SLR licensing and safety issues that the NRC has shared with the industry 2 

are the bases for the Regulatory Requirements in this topical report. The complex 

system of analyses and computer-codes (SVAM) presented in this topical report 

provides an updated methodology that meets updated regulatory requirements. 
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] The SVAM development occurred over a 

period of years, from initial trial tests [ 

] SVAM [ ] 

satisfies the fluence - radiation degradation part of the SLR Regulatory Requirements. 

The key to SLR Regulatory Requirements [ 

] 

The updated [ 

] 

The updated [ 

] 
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As previously discussed in the "Fluence and Uncertainty Methodologies" 1 topical report, 

the updated [ ] 

[ ] the SVAM methodology 

is accurate, with critical-spectrum results, and has well-defined relative standard 

c;i~viqtj_QIJ~ b_e¥-ond _tbe_beltline,-in-nozzle-regions.-+he aeeuracy-extends throughout-the

internal components. The uncertainties in this topical report satisfy the Regulatory 

Requirements that concern the NRC with respect to SLR. 

2.6 Irradiation & Fracture Mechanics Safety Analysis 

While neutron irradiation of the reactor vessel and the vessel internal structures is the 

mechanism causing degradation of the steel's toughness, neutron irradiation per se is 

not a safety parameter. In 1973, when 10 CFR 50, Appendix G, "Fracture Toughness 

Requirements" was implemented along with 10 CFR 50, Appendix H, "Reactor Vessel 

Material Surveillance Program Requirements", the NRC noted that fracture mechanics 

analyses are the basis for the vessel's safety limits. Thus, the Regulatory 

Requirements in this section (2.0) are directly related to Fracture Mechanics Safety 

Analysis. 

Neutron irradiation degrades the crystalline structure of the reactor vessel's steel 

resulting in embrittlement. Regulatory Guide 1.99, Revision 2 8 provides guidance for 

calculating the shift (Ll) in the reference temperature (RT) for the nil-ductility transition 

(NOT) in the steel material's proprieties due to irradiation. When the LlRTNoT shift is 
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added to the initial reference temperature, along with a 95 / 95 statistical margin term, 

the result is an adjusted reference temperature (ART). ART values are used in the 

fracture toughness safety analyses of reactor vessels. 

The fracture mechanics ART values are directly related to (a) the material properties 

(copper and nickel concentrations) of the vessel steel, and (b) the correlation of the 

t1RTNoT shift to irradiation. The "shift to irradiation" correlation comes from capsule test 

specimens. The cause of the shift is - neutron reactions with the atoms in the steel's 

crystalline structure. The reactions cause the atoms to be displaced leaving vacancies 

and interstitials. While the "displacements per atom" (dpa) are the cause of the shift, 

the correlation of the shift to dpa had a larger uncertainty than correlating the shift to the 

greater than 1.0 MeV neutron fluence. As a consequence, the Material analysts who 

developed the Regulatory Guide 1.99, Revision 2 methods used the greater than 

1.0 MeV neutron flu~n~.5:l as U,e Ladiation_parameterfor-deter:mining-.t1R-TNor. -- - -- -- -
- ---- --- ~-----~ - ~ 

The fracture mechanics safety analysis includes the t1RTNoT random uncertainty in the 
. . . 

Regulatory-Guice 1.99, Revision 2 margin term. This term was developed by Guthrie in 

Reference 10. The margin is consistent with the least squares correlation between the 

greater than 1.0 MeV neutron fluence and the material's reference temperature (Rn 

shift (11) in the nil-ductility transition (Nor). The standard deviation (a) for welds was 

28°F (degrees Fahrenheit), and was 17°F for base metal. The standard deviations are 

applied statistically with a 95 / 95 tolerance factor(± 2) giving a margin of "2 x a". 

The basis for the correlation was a 20.0 % root mean change in the fluence values that 

had been calculated by the industry. 11 Thus, the relation between neutron irradiation 

uncertainties and fracture mechanics safety analysis (ART values) uncertainties is a 

20.0 % standard deviation in the neutron fluence with energies above 1.0 MeV. 

Material and Radiation Transport scientists supporting the NRC determined that the dpa 

conditions at the capsule were essentially the same as the dpa conditions at the vessel 

inside - wetted surface. Thus, fluence analysts calculate the greater than 1.0 MeV 

fluence at the vessel's inside wetted surface for application to the fracture mechanics 
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safety analyses. The fracture mechanics analysts however perform their safety 

analyses at one-quarter increments of the vessel's minimum thickness (x). To transport 

the dpa irradiation to the inside of the vessel, a dpa attenuation coefficient was 

calculated by fluence analysts. Using Equation 3 (exp- 0.24 x) from Regulatory 

Guide 1.99, Revision 2, material analysts determine an "effective" fluence at the 

vessel's interior locations (x) for fracture mechanics safety analyses. 

Fracture mechanics analysts are beginning to evaluate irradiation degradation in the 

vessel's nozzle region. High stress intensity factors in the nozzles with small ARTs 

have been more limiting than large ARTs in the vessel beltline with smaller stress 

intensity factors. Figure 2-1 shows the vessel beltline and the nozzle regions. 

Figure 2-2 shows the nozzle region details. This region has significantly different dpa 

values than the capsules and the inside vessel wetted surface. Consequently, "dpa 

effectiye"_fl uence_val ues are_needed-fodractu re-mechanics-safety-analyses. -

The reason that an "effective dpa" fluence has been used in the vessel interior is that 

the capsule specimen dpa is not the same as the dpa within the vessel. This is also the 

case for the nozzle region. The fracture mechanics ART values need to take into 

account nozzle region dpa spectrum effects. The ART margin term used for the nozzle 

region fracture mechanics safety analyses continues to be based on the Regulatory 

Guide 1.99, Revision 2 database. The uncertainty criterion for the "dpa effective 

fluence" thereby needs to meet a relative standard deviation of 20.0 %. 
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The update of the Measurement database is one of the most important advancements 

related to the development of the SVAM methodology (Section 4). Even more important 

than the data is the uncertainty associated with the data. [ 

] 

The Measurement database for SVAM includes [ 

] dosimetry data above and 

below the fuel-beltline. 

In addition, the measured data has been expanded to cover a wider range of neutron 

energies. Thermal-reactions-in 6L:.i-HAFMs-(helium accumulation fluence monitors) and 

[ ] The updated data 

covers the entire energy range for dpa reactions. This range is from fractions of an eV 

(1.0 x 10-5 eV) to 20.0 MeV (see Figure 4-2). (The thermal reactions are an extension 

of Regulatory Position 2.1.1 which addresses "Spectrum Coverage".9
) 

The Framatome measurement database [ 

] 
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One of the more important data sets in Reference 1 is that from the Davis Besse 

Experiment. This Experiment was performed during the same time period that the NRC 

(U.S. Nuclear Regulatory Commission) was developing the drafts to Regulatory 

Guide 1.190.9 The Experiment provided the means of using cavity dosimetry as part of 

the 10 CFR 50, Appendix H, vessel monitoring requirements. It also provided the 

means of re-confirming the uncertainty in the measurement methodology based on the 

National Institute of Standards and Technology's "Standard and Reference Field 

Validation". 19 

The ·cavity data [ -

Reference 1 [ 

] The measurement database presented in 

] This topical 

report's updated measurement database includes [ 

] dosimetry in the fuel-beltline and dosimetry above and below the fuel-beltHne. 

An_ important part of the Research and Development supporting this topical report was 

the application of Mathematical Statistics to the Measurement database. As stated 

above, [ 

] Fracture Mechanics safety analyses are 

based on a greater than 95 % confidence that 95 % (95 / 95) of the analytical predictions 

will bound the actual toughness of the structural material. The 95 / 95 confidence level 

is further supported by a tolerance factor of± 2.00. For there to be 95 / 95 confidence 
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] would not automatically support 

the Fracture Mechanics safety analyses. One or two data sets would require a much 

larger tolerance factor (for example, ± 4.00) to be consistent with the Regulatory 

Guide 1.99, Revision 2 8 adjusted reference temperature (ART) 95 / 95 margin term. 

This is the same statistical issue that occurred when Framatome developed the 

"Fluence and Uncertainty Methodologies" 1 topical report [ 

] The key to the 

data supporting Fracture Mechanics safety analyses was the Uncertainty Methodologies 

part of the topical report. 1 

Mathematical Statistics modeling demonstrated that [ 

] Fracture Mechanics safety analyses could apply the ART margin term with a 

tolerance factor of [ ] 
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The Mathematical Statistics modeling presented below has also demonstrated that 

[ 

] The details of the statistical modeling are presented 

in Section 3.5, "Uncertainty Methodology". 

The following Subsections, 3.1, 3.2 and 3.3 use the Davis Besse Experiment as an 

example for the discussion of the measurement modeling, experimental techniques, and 

procedures. The Experiment's dosimetry was loaded during the outage prior to the 

operation of Cycle 6. It was removed following Cycle 6 and sent to various laboratories 

for measurement. The Experiment had a large amount of data including [ 

] 

3.1 Davis Besse Experiment's Configuration 

Figure 3-1 shows the general arrangement of the cavity dosimetry holders. The cavity 

dosimetry consisted of sixteen specially fabricated aluminum dosimetry holders, each 

containing five sets of dosimeters. The holder design secured the dosimetry in a fixed 

direction - either facing towards the core or away from it. Some dosimeters were 

loaded into gadolinium cans to shield them from the thermal flux, while others were 

placed in aluminum cans (thereby being unshielded). 

Five 41 foot-long beaded stainless steel chains were also placed in the cavity region 

quadrants at the azimuthal positions of interest. The chain assemblies were mounted 

beneath the Nuclear Instrumentation boxes in open source tube penetrations. The 

chains were anchored on the containment floor to limit lateral movement during plant 

operation. A planar view shown in Figure 3-2 displays-the relative positions of the 
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temporary cavity dosimetry assemblies, the permanent cavity dosimetry holder, the 

stainless steel chains, and the in-vessel standard surveillance capsules. 

3.2 Davis Besse Experiment 

The Davis Besse Experiment was an extensive test [ 

] The 

Experiment included the 554 radiometric activation and fission dosimeters, including 

243 activation foils or wires, 46 fission foils, and 265 stainless steel chain segments. In 

addition, the Experiment had many developmental dosimeters. These included: 71 

Solid State Track Recorders (SSTRs), 40 Helium Accumulation Fluence Monitors 

(HAFMs), 22 Ultra-high Purity Niobium Dosimeters, 9 Lithium.:.Fluoride Detector-Chips, 

and 3 Paired Uranium Detectors. 

The in-vessel dosimetry consisted of two standard unirradiated surveillance capsules 

installed in the surveillance capsule holder tube at the peak flux location. These 

capsules contained eight standard B & W radiometric dosimeter sets. 

The standard radiometric dosimeter set is designed to cover the upper range of the 

energy spectrum. This set includes an assortment of foil and wire dosimeters. The 

target isotopes in these dosimeters are activated (or fissioned) and the daughter 

products are measured. 

In addition to the standard capsule and cavity dosimetry, the SVAM methodology was 

benchmarked against [ 

1 
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Unlike the standard radiometric detectors, the SSTRs do not rely on the counting of 

activation products, which have limited half-lives. The SSTRs create a permanent 

record of their irradiation history and do not require prompt counting. They also do not 

become significantly activated when irradiated, making shipping and handling easier 

and less expensive. In order to qualify the SSTR detectors for future use, they were 

installed in identical locations as the standard radiometric detectors. A total of 

eighty-five SSTR neutron dosimeters were installed at Davis Besse during Cycle 6. 

After irradiation, several of the dosimeters were discarded due to insufficient mass 

calibrations or physical damage. In the end, a total of thirty-one dosimeters remained 

with usable measurements. Due to the high failure rate; the SSTR dosimeters-were not · 

included in this topical. 

HAFMs are passive neutron dosimeters that use the accumulation of helium gas as the 

measurable quantity that is related to neutron fluence. The helium is generated through 

(n, a) reactions in the target material and remains, unchanged, in the detector material 

for several years after formation. The amount of helium is measured by high-sensitivity 

gas mass spectrometry. The Davis Besse experiment included lithium HAFMs. These 

detectors cover the "thermal" energy range. 

Twenty-two high purity Niobium dosimeters were exposed in the cavity at Davis Besse 

during Cycle 6. Twenty of these were near midplane, one was at the upper active fuel 

elevation and one was at the nozzle elevation. The Niobium measurement uncertainty 

was consistent at all axial locations. 
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In addition to various types of neutron dosimeters, lithium-? fluoride (LiF) optical 

absorbance gamma dosimeters were placed at eight cavity locations. The purpose of 

these dosimeters was to indirectly measure the gamma field in the vicinity of the 

neutron dosimeters. 

After being removed from the reactor, the LiF chips were shipped to the National 

Institute of Standards and Technology (NIST) for measurement of the optical 

absorbance, annealing, and re-calibration in a known gamma ray field. The neutron flux 

spectrum at each LiF chip location was calculated using a semiempirical methodology 

that reconciles measured neutron dosimeter data to calculated neutron spectra. 

Appropriate energy-dependent normalization factors were developed and applied to the 

calculated flux. The neutron flux spectra were then used to determine the total neutron 

dose absorbed in each LiF chip. Finally, the calculated neutron dose was subtracted 

from the measured (total) dose, yielding the integrated gamma-ray dose. Calculated-to

measured (C/M) gamma dose ratios were then established for each LiF chip. Since this 

topical focuses on neutron fluence uncertainty, the gamma LiF detectors were not 

included. However, they may be revisited in future if accurate gamma fluxes are 

required. 

3.3 Measurement Methodology 

There were three categories of neutron dosimeters irradiated in the experiment: 

1. Radiometric Dosimeters: 

a. Fissionable (Subsection 3.3.1 ), 

b. Non-fissionable activation (Subsection 3.3.2), 

c. Niobium (Subsection 3.3.3), and 

d. Stainless steel chains (Subsection 3.3.4), 

2. Solid State Track Recorders (not included, see Section 3.1 ), and 

3. Helium Accumulation Fluence Monitors (Subsection 3.3.5). 

Each subsection provides a discussion of the measurement techniques and the 

corrections required to determine specific activity from counting data. The 
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measurement results are provided in Section 5 (Table 5-2). A more thorough 

discussion of the measurement methodology is provided in Section 5.0 of Reference· 1. 

3.3.1 Fissionable Radiometric Dosimeters 

The fissionable dosimeters {235U, 238U, and 237Np) in the form of wires and foils were 

counted directly using a gamma spectrometer. Dosimeter diameter or thickness was 

measured and the sample was weighed. The target for the final count was 10,000 

counts in the photo-peak of interest while keeping the counter dead time below 15.0 %. 

The 137 Cs 662 keV gamma was counted and analyzed for all of the fissionable 

radiometric dosimeters. In addition, the 233Pa 312 keV gamma was counted for some 
237Np dosimeters, the 235U 186 keV gamma for the 235U dosimeter, and the 234

m Pa 

1001 keV gamma for some 238U dosimeters. The detectors were calibrated using a 

NIST-traceable mixed gamma "point source" standard. The source was actually a thin 

mass a few millimeters in diameter. The placement of the dosimeters was such that the 

side-of the doslmeter clos-est to the detector was- in the -same- plane as the standard 

source. A correction was required in most cases for the fact that the effective distance 
- - - --- -- - - -- -- - - - - - - -- -- -- - - - --- - - -- -- - - --- - -- -

from the dosimeter to the detector differed slightly from the standard to detector 

distance. 

A different measurement technique was used for the fissionable oxide powders. The 

uranium oxide and neptunium oxide dosimeters were dissolved and diluted in a 

scintillation vial. The activity for each was determined by counting the 137Cs 662 keV 

gamma. A NIST-traceable mixed gamma standard was counted in an identical 

geometry; therefore, no corrections for geometry or attenuation were required for the 

dissolved dosimeters. The mass of uranium was determined by inductively coupled 

plasma atomic emission spectroscopy and the mass of neptunium was determined from 

the measured 233Pa content using the 312 keV gamma. 

The data is reported in micro-Curies per gram of target (µCi/gm) where the target is the 

first named isotope in the designation of each reaction. The fraction of the dosimeter 

mass that corresponds to the mass of each fissionable isotope was required. It was 
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determined from information on the fraction of the aluminum alloy mass that was 238U or 
237Np, the fraction of the oxide mass that was 238U, 235U or 237Np, and the fraction of the 

mass of encapsulated dosimeters that was vanadium. 

The data for all of the fissionable radiometric dosimeters were corrected for the 

difference between the effective distance from dosimeter to detector and the standard to 

detector distance. The dosimeters are partitioned into four slabs parallel to the face of 

the detector. A correction factor is determined for each slab assuming that the 

response varies as the reciprocal of the distance to the detector squared. The 

geometry factor for the dosimeter is then obtained from a weighted average of the slab 
, 

factors using the cross-sectional area of each slab as the weight. The dosimeter results 

are also corrected for self-absorption of the 662 keV gamma used to measure the 137Cs 

activity and decay corrected to January 26, 1990. 

3.3.2 Non-Fissionable Radiometric Dosimeters 

The measurement technique is basically the same as described in Section 3.3.1 for 

fissionable wires and foils. Dosimeter diameter or thickness was measured and the 

sample wa-s weighed. The-targeHor the final count was 10,000 counts-,n the-photo

peak of interest while keeping the counter dead time below 15.0 %. 

The photopeaks used to determine the activity for each dosimeter are listed in 

Table 3-3. The detector was calibrated with a NIST-traceable mixed gamma "point 

source". The data is reported in micro-Curies per gram of target isotope. The fraction 

of the dosimeter mass corresponding to the target isotope mass is therefore required. 

This was obtained from the weight fraction of the element in the alloys and/or the weight 

fraction of the target in the element. The impurities in the dosimeters were sufficiently 

low such that they did not affect the target weight. 

The data for all of the non-fissionable radiometric dosimeters were corrected for the 

difference between the effective distance from dosimeter to detector and the standard to 

detector distance. The dosimeter results are also corrected for self-absorption and 

decay corrected to January 26, 1990. 
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The measurement technique for the reaction 93Nb (n,n') 93mNb is significantly different 

from the other radiometric monitors used in the benchmark experiment. The activation 

product 93mNb decays with a 16.13 year half-life by internal conversion. The 93mNb 

energy level is 30 keV above the ground state; however, the decay does not take place 

with a transition to the ground state giving off a 30 keV gamma. Instead, all of the 

energy is transmitted to an orbital electron. The electron leaves the atom with an 

energy equal to 30 keV minus the binding energy of the electron. An electron in a 

higher energy level then drops into the level of the ejected electron giving off an X-ray, 

another electron replaces that electron, etc. On the average, 9.26 % of the decays 

result in the production of one of the two X-rays which form the 16.6 keV doublet. The 
93mNb activity is determined using this doublet. Self-absorption in the dosimeter and 

abso~ption in other materials is much more of a factor in this measurement than is the 
' case with normal gamma counting. 

The apparent activity of 93mNb is first determined for each dosimeter by counting the 

dosimeters and a NIST prepared reference "point source" standard with-an X-ray 

detector. The dosimeters and standard are positioned such that no materials are 

located between the dosimeters or standard and the X-ray detector. The geometry is 

such that the location of the side of the dosimeter, foil or wire, that is opposite the 

detector coincides with the location of the thin "point source" standard. A Monte Carlo 

program called NIOBIUM is executed for each dosimeter and the standard. The 

geometry of the dosimeter, foil or wire, and X-ray detector is modeled in the code as is 

the attenuation coefficient of the 16.6 keV X-rays in the dosimeter. X-rays with this 

energy are started randomly throughout the dosimeter with a random direction. A 

determination is made els to whether each X-ray escapes the dosimeter and intersects 

with the detector. A sufficient number of histories are included such that approximately 

10,000 hits are recorded. Th~ same code is executed with the point source geometry. 

In this case, the X-rays are generated in a very thin region with a low attenuation 

coefficient. 
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(3-1) 

CR = Ratio of dosimeter counts per second to the standard counts per 

second on the X-ray detector. 

DR = Ratio of results from the NIOBIUM calculation standard to the result 

of the NIOBIUM calculation for the dosimeter. 

The NIOBIUM code calculates the fraction of the starting 16.6 keV X-rays which reach 

the detector from the dosimeter and standard. Combining the ratio of the NIOBIUM 

calculations with the ratio of counts per second cancels out effects such as attenuation 

through the window of the detector and the fraction of the X-rays which hit the detector 

that are actually observed. Therefore, it is not necessary to know values for such 

effects that are common to both the dosimeter and standard measurements. 

The 93mNb ·activity determined above was referred to as the ,:fpparenr93mNb activity. 

This is because in addition to the true 93mNb activity it may also include fluorescence 

caused by 182Ta and 94Nb decays. The 182Ta_is produced by activation of 181Ta impurity 

in the niobium and 94Nb is produced by activation of 93Nb d_uring the irradiation. Both 

decays give rise to betas and gammas. Interactions of this radiation with orbital 

electrons can lead to production of the same 16.6 keV X-rays as are observed from the 
93mNb decays. This is termed fluorescence. Two Monte Carlo codes are used to 

correct for the fluorescence. One called BPTRACE is executed for each beta and 

gamma or for an averaged effective beta and an averaged effective gamma. The code 

first determines whether the betas or gammas are stopped in the dosimeter, and, if so 

where. It then generates 16.6 keV X-rays at these points with an externally determined 

yield and determines whether the X-rays escape from the dosimeter and hit the 

detector. 
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Another Monte Carlo program called IP is used to generate one of the required inputs to 

the BPTRACE code when it is used for betas. The part of the apparent 93mNb activity 

due to fluorescence is determined from measured 182Ta and 94Nb activities with a 

germanium detector and the BPTRACE Monte Carlo calculations. After correcting for 

fluorescence, the 93mNb activity is converted to micro-Curies per gram of target 93Nb and 

is decay corrected to January 26, 1990. 

3.3.4 Stainless Steel Chains 

Five stainless steel chains located as shown in Figures 3-1 and 3-2 were irradiated 

during Cycle 6. The chains consisted of [ 

] The 

chains extended from near the seal plate to the concrete floor. Samples were cut from 

the chains and analyzed for the 54Fe(n,p)54Mn reactions to provide axial fluence rate 

data. 

The measurement technique for the chain segments was similar to that for the other 

radiO"metric dosimefers. Ho"wever, because-ofthe s1gniflcant difference in geometry, the 

corrections were determined in a different way. After cleaning, the chains were cut as 

required and each measurement segment was weighed and mounted on a PetriSlide TM 

using double-sided tape, spiraling the chain segments around the center of the slide. 

Measurement segments were cut [ 

] 

The 834 keV photo-peak from 54Mn was used for the measurement. The detector was 

calibrated with a NIST traceable mixed gamma "point source" and the data was .. 
processed with a computer-based multichannel analyzer. 
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The fraction of the mass of the chain segments corresponding to 54Fe is required to 

express the activity in micro-curies per gram of target isotope. Unirradiated samples of 

the chains were dissolved in acid and analyzed by inductively coupled plasma atomic 

emission spectrometry. The Fe weight fraction was determined. Applying the isotopic 

weight fractions, the fraction of the chain mass that is 54Fe was determined. 

The data for all of the stainless steel chains were corrected for the difference between 

the effective distance from dosimeter to detector and the standard to detector distance 

and decay corrected to January 26, 1990. The chain results are also corrected for the 

absorption within the chain systems of the 834 keV gammas in the 54Mn case. The 

standard wire geometric formula gives a good approximation for the geometry factor. 

The Monte Carlo method was used to confirm that this is an appropriate value for chain 

segment at the same shelf distance. 

The following chain locations are shown in Figure 3-2: Chain 3 is in the WX quadrant, 

Chain 4 is in the XY quadrant, Chain 1 is in the YZ quadrant, and Chain 2 is in the ZW 

quadrant. The chain segment identifiers explained below are based on the chain 

location, chain number, and sample distance below the-seal plate. 

~-17 X 31-~ 

indicates chain chain number and quadrant Distance from seal plate 
dosimeter type Chain 3 in WX quadrant to center of sample 

3.3.5 Helium Accumulation Fluence Monitors (HAFMs) 

HAFMs are neutron dosimeters that use the accumulation of helium gas as the 

measurable quantity that is related to neutron fluence. The helium is generated through 

(n, a) reactions in the target material and remains, unchanged, in the detector material 

for several years after formation. The amount of helium is measured by high-sensitivity 

gas mass spectrometry. 
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Following identification by package number, each Al-Li wire package was carefully 

unwrapped and the individual samples removed. Each sample was then examined 

under a low power optical microscope to verify sample integrity. In addition, the 

samples were weighed to compare their post-irradiation mass with that obtained during 

sample fabrication. In each case, no significant mass change was observed. 

After identification and inspection, the individual Al-Li wire HAFMs in each package 

were prepared for helium analysis. This preparation involved first etching the sample to 

remove ~0.05 mm off the surface, followed by weighing to determine the etched sample 

mass. The purpose of the etching step was to remove surface material which could 

have been affected by a - recoil either into or out of the samples during irradiation. 

The helium content of each specimen was determined by isotope-dilution mass 

spectrometry following vaporization of each in a resistance-heated tungsten-wire 

crucible in one of the mass spectrometer system's high-temperature vacuum furnaces. 

The absolute amount of.4He released was measured relativeto a known quantity of 

added 3He "spike". 

The 3He spikes were obtained by expanding and partitioning a known quantity of gas 

through a succession of calibrated volumes. The mass spectrometer was calibrated for 

mass sensitivity during each series of runs by analyzing known mixtures of 3He and 
4He. The results of the measurements are in terms of helium concentrations in atomic 

parts per million or atomic parts per billion. Helium concentrations are relative to the 

total number of 6Li atoms in each specimen. 

3.4 Standard and Reference Field Validation 19 

The large amount of measurements that were performed for the Davis Besse 

Experiment provided an opportunity for the National Institute of Standards and 

Technology (NIST) to cross-calibrate the measured results (M). For Framatome, this 

cross-calibration provided a means of (a) re-assessing biases (BM) that could possibly 

be in the measurement methods and procedures, and (b) re-validating the magnitude of 

the root mean square standard deviation (crM)-
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The measurement uncertainties were validated by standard NIST reference field 

evaluations. NIST found that the laboratory uncertainties had no biases and 

appropriately bracketed the differences between their reference results and the 

laboratory's results. The bracketing provided verification of Framatome's estimated 

standard deviation. 

The re-validation included (1) the measurement of NIST reference field dosimetry 

coupled with uncertainty analyses, (2) the confirmation of uncertainties in the 

equipment, methods, and procedures used by the laboratory, (3) a comprehensive 

quality assurance verification of the uncertainties, and (4) an independent verification of 

the measurement uncertainties by consultants R. Gold of the MC 2 corporation and 

W. N. McElroy of the CTS corporation. This re-validation provided Framatome with 

[ 

] the calculated results from SVAM. 

The re-validation of the accuracy arid precision in the laboratory's measurements not 

only provided [ 

] 
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The conclusions from the "Standard and Reference Field Validation" are that: 

1) no statistically significant biases (B) can be identified in the laboratory's 

measurements (M), nor were there ever any identifiable biases, BM = 0.0, 

2) the relative standard deviation [ 

] 

3) [ 

] 

3.5 Uncertainty Methodology 

As discussed above in Section 3.4, the National Institute of Standards and Technology 

(NIST) found that Framatome's Measurement database has no biases, BM = 0.0. The 

measurement uncertainty methodology was thereby defined in terms of combined 

standard deviations. The standard deviations are from (a) the NIST traceable 

calibration standards, (b) the experimental equipment, a~d (c) the procedures used to 

predict the measured activities. [ 

] These 

parameters are listed in Table 3-4 along with the typical value. 

This section (3.5) is divided into subsections to provide clarity with respect to the overall 

Measurement Uncertainty Methodology. The laboratory's random uncertainties are of 

course the basis for all measurement uncertainties. Table 3-4 provides a good basic 

understanding of the measurement methodology's uncertainties. For the regions above 

and below the fuel-beltline, more discussion is provided in Subsection 3.5.2. 
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Whether dealing with measured data in the fuel-beltline (MB) or the regions above and 

below the fuel-beltline (MABB), there are no measurement biases, BMs = 0.0 and 

BMABB = 0.0. Moreover, whether the measurements are in the fuel-beltline or above 

and below the fuel-beltline, the laboratory's random uncertainties are estimated with 

exactly the same methodology as outlined in Table 3-4. As seen in Table 3-5 however, 

there is a difference in the estimates of the fuel-beltline relative standard deviation 

(0MB %) versus the deviations above and below the fuel-beltline (crMABB %). 

Looking at the values of the Measurement Deviations in Table 3-4, (a) some of the 

parameter's deviations are dependent on the mean value of the radiation reactions, 

while (b) some of the deviations are constant. [ 

] 

3.5.1 Relative Random Uncertainties 

Equation 2-1 is the usual formula for determining the root mean square standard 

deviation in a set of data. The standard deviation is a positive constant. It is a random 

variable and thereby not dependent on any other variable. It is only dependent on the 

methodology used to determine the values of the measured (or calculated) parameter. 

The units of the standard deviation are the same as those of the parameter being 

measured (or calculated). 
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Frequently, it is necessary to convert a standard deviation into a relative standard 

deviation when combining deviations. Equation 3-2 is the transformation of the usual 

standard deviation formula (Equation 2-1) to a relative standard deviation. 

½ 

(3-2) 
N-1 

The reason for making the transformation from a standard deviation with specific units 

to a relative percentage is to be able to combine the deviation in one random variable 

with the deviation in another. For example, the uncertainty of interest for irradiation 

degradation is the fluence related dpa (displacements per atom). Several of the 

measured parameters in Table 3-4 have standard deviations in units that are much 

different from neutrons per centimeter-squared, activation reactions per unit of weight, 

or displacement reactions per atom. Therefore, when combining the Table 3-4 standard 

deviations, all the random deviations are transformed to relative standard deviations. 

The ART (Adjusted Reference Temperature) values used for Fracture Mechanics safety 

analyses are in units of temperature according to the Regulatory Guide 1.99, Revision 2 

equations. Likewise, the margin term uncertainties are in units of temperature.' The dpa 

effective fluence uncertainty part of ART however is a relative standard deviation. To 

ensure the validity of the safety analyses, there must be consistency between the 

temperature uncertainty and the fluence uncertainty. Regulatory Guide 1.190 9 explains 

that the consistency is statistically acceptable as long as the fluence standard deviation 

is no greater than 20 %. 

When constant standard deviations, with specific dimensions (for example, temperature 

or micro-Curies), are transformed to dimensionless relative values, there is an implicit 

dependency on the parameter's mean value (for example, temperature or micro

Curies). Considering the methods of Mathematical Statistics, the relative standard 

deviation could not be constant. If it were, the Equation 2-1 constant standard 
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deviations would not be independent random variables, but would have some 

dependency. Thus, when a constant relative random variable is applied to the fuel

beltline region, the implication is that [ 

] 

3.5.2 Uncertainty Above & Below the Fuel-Beltline 

Based on the discussion above (Section 3.5.1) concerning Relative Random 

Uncertainties, if the fuel-beltline relative standard deviation was a constant 7.00 %, then 

above and below the fuel-beltline the relative standard deviation would be huge. 

Equation 3-3 is based on the methods of mathematical statistics. [ 

] 

[ ] (3-3) 

As seen in the Equation 3-3 left-hand expression, the fuel-beltline's relative standard 

deviation is 7.00 %. [ 

] the methods of mathematical statistics require that the standard deviation [ 

] be a constant. 

In the regions above and below the fuel-beltline the magnitude of the radiation reactions 

drops dramatically. It is quite common for radiation reaction values ((JJ) above and 

below the fuel-beltline to be 100 times smaller than the beltline's mean value. Using the 

example of Equation 3-3, [ 

] 
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[ 
Table 3-5 shows that the laboratory's relative root mean deviations in the 

measurements above and below the fuel-beltline are [ 

] 

] 

[ ] well-defined root mean 

deviations above and below the fuel-beltline [ 

(3-4) 

] The discussions in the 

following sections explain the [ 

] 

3.5.3 [ ] Uncertainty Methodology 

When the mean ART value is used in Fracture Mechanics safety analyses, there is 

95 / 95 confidence that the value is acceptable. The probability that positive deviations 

influence the results is balanced by the probability that negative deviations influence the 

results. The statistical probability is such that the mean ART value is unchanged by 

random uncertainties. That is, the statistical application of uncertainties is symmetric 

with additive and subtractive operations(± a). The net effect is "0.00". 

[ ] the 

random fluence uncertainty estimated for the Regulatory Guide 1.99, Revision 2 

database is 20 %. The positive application to the mean value is (1 + .20).9 The 
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] This 

[ 

] 

] random uncertainties above and below the fuel

beltline (ABB). The following Section (3.5.4) explains [ 

] 

3.5.4 [ ] 
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The measurement database has the standard deviations and radiation reactions for the 1 

fuel-beltline and for the regions above and below the fuel-beltline. It is thereby 

straightforward [ 

] 

The general application of Equation 3-8 is based on [ 

] the root mean 
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[ 

] 
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] The measurements not 

only included the value of the laboratory's radiation reactions but also included the value 

for the relative root mean deviation. [ 

] With respect to the 

measurement database uncertainties, [ ] 

There are several important points with respect to the information in Table 3-5 that are 

listed below the table. The most important is that [ 

] 
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General Arrangement of Cavity Dosimetry Benchmark Experiment 
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Cavity Dosimetry Loading Plan 

Holder and Location Unshielded Positions 1, 2 Shielded Positions 3, 4, 5 
(Aluminum Cases) (Gadolinium Cases) 

A 1-B&WRMs 3- LiF 
Fe 

[ Co 4-B&WRMs 

] Fe 
2-B&WRMs Co 

Fe HAFM 
Co 3 Be 

Li 

5-B&WRMs 
Fe 
Ni 
3Cu 
Co 

B 1 -HEDL RM 3- LiF 

[ -
2-B&WRMs 4-HEDL RM 

] 
Fe HEDL SSTR (23H) 
Co 

5 - B & W SSTR (2C2) 
B & W SSTR (2B) B&WRMs 

Fe 
Ni 
2Cu 
Co 

C 1-B&WRMs 3 - SS Chain #1 
Fe 

[ Co 4-B&WRMs 

] 
Fe 

2-B&WRMs Ni 
Fe 2Cu 
Co Co 

Nb (ToyoSoda) 
HAFM 
3 Be - 1 Li 
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Holder and Location Unshielded Positions 1, 2 
(Aluminum Cases) 

D 1-HEDL RM 

[ 
] 

E 

[ 
] 

F 

[ 
] 

2-B&WRMs 
Fe 
Co 
B & W SSTR (EB) 

1-B&WRMs 
Fe 
Co 

2 - SS Chain #2 

1-B&WRMs 
Fe 
Co 
PUD 

2-B&W SSTR {48) 
HEDL SSTR (A2H) 
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Shielded Positions 3, 4, 5 
(Gadolinium Cases) 

3-LiF 

4-B&WRMs 
Fe 
Ni 
Cu 
Co 

5-B&W SSTRs (3C, & 17) 
HEDL SSTR (22H) 
HEDL RM 

3 - SS Chain #3 

4-B&WRMs 
Fe 
Co 
Nb 
HAFM 
3 Be - 1 Li 

5-B&WRMs 
Fe 
Co 

3-B&WRMs 
Fe 
Ni 
Cu 
Co 
Nb (ToyoSoda) 
HAFM 
3 Be- 1 Li 
Nb (MOL) 

4- B& W SSTRs (4C, & 18) 
HEDL SSTR (A2H) 

5-MOL RM 
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Holder and Location Unshielded Positions 1, 2 
(Aluminum Cases) 

G 1 - HEDL RM PUD 

[ 2-B&WRMs 

] 
Fe 
Co 
Co-Al Wire 
Fe Wire 
PUD 

H 1-B&WRMs 
Fe 

[ Co 

] 2 - SS Chain #4 

-- - -

J 1-B&WRMs 
Fe 

[ Co 
Co-Al Wire 

] Fe Wire 

2 - SS Chain #6 
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Shielded Positions 3, 4, 5 
(Gadolinium Cases) 

3-LiF 

4-LiF 

5-HEDL RM 
B&WRMs 
Ni Wire 
Co-Al Wire 
Np-Al Wire 
U-AI Wire 

3-LiF 

4-B&WRMs 
Fe 
Co 
Nb {ToyoSoda) 
HAFM 
3 Be- 1 Li 

5 - SS Chain #5 
U-238 Powder 
Np-237 Powder 

3-B&WRMs 
Fe 
Co 
Nb {ToyoSoda) 
Nb (MOL) 
HAFM 
3 Be- 1 Li 

4-B&WRMs 
-- Fe 

Co 

5- Co-Al Wire 
Ni Wire 
Np-Al Wire 
U-AI Wire 
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Holder and Location Unshielded Positions 1, 2 
(Aluminum Cases) 

K 1 -U of A RM 

[ 2-B&WRMs 
Fe 

] Co 
SS Chain #7 

L 1 -HEDL RM 
B&WRMs 

[ Co-Al Wire 
Fe Wire 

] 
2-B&WRMs 

2 Fe 
2Co 
Co-Al Wire 
Fe Wire 

- ·-

N 1 - B & W SSTR (338) 

[ 2-B&WRMs 
Fe 

] Co 
Co-Al Wire 
Fe Wire 

-
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Shielded Positions 3, 4, 5 
(Gadolinium Cases) 

3-U of A RM 

4-U of A RM 

5-B&WRMs 
Fe 
Co 

3-HEDL RM 
B&WRMs 
Co-Al Wire 
Ni Wire 
Np-Al Wire 
U-AI Wire 

4-B&WRMs 
Fe 
Ni 
Cu 
Co 
Co-Al Wire 
.Ni Wire .. .. 

Np Wire 
U-AI Wire 

5-B&WRMs 
Fe 
Co 

3-B&WRMs 
Fe 
Ni 
Cu 
Co 

4 - Co-Al Wire 
Ni Wire 
Np Wire 
U-AI Wire 
B & W SSTR (33C) 

5 - 2 Np-237 Powder 
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Holder and Location Unshielded Positions 1, 2 
(Aluminum Cases) 

p 1 - 2 Co-Al Wire 
2 Fe Wire 

[ 
2-B&WRMs 

] Fe 
Co 
Co-Al Wire 
Fe Wire 

Q 1-B&WRMs 
Fe 

[ Co 

] 2-B&WRMs 
Fe 

.Co 

R 1 - Bechtel RMs 
Fe 

[ Co 

] 2 - Bechtel SSTR (B & W-1) 
B&WSSTR (18) 

! 
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Shielded Positions 3, 4: 5 
(Gadolinium Cases) 

3-LiF 

4-2 Co-Al Wire 
2 Ni Wire 
2 Np Wire 
2 U-AI Wire 

5-U-AI Wire 
Np Wire 
Co-Al Wire 
Ni Wire 

3-B&WRMs 
Fe 
Ni 
Cu 
Co 
Nb (ToyoSoda) 
HAFM 
3 Be- 1 Li 

4-B&WRMs 
Fe 
Co 

5-HAFM 
3 Be- 1 Li 
Nb (MOL) 
2 Nb (T oyoSoda) 

3-LiF 

4 - Bechtel RMs 
Fe 
Ni 
3Cu 
Co J 

B&W SSTR (1C) 

5 - Bechtel SSTR (B & W-3) 
Bechtel SSTR (8 & W-2) 
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Holder and Location Unshielded Positions 1, 2 
(Aluminum Cases) 

s 1-B&WRMs 
Fe 

[ Co 

] 
2 - B & W SSTRs (SB, 6B) 

T 1 -HEDL RM 

[ 2-B&WRMs 
Fe 

] 
Co 

·, 

. -

u 

[ I 

] 

Notes: 
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Shielded Positions 3, 4, 5 
(Gadolinium Cases) 

3-B&WRMs 
Fe 
Ni 
Cu 
Co 

4 - Nb (ToyoSoda) 
B & W SSTRs (6C, SC, 
B&W-15, B&W-16) 

5-MOL RM 

3-LiF 

4-HEDL RM 
Bechtel SSTR (B & W-6) 

5-HAFM 
3 Be- 1 Li 
HAFM 
3 Be- 1 Li 
2_Be-:-: 1 _L)_ 

2 Nb (MOL) 
2 ToyoSoda Nb 
B&WRMs 
Fe 
Ni 
Cu 
Co 

4-B&WRMs 
Fe 
Ni 
Cu 
Co 
B&W SSTR (7 & 8C) 

1) LiF detector chips are in shielded locations, but are in aluminum cases. 

2) MOL RMs use aluminum cases with internal Cd shielding. 
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Key: 

B&W = 

HEDL = 

MOL = 

PUD = 

RM = 

SSTR = 

HAFM = 

U of A = 

LiF = 

BWNS supplied dosimetry 

Hanford Engineering Development Laboratory supplied dosimetry 
package 

Center for the Study of Nuclear Energy, MOL Belgium supplied 
dosimetry package 

Paired Uranium Detector 

Radiometric Monitor 

Solid State Track Recorder 

Helium Accumulative Fluence Monitor 

University of Arkansas supplied dosimetry package (now 

property of Arkansas Tech University) 

Lithium Fluoride detector 
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*Elevation dimensions for the Permanent dosimetry capsules are taken to the center line of the center 
capsule lid bolts for both the upper and lower capsules. 



Framatome Inc. 

Fluence Methodologies for SLR 
Topical Report 

Table 3-3 

Photopeak Analyzed for Each Reaction 

Reaction Gamma Ray 

54Fe (n,p) 54Mn 834 keV 

58Ni (n,p) 58Co 811 keV 

63Cu (n,a) 6°Co 1332 keV 

46Ti (n,p) 46Sc 1121 keV 

109Ag (n,y) 110mAg 658 keV 
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Table 3-4 

Measurement Deviations 

The following explains the cause of the deviations in the parameters: 

Dimensions - The dosimeter dimensions [ 

] 

Weight- The weight of the target material establishes the [ 

] 
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Geometry - The geometrical configuration of the [ 

] 

Activity - The [ 

] 

Procedures - The [ 
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] 
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Table 3-5 

Measurement Uncertainties 
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There are several important points with respect to the information in Table 3-5: 

1) The first point is evident from locations "18, 30 and 36" inches below the mating 

surface. There are locations (18 inches) [ 

1 

2) The last row in the table provides the "Beltline Mean" values. The mean 

activation is [ ] The laboratory's mean uncertainty estimate [ 

] which covers all fuel-beltline radiation reactions is 7 .00 %. 1 

3) [ 

1 
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] column provides one of the most 

important points in this topical report. As discussed in Section 3.4 when 

explaining the Table 3-4 "Measurement Deviations", there is a single 

methodology for determining the uncertainty in the laboratory's data. [ 

] 
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5) The last important point with respect to the information in Table 3-5 is [ 

] 

6) As noted in Section 3.4, "Standard and Reference Field Validation", the 

laboratory's experimental techniques and uncerta_inties_ were validated by_ 

National Institute of Standards and Technology reference field evaluations. 

Thus, Framatome's Measurement and Benchmark (Section 5) databases have 

well-defined random uncertainties which may be appropriately applied to 

irradiation degradation safety analyses. 
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The SVAM methodology is an update of the Semi-Analytical DORT- Synthesis 

methodology (see Reference 1, Section 3.0) that Framatome uses for beltline analyses 

of PWRs and BWRs. The Semi - Analytical DORT - Synthesis methodology was 

developed in the 1990s for 60 year license renewal. It represented an update of the 

1970s Least Squares Adjustment (Unfolding) methodology. (The unfolding 

methodology is described in Reference 12; this was Framatome's fifth fluence topical 

report.) The reason for updating the previous topical reports was to improve the 

fluence - radiation methodology in concert with recommendations from the NRC. 

The SVAM and DORT - Synthesis methodologies continue to be Semi -Analytical. 

That is, the benchmark database is used to assess biases in the analytical methods, 

procedures and modeling. As shown in Figure 1-1, in regions that are above the reactor 

beltline, the DORT - Synthesis methodology simply gives erroneous results that are 

biased, either too high or too low. The SVAM methodology provides accurate results in 

these regions. 

The transition from the Least Squares Adjustment (Unfolding) methodologies began in 

1988. Early in the year, Framatome submitted an update to its Least Squares 

Adjustment (Unfolding) topical report. 13 However, as explained above in Section 2.4, 

later that year the NRC expressed concern with the industry's uncertainties in its 

"unfolded" fluence methodology. Unfolded fluence uncertainties do not provide 

sufficient fracture mechanics safety margins with respect to the Regulatory Guide 1.99, 

Revision 2 methods when the irradiation degradation results are applied to 60-year 

license renewal applications. As discussed in Reference 1, Section E.2.1, under the 

heading of "Measurement Biases", the NRC's issues included: 

1. The FERRET-SAND least squares biasing of the industry's fluence values, 11 

2. The comparison of PCA results from Hanford using FERRET-SAND and 

Oak Ridge using LSL-M2, 14 and 

3. Scientists finding that unfolding methods did not provide a unique solution.15 
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In May of 1997, Framatome submitted its topical report 1 transitioning from a Least 

Squares Adjustment (Unfolding) methodology1 2 to its updated Semi -Analytical 

DORT - Synthesis methodology. The updated topical followed the guidelines in 

Regulatory Guide 1.190 even though the Guide was still in draft form. The NRC 

approved Framatome's topical in February of 1999. 

As noted in Section 1 of this topical report, Framatome's DORT - Synthesis 

methodology continues to be valid in the beltline region for any subsequent license 

renewal to 80 years and beyond. However, as shown in Figures 2-1 and 2-2, the 

discrete ordinate's fluence methodology is not sufficient to geometrically represent 

nozzle regions and vessel support structures outside of the beltline. 

In addition, the discrete ordinate's methodology is not sufficient to represent the dpa 

degradation of the steel's crystalline structure. This is due to the fact that the neutron 

spectrum, represented by the Regulatory Guide 1.99, Revision 2 specimen database, is 

not the same as the spectrum in the regions that are above and below the beltline. As 
' shown in Figure 4-2 and explained in Subsection 4.4 below, the dpa reaction cross-

. section has numerous inelastic-scattering resonances. Discrete ordinate!s DORT-· 

Synthesis is based on the BUGLE-96 multigroup library. 16 There are not enough energy 

groups in the BUGLE libraries to represent the damage reactions due to the variable 

neutron spectra in the regions above and below the beltline. The SVAM methodology, 

with its continuous energy MCNP modeling is required to accurately compute the dpa 

reactions. 

4.1 Background 

In January of 2017, the NRC arranged a presentation to the industry with the title -

"Computation of Neutron Fluence Information Exchange".17 The presentation outlined 

the concerns expressed in the Regulatory Requirements section (2.0) of this topical 

report. The presentation also outlined a technologically advanced methodology that the 

Oak Ridge National Laboratory had pioneered that would address the industry's safety 

and licensing issues for subsequent license renewal (SLR). 
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The presentation reviewed the Regulatory Guide 1.190 discussion of deterministic 

(discrete ordinates) and stochastic (Monte Carlo) methods. The advantages and 

disadvantages of deterministic and stochastic methods were presented based on the 

analytical solution methods of each one. The conclusion was that the best methodology 

fqr analyzing internal structures, nozzle regions, and support structures was a hybrid 

combination of discrete ordinates and Monte Carlo methods. The specific computer 

codes described were ADVANTG and MCNP. 

To support the conclusion, fluence calculations using the ADVANTG - MCNP hybrid 

method were presented. Parametric modeling of the source, geometry and materials 

indicated that the results in regions beyond the beltline would be better represented by 

the hybrid method than by discrete ordinates methods. 

Framatome started an evaluation of the hybrid ADVANTG - MCNP method in 2015. 

The NRC's presentation solidified the development of SVAM. While the focus of this 

section (4) is the SVAM Methodology, like the Oak Ridge - NRC presentation, the key 

to any methodology is the results. Following the presentation, Framatome developed a 

plan of action [ 

] this plan of 

action validated the NRC's concerns. It demonstrated that the SVAM results outside 

the beltline were a marked improvement over the DORT - Synthesis methodology. 

Figures 1-1 and 5-1 provide graphical displays of the results and measurements. 

4.2 Validation of Concerns & Solutions 

Neutron transport methodologies are extremely complex. While the theoretical 

explanations of the methodologies may seem to be complete and comprehensive, many 

approximations are applied to develop a solution. Therefore, the most important part of 

the SVAM Methodology, or any methodology, is the benchmark comparison of its 

results to measured data. Consequently, this subsection (4.2) of the SVAM 

methodology (Section 4) briefly reviews the validity of the NRC's concerns and 

discusses a comparison of SVAM results to DORT - Synthesis results. 
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Figure 1-1 shows an excellent example of the NRC's concerns. The measured data 

presented in the figure is represented by a diamond ( ♦) with a blue color. [ 

1 
Figure 1-1 provides a schematic of the three-dimensional, discrete ordinates 

calculations. [ 

] 

The SLR issue that the NRC irradiation experts have questioned is the geometrically 

complex regions above the fuel, beyond the beltline. [ 

1 

It is evident that three-dimensional, discrete ordinates models cannot accurately treat 

the geometrical complexity of the nozzle region. As shown in Figure 4-1, [ 

] too much complexity to be accurately described with 

discrete ordinates analyses. The cylindrical axis of the vessel requires one coordinate 

system. However, the cylindrical axis of the nozzles requires a completely different 

coordinate system. Interfacing the two systems must be very approximate. 

1 
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As many experts in the industry have indicated, to model the complex regions beyond 

the beltline requires a significant technological improvement over the discrete 

ordinates - least squares adjustment (unfolding) methodologies.17 This "Fluence 

Methodologies for SLR" topical report (ANP-10348P) describes a significantly more 

complex system of analysis and computer-code calcl!lations that Framatome has 

incorporated into SVAM to improve the older methodologies.1
· 

12 

4.3 SVAM Methodology 

SVAM's complex system of computer codes used to analyze reactor regions beyond the 

beltline includes SouoWoRKS3
, VICTORIA 4 (a plugin for ANSYS 5), ADVANTG 6 and 

MCNP.7 The details of the SVAM methodology are presented in the following 

subsections: (4.3.1) MCNP Geometric Modeling, (4.3.2) Cross-Sections & Materials, 

(4.3.3) Source Modeling, (4.3.4) ADVANTG and (4.3.5) SouoWORKS - VICTORIA. 

Each subsection discusses the computer code's methodology as well as the models 

and procedures which are used to produce the results. [ 

] 

The results of SVAM are the radiation rates. The important radiation with respect to 

material degradation is the neutron fluence rate. This fluence rate includes the entire 

range of neutron energies. There are: (1) thermal neutrons, which are in thermal 

equilibrium with the water molecules in the reactor system; (2) neutrons which are 

slowing down from the fission spectrum of the uranium and plutonium fissile; and 

(3) fission neutrons with a mean energy of approximately 2.0 MeV and a maximum 

value as high as 20.0 MeV. 

Like the [ 

] model has tracked the core's measurements 

from the beginning of operation to the end. The reaction rate results [ 

] 
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] provide accurate neutron leakage rates in conjunction with the 

pin-by-pin sources. 

With the same [ 

] if the reactor and vessel are modeled as a 

symmetric - uniform cylinder, then the flux profile would be representative of the 

azimuthal integration of the sources for each nodal channel. The three-dimensional flux 

distribution would reflect the product of the source distribution and the leakage function. 

[ 
] would 

have exactly the same results. 

Reviewing the beltline region of Figure 1-1 shows that [ 

] it is well known that the approximations used for discrete ordinates solutions 

are much more limiting than the Monte Carlo - MCNP solutions. [ 

] 

The Reference 1 fuel-beltline code system (MERLIN) methodologies are presented in 

terms of DORT - Synthesis. [ 

] 

This report explains that the methodologies used for SLR benchmark and calculational 

uncertainty analyses are an extension of the analyses performed for the "Fluence and 

Uncertainty Methodologies" topical report.1 The additional benchmark and uncertainty 
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] 

The fuel-beltline benchmark results for SVAM [ 

] As shown by the dosimetry data in Figure 1-1, [ 

] 
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With SVAM and DORT - Synthesis having the same uncertainty characteristics 

compared to measured data in the fuel-beltline, SVAM and DORT r Synthesis results 

were benchmarked to one another. The benchmark comparison clearly indicated that 

the code systems are statistically the same. Therefore, in the beltline region SVAM is 

accurate [ 

] 

The beltline in Figure 1-1 begins just above the top of the fuel and ends just below the 

bottom of-the fuel. The nozzle region, with the vessel support beams, extends to the

top of the core flood nozzle. It is clear that validation of SVAM in the nozzle region is 

required for SLR as suggested by the NRC.2 The results that follow in Section 5 

demonstrate that SVAM is accurate in the nozzle region with a well-defined random 

uncertainty. [ 

4.3.1 MCNP Geometric Modeling 

] 

As discussed above (Section 4.3, SVAM Methodology), the MCNP methodology, which 

is described in Reference 18, provides an accurate solution to radiation transport 
-

phenomena. Theoretically, its accuracy and random uncertainty are better than finite 

difference - discrete ordinates (SN) solutions. However, the accuracy and random 

uncertainty can only be determined by benchmark comparisons to measured data. If 

the measurements are in geometrically simple regions, such as those that can be 



Framatome Inc. 

Fluence Methodologies for SLR 

ANP-10348NP 
Revision 0 

Topical Report Page 4-9 

modeled by symmetrically uniform cylinders, then the accuracy and random uncertainty 

for both Monte Carlo and discrete ordinates (SN) methods is equivalent. Moreover, the 

accuracy and random uncertainty for the Monte Carlo and discrete ordinates (SN) 

methods is limited by the accuracy and random uncertainty in the measurements. No 

analytical methodology can be more accurate, with a lower uncertainty, than the 

reference set of measurements used to benchmark the methodology. 

Where SVAM's MCNP results are significantly better than those calculated with discrete 

ordinates - least squares adjustments (unfolding) is in regions that are geometrically 

complex, such as the nozzles for the inlet and outlet piping. Discrete ordinates 

modeling of geometrically complex nozzle regio_ns require approximations that are not 

and cannot be precise. SVAM's MCNP geometric modeling is developed with 

Computer Aided Design technology that completely represents the complex curvatures 

of every region. Figure 2-2 shows a three dimensional computer design view of 

SVAM's modeling for a reactor's nozzles. The details clearly show the exceptional 

capability of SVAM. 

The Framatome methodology begins with a three dimensional solid model of the reactor 

vessel, reactor internals, the cavity, and the concrete biological shield. The solid model 

is constructed from detailed plant drawings. An example of the solid model can be seen 

in Figure 4-1. This figure illustrates the complexity and detail that is included in SVAM's 

model. This solid model can be created with many different software packages and 

converted to a format that is able to be assimilated into MCNP. 

MCNP uses a general combinatorial geometry that allows the entire reactor 

configuration to be exactly represented. Due to the complexity of the models, 

Framatome uses specialized software to convert the three dimensional solid model into 

the required MCNP format. Section 4.3.5 describes the SouoW0RKS 3 
- VICTORIA 4 

processes used to generate the geometry files. 
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The benchmark calculations presented in Section 5 are based on the ENDF/B-Vll.1 

continuous energy cross-section library. The ENDF library includes cross-sections [ 

1 

The SVAM methodology has the advantage of having exact models to represent the 

reactors' three dimensional geometry. [ 

] Framatome's cross-section and 

material modeling in SVAM ..... MCNP complies with the guidance provided in Regulatory 

Position 1. 1 . 1 . 

4.3.3 Source Modeling 

As discussed in Section 4.3, SVAM ..... MCNP uses the same source term as the DORT ..... 

Synthesis methodology. The radiation sources and isotopic compositions are obtained 

directly from three-dimensional core-follow computer code "measurements". 

Framatome uses a variety of core-follow codes (such as ARTEMIS™, SIMULATE, 

NEMO, PRISM, etc.). The pin-wise, time averaged source terms are input to MCNP 

using SDEF "cards". 

Each fuel pellet and pin, guide tube, and instrument tube is modeled independently. 

The methodology typically models the neutrons emitted by fission from U-235, U-238, 

· Pu-239, and Pu-241. The spectral and spatial source variables are modeled using 

discrete intervals for the energy groups and spatial mesh. Within each of the intervals 

the neutron source does not vary. The three dimensional source terms are assimilated 
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into the sources used in MCNP for radiation transport throughout the model. This 

method and procedure complies with Regulatory Position 1.2 in Regulatory 

Guide 1.190. 

4.3.4 ADVANTG 

. Regulatory Position 1.3.2 in Regulatory Guide 1.190 states that variance reduction 

methods should be qualified by comparis~n with calculations performed without 

variance reduction. Framatome's SVAM - MCNP methodology complies with this 

requirement by using a hybrid deterministic - Monte Carlo method. In this method, 

weight windows and source biasing parameters are generated from deterministic 
' 

neutron transport calculations. 

The importance weights ( -windows) used in SVAM benchmark calculations were 

generated with ADVANTG based on a Forward-Weighted CADIS (FW-CADIS) method. 

The method is a variation of the Consistent Adjoint Driven Importance Sampling 

(CADIS) method. 

The FW-CADIS method ensures the accuracy of the MCNP results by removing · 

"Engineering Judgment". With ADVANTG, the forward calculations are based on a 

DENOVO SN transport model. The results generate a "global" flux map of the reactor 

configuration. ADVANTG uses the flux map to generate a V\M/INP file for MCNP. 

Additionally, ADVANTG can generate source biasing parameters. The biasing 

produces more source particles in the most important locations, with suitably reduced 

weights. The importance biasing is based on DENOVO results. 

SVAM benchmark calculations used variance reduction techniques. Employing these 

techniques provided the means of having global mesh tallies covering all reactor 

pressure vessel and internals components. The application of the variance reduction 

techniques is consistent with Regulatory Position 1.3.2. All statistical tests were 

evaluated and determined to be satisfactory for the SVAM results. 
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As illustrated by Figures 2-2 and 4-1, nozzle configurations can be extremely complex. 
I 

The key to having MCNP results that are accurate with reasonably small random 

uncertainties is to ensure that the geometric models are correct. 

While MCNP allows a great deal of flexibility in defining the problem geometry, the input 

is relatively complex. It requires defining a large number of surfaces and cells. It is 

thereby a potential source of erroneous problems. Framatome's solution is to 

"automate" the generation of MCNP geometry models. This is accomplished by 

automatically converting three dimensional solid models, such as those from the 

Computer-Aided Design program SouoWorks, into MCNP's format. 

Although there are multiple codes available, an ANSYS plug-in developed by 

Framatome called VICTORIA was used to generate the models used in this topical. 

VICTORIA automates the development of the MCNP combinatorial model. VICTORIA 

also simplifies the process of assigning materials in MCNP. 

While SouoW0RKS and-VICTORIA were used to create SVAM's MCNP §leometric 

model, the methodologies are not limited to the use of this software. Other software 

packages are available, such as Attila4MC and SuperMC. The MCNP geometry file 

produced by each code is essentially identical. Framatome will continue to use the 

best-available conversion software. 

4.4 ART Effective Fluence 

In Section 2.0, the "Regulatory Requirements" for this "Fluence Methodologies for SLR" 

topical report were presented. In Subsection 2.6, "Irradiation & Fracture Mechanics 

Safety Analysis", it was explained that the fluence-radiation per se is not the limiting 

safety parameter. The limiting parameters for operation are determined by fracture 

mechanics safety analysis. The safety analysis uses ART (Adjusted Reference. 

Temperature) values to assess the structural material's ability to withstand high stress 
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intensity factors that may occur due to abnormal operating conditions. The safety limits 

for operation are directly related to the ART values. 

The crystalline structure of the steel provides its toughness. Neutron irradiation 

damages the structure and degrades the toughness. The damage is caused by 

displacing the steel atoms forming the crystalline structure. The displacements per 

atom (dpa) cause the shift (L\) in the reference temperature (RT) for the nil-ductility 

transition (NOT) in the material's properties. Increasing L\RTNoTvalues are characterized 

as embrittlement. It represents the material's loss of fracture toughness. 

Over time, more and more irradiation occurs which causes more and more 

embrittlement. ART values thereby increase with reactor operation. As explained in 

Subsection 2.2, "Regulatory Guide 1.99, Revision 2" provides the functional relation 

between the increasing fluence-radiation and the L\RTNoT (and thereby ART) values. 

The Regulatory Guide 1.99, Revision 2 8 relationship comes from a correlation of 

material test specimen data to irradiation. Since the increasing embrittlement (L\RTNoT) 

is directly caused by dpa (displacements pe~ atom) reactions, it would be logical to have 
- -

dpa values as the primary independent variable in any correlation. If the correlation 

were to be graphed, dpa would be the independent variable on one coordinate axis and 

embrittlement would be the dependent variable on the other. 

Material analysts developed a correlation of embrittlement (L\RT NoT) to dpa. Other 

independent variables were also evaluated. When correlating L\RTNoT to the neutron 

fluence with energies above 1.0 MeV (million electron Volts), analysts found the "least 

squares" root mea_n deviation was a smaller value than correlations using dpa and the 

other independent variables. 

In addition to a smaller root mean deviation, when the ratio of "test specimen dpa" to 

"the greater than 1.0 MeV fluence" was compared to the ratio at the vessel's 

fuel-beltline wetted surface, the ratio was essentially constant. As a consequence, the 

L\RTNoT embrittlement was functionally correlated to the greater than 1.0 MeV fluence. 
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The advantage of the embrittlement - fluence relationship is the small standard 

deviation (aL1) used for ART values. The disadvantage is that an "ART effective 

fluence" is required when the ratio of dpa to the greater than 1.0 MeV fluence changes 

due to changes in the neutron spectrum. Regulatory Guide 1.99, Revision 2 discusses 

using dpa ratios to determine the greater than 1.0 MeV ART effective fluence. 

Figure 4-2 provides graphs to visually understand the dpa modeling for the ART 

effective fluence. 

The dpa (displacements of steel atoms with vacancies and interstitials) is the integral of 

the dpa reaction rate over the time of operation. The dpa increases to higher and 

higher values the longer the reactor operates. With longer operating times, the 

embrittlement of the reactor's steel materials increases; this is due to the increasing dpa 

values. 

With respect to locations on the reactor vessel's wetted surface, the Regulatory 

Guide 1.99, Revision 2 (RG1 .99,R2) embrittlement - fluence-factor 8 relationship is 

based on Equation 4-3. 

( O"dpa(E) X <P(E, Vs) )E .1:. { <P(E 2:: 1 MeV, Vs) }RG1_99,R2 
(4-3) 

The left side of the equation is the dpa reaction rate at some vessel wetted-surface 

location (Vs) - integrated over all neutron energies (E ). The right side of the equation 

is the greater than 1.0 MeV flux at the same vessel location. The product of the 

right-side flux and the time of operation is applied to the Regulatory Guide 1.99, 

Revision 2 fluence-factor functional relation to determine iJ.RTNoT and subsequently the 

ART values. The left and right sides of the equations are equivalent (~) damage 

functions. 

When the left and right sides of Equation 4-3 are multiplied by the time of operation, the 

results are the dpa and fluence values. If the left-side of the equation is divided by the 

right-side the result is a ratio that is consistent with the specimen database used in the 

Regulatory Guide 1.99, Revision 2 correlation. The generally accepted value for the 
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ratio of dpa reactions to flux values (that are greater than 1.0 MeV) is approximately 

15 dpa per 1022 neutrons per centimeter-squared. This ratio is displayed in Figure 4-2 

(II) with the identification of I 14.8 dpa I 1022 I for neutron energies between 1.0 and 

20.0 MeV. 

As shown by Equation 4-4, Equation 4-3 is defined to be generically applicable at any 

location (x) within the reactor as long as the functional (f) relationship to embrittlement 

can be determined to be equivalent (~)-

( l7dpa(E) x <P(E, x) }E ~ f { <P(E ~ 1 MeV, x)} (4-4) 

The functional relationship of the flux { <P (E?. 1 MeV, x) } to the Regulatory Guide 1.99, 

Revision 2 embrittlement - fluence-factor is based on the ratio of the dpa reaction rate 

on the left side of Equation 4-4 being equivalent to the flux on the right side. The ratio 

must be consistent with the specimen database for the ART values that are used in the 

fracture mechanics safety analysis. This ratio however is not generically consistent with 

the Regulatory Guide 1.99, Revision 2 specimen database. 

Equation 4-5 defines(~) the necessary conditions to have generic consistency between 

the dpa and the greater than 1.0 MeV fluence values used in Regulatory Guide ·1.99, 

Revision 2 for fracture mechanics analysis at any location (x). 

The ratios on the left side of Equation 4-5 are used to determine the ART effective flux 

{ <P (E?. 1 MeV, x) }. This flux is consistent with the Regulatory Guide 1.99, Revision 2 

embrittlement - fluence relationship. Equation 4-6 provides the appropriate expression. 
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The ratio of dpas in Equation 4-6 are discussed as part of the development of 

Equation 3 8 in Regulatory Guide 1.99, Revision 2. As explained in the Regulatory 

Guide, when the flux spectrum changes from that on the vessel wetted-surface an ART 

effective fluence is required. 

The spectrum changes in the nozzle region compared to the fuel-beltline are due to the 

slowing down of the fission-spectrum neutrons. As neutrons, with energies greater than 

1.0 MeV, travel to regions above and below the fuel-beltline, their overall population 

decreases. The high energy neutrons are not lost however; they simply become lower 

energy neutrons. As seen in Figure 4-2, dpa reactions are dependent on more than 

neutrons with energies greater than 1.0 MeV; the dpa is dependent on the entire 

neutron spectrum. 

In nozzle regions, and in regions above the nozzles and below the fuel-beltline, the 

greater than 1.0 MeV flux becomes smaller and smaller. However, as shown by 

Framatome's updated benchmark database in Section 5, [ 

] the energy range below 1.0 MeV is 

calculated with the same accuracy and precision as the energy range above 1.0 MeV. 

The dpa results, which are dependent on the entire neutron spectrum, are consistent 

with the Regulatory Guide 1.99, Revision 2 correlation of embrittlement (11RTNoT) to the 

greater than 1.0 MeV fluence. The ART Effective Fluence values are calculated with 

Equation 4-6. When these values are used in the Regulatory Guide's formula for the 

ART, there is 95 / 95 confidence that the ART values are appropriate for fracture 

mechanics safety analyses of reactor vessels. 
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] The fluence-radiation calculations are thereby best-estimates; they have no 

bias. 

[ ] The 

neutron source in SVAM and MERLIN comes from the fissions in the core. The fission 

rates in each nodal segment of the core come from core-follow calculations. The 

core-follow fission rates produce the distribution of relative power densities for each 

nodal segment. The core-follow power distributions are compared to measured data to 

confirm that deviations in the reactions are within the uncertainty criteria. 

While the core-follow - "measurements" produce accurate - unbiased source 

distributions, these source distributions are [ 

] energy dependent flux values 

are needed to predict the energy distribution of the neutron leakage from the core. The 

energy dependent leakage is needed to predict reactions, such as those for dosimeters 

and the dpa. The energy dependent flux is also needed to determine the sum of flux 

values that are greater than 1.0 MeV. 
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] Two 

eigenvalues provide the means of having energy dependent flux values that are 

consistent with the fission source. The first is an absorption value (w/v) that is directly 

proportional to the inverse neutron velocity (1/v). The second is a leakage value with a 

buckling (B) that maintains a critical spectrum (Bkerr). [ 

] 

In the fuel-beltline region, SVAM and MERLIN give the same results statistically. Both 

results have a standard deviation [ 

] the SVAM standard deviation is consistent with the 20.0 % uncertainty assumed in 

the ART margin term. If there are biases in the results, such as those from the 

combination of measured and calculated FERRET results, then the biases would need 

to be combined with the random deviations. This is necessary to ensure 95 / 95 

confidence that the ART values are appropriate for fracture mechanics safety analyses 

of reactor vessels. 
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The Table 5-2 measured data and calculated results reflect the values that were from 

the laboratory and the SVAM modeling respectively. These results are statistically 

combined in Table 5-3. [ 

] 
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Three independent variables are shown in Figure 4-2: (1) the dpa cross-section 

(I - O'dpa,E) of iron in the vessel material as a function of the neutron energy (£) , (2) the 

relative flux distribution (I - <PE) associated with the fuel-beltline, and (3) the relative 

flux distribution (I- <PE) associated with neutron leakage from the fuel-beltline to the 

nozzle region. The dpa reaction rate is the product of the dpa cross-section and the flux 

( O'dpa,E x <PE, dpa reactions per second). The total dpa is the product of the dpa reaction 

rate and the irradiation time period. 

The generally accepted value for the ratio of dpa to the greater than 1.0 MeV fluence 

values is approximately 15 dpa per 1022 neutrons per centimeter-squared. This ratio is 

displayed in Figure 4-2 (I ) with the identification of I 14.8 dpa I 1022 I for neutron 

energies between 1.0 and 20.0 MeV. 

Two additional dpa to fluence (greater than 1.0 MeV) ratios are provided in Figure 4-2. 

The first (I ) extends the energy range of the product of (a) the flux (I - <PE) associated 

with the fuel-beltline, and (b) the dpa cross-section (I - O'dpa,E) . This dependent variable 

is identified as I 17.9 dpa I 1022 I and includes the entire energy spectrum between 0.0 

and 20.0 MeV. 

The second ratio (I) shows the product of (a) the flux (I- <PE) associated with neutron 

leakage from the fuel-beltline to the nozzle region, and (b) the dpa cross-section 

<I - O'dpa,E) . This dependent variable is identified as I 21.0 dpa I 1022 I and includes the 

spectrum between 0.0 and 20.0 MeV. 
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Section 4 explains the methodology that forms the basis for SVAM. There are four key 

parts: (1) The first is the geometric modeling; (2) The second is the discrete ordinates 

solution which approximates the three-dimensional geometry; (3) The third is the 

continuous energy modeling over the entire energy range, from 0.0 to 20.0 MeV; 

(4) Lastly, is the Monte Carlo solution process in MCNP.7 This updated methodology 

can not only provide accurate and precise results of the fluence-radiation in fuel-beltline 

regions of PWRs and BWRs, but it can also provide accurate and precise results in the 

regions that are above and below the fuel-beltline. This section (5) provides the 

benchmark comparisons of SVAM's calculated results to the measured data. It is the 

benchmark database that confirms the accuracy and precision in the SVAM 

methodology. 

The "Benchmarks" [ 

] Subsection 5.2 

focuses on SVAM's results in the beltline region. Subsection 5.3 is the most significant; 

it provides the comparison of SVAM's results to the measurements that are above and 

below the fuel-beltline. 

The benchmark database in the "Fluence and Uncertainty Methodologies" 1 topical 

report is valid for SLR analyses [ 

] 
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] The evaluation of the measurement methodology by the National Institute 

of Standards and Technology (NIST) found that the measurements (M) were unbiased 

(BM = 0.0) with an estimated mean relative standard deviation (aM) that was no greater 

than 7.0 % in the fuel-beltline. 



Framatome Inc. 
' 

Fluence Methodologies for SLR 
Topical Report 

ANP-10348NP 
Revision 0 

Page 5-3 

Section 5.2 has the results of the SVAM benchmark for the fuel-beltline region. The 

benchmark comparison to the measurements [ 

1 

Section 5.1 demonstrates that, within the fuel-beltline, [ 

1 

5.1 [ 1 
The benchmark database is used to assess biases in the analytical methods, 

procedures and modeling. As shown in Figure 1-1, discrete ordinates methodologies 
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(such as MERLIN) simply give biased results in regions that are above the fuel-beltline. 

[ 

] 

Based on the fact that SVAM and MERLIN methodologies can produce results with no 

bias, the statistical evaluation of the benchmark database can be used to estimate the 

relative standard deviation. For MERLIN, the standard deviation is evaluated in 

Reference 1. For SVAM, the standard deviation evaluation is in Section 5.2. [ 

] 

As shown in Table 5-1, the comparison was as expected. [ 

] the uncertainty in 

these results is consistent with the Regulatory Guide 1.99, Revision 2 ART margin term. 
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Table 5-2 lists the measurement database from Reference 1. The table also contains 

updated data for "ART Effective Fluence" modeling based on the energy range of dpa 

reactions; Figure 4-2 shows that dpa reactions in the energy range below 1.0 MeV are 

significant to the total dpa. In addition, the table contains updated data for the regions 

above and below the fuel-beltline. 

In addition to measurements, Table 5-2 includes SVAM results. The comparison of the 

measured data to the calculated results generates the benchmark database. While the 

887 data points in the table are the basis for the benchmark database, the comparisons 

of data to results need to be statistically evaluated to be meaningful. Table 5-3 

summarizes the statistical evaluation of the benchmark database. 

As explained in Section 3, the experimental methodology [ 

] in 

the fuel-beltline (B) there is a single-constant relative standard deviation (O"Ms s; 7.0 %) 

for the measurements (M). The value was confirmed by the National Institute of 

Standards and Technology (NIST) with a Standard and Reference Field Validation (see 

Section 3.3). 

Section 4.3 explains that the calculated results (C) cannot be more accurate, nor have a -~ 
lower standard deviation than the measured data (M). This is expressed by 

Equation 4-1. Section 4.5 explains how the Best-Estimate Fluence and radiation 

reactions have no biases and are thereby completely accurate. Thus, when the relative 

standard deviation in the calculations is evaluated with the benchmark database, the 
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] a statistically consistent 

standard deviation. Moreover, the random deviations in the experimental methodology 

are representative of normal probability distributions. 

[ 

] no deviations are greater than two relative standard deviations 

( 2 xa ). 
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] 

Section 5.2 is important because it demonstrates that SVAM's methodology is accurate 

and has a completely generic unbiased standard deviation [ 

] 

The importance of SVAM's development is in direct relation to the NRC's "Generic 

Aging Lessons Learned (GALL) Report".2 In the report it is noted that SLR (Subsequent 
- - -

License Renewal) requires an expanded analysis of regions experiencing increased 

irradiation degradation. The primary components of concern are the vessel's inlet and 

outlet coolant nozzles. 

The important SLR Regulatory Requirements discussed in Section 2.5 are the three 

components of Regulatory Guide's 1.190 uncertainty analysis: (1) the measurement 

database; (2) the benchmark database; and (3) the analytical sensitivity modeling. 9 

Section 3 explains that Framatome's measurement database has been updated to 

include the nozzle regions as well as regions above and below the fuel-beltline. 

Section 5.2 reviews the updated benchmark database in the fuel-beltline which includes 

dpa reactions. This section (5.3) presents Framatome's updated benchmark database 

in the regions above and below the fuel-beltline to include the nozzles. Section 6 

follows this one; it reviews the updated analytical sensitivity modeling. 
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The discussion in Section 4.1 explains that in January of 2017, the NRC arranged a 

presentation to the industry - "Computation of Neutron Fluence Information 

Exchange".17 The presentation not only outlined their concerns with fluence-radiation 

licensing issues, but also outlined an advanced methodology that the Oak Ridge 

National Laboratory had pioneered. The new methodology has been incorporated into 

SVAM. It resolves the industry's safety and licensing issues concerning SLR. 

[ 

] In fact, the two deviations are statistically the same. 
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Figures 5-1, 5-2 and 5-3 provide illustrative graphs of SVAM's calculated results in 

comparison to the measured data. [ 

] 

Figure 4-1 shows the "Reactor Vessel Nozzles and Supports" with the "I" beams. At the 

top of the figure, in the plane where the reactor vessel head is attached to the vessel 

shells, the instrumentation supports are shown. These instrumentation channels 

support the dosimetry chains that provide the data in Figures 5-1, 5-2 and 5-3. As seen 

in Figure 4-1, the chains' data begins above the nozzles, goes through the nozzle 

region, then through the support beams, the fuel-beltline region, and continues below 

the lower vessel head. The chains' data end just above the cavity floor. 

Figure 2-2 shows the details of the nozzles from inside the vessel to the outside. 

Figure 4-1 continues with the details. The fuel assemblies are supported by the grid 

plate seen in Figure 2-2. The primary neutron sources degrading the structural 

.toughness are coming from the top portion of the fuel located within the peripheral fuel 

assemblies. 



Framatome Inc. 

Fluence Methodologies for SLR 
Topical Report 

Figure 5-1 is the same as Figure 1-1 - [ 

ANP-10348NP 
Revision 0 

Page 5-11 

] It is clear that SVAM's results are exceptionally accurate in the nozzle region. 

The accuracy shown in Figure 5-1 is confirmed by Figures 5-2 and 5-3. While all the 

data and results represent different locations around the vessel, they all confirm that the 

benchmark comparison has acceptable deviations above the fuel-beltline. 

As noted in Section 5.2 and shown in Figures 5-1, 5-2 and 5-3, the benchmark 

database has acceptable random deviations through the fuel-beltline. The acceptable 

deviations continue to the bottom of the vessel. [ 

1 

[ ] the margin term in Regulatory Guide 1.99, 

Revision 2 requires the chemistry and fluence factors have statistically valid standard 

deviations. [ 

] 
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Figure 5-2 

W-X Quadrant Benchmark 
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Figure 5-3 

2-W Quadrant Benchmark 
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Framatome Databases 
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Section 1.4 of Regulatory Guide 1.190 9 discusses the "Methodology Qualification and 

Uncertainty Estimates". "The methods qualification consists of three parts: (1) the 

analytic uncertainty analysis (Regulatory Position 1.4.1 ), (2) the comparison with 

benchmarks and operating reactor measurements (Regulatory Position 1.4.2), and 

(3) the estimate of uncertainty in the calculated fluence (Regulatory Position 1.4.3)." 

Thi~ section (6) of the topical explains the modeling for the analytic uncertainty analysis. 

[ 
] The estimate of uncertainty 

in the calculated fluence in the third part of the Methods Qualification was one of the 

more important points that Regulatory Guide 1.190 addressed. 

The fracture mechanics safety analysis is based on stresses propagating hypothetical 

flaws within the vessel's steel material. The material's fracture toughness is determined 

from vessel test specimens that have been irradiated. The fluence-radiation 

uncertainties were determined by benchmark comparisons to dosimetry measurements. 
- - . - -

Unfortunately, the safety analysis within the actual vessel material is not supported by 

uncertainties from benchmark comparisons. There are no measurements within the 

vessel. 

To ensure that the safety analysis is supported by well-known fluence-radiation 

uncertainties, the NRC's experts suggested [ 

] estimate of the uncertainty in the calculated fluence. Framatome developed a 

comprehensive uncertainty methodology in Reference 1 [ 

] This exact same methodology is incorporated in SVAM's methodologies. 

The estimates of the uncertainties in SVAM's methodologies are statistically evaluated 

[ 

] There are no specific benchmarks for dpa reactions, or any 
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other reactions, that are deep within the vessel steel. Thus, the estimate of 

uncertainties in the calculated fluence-radiation (Regulatory Position 1.4.3) [ 

] 
This section (6) addresses the fluence-radiation "Sensitivity" to uncertainties that could 

impact various high stress locations such as those noted in Figure 2-2. 

Framatome examined the single and statistically combined effects of random fabrication 

and operational uncertainties on five independent variables that would increase the 

uncertainties in the fluence-radiation results. These uncertainties are: 

1) ENDF cross-section covariance data 

2) Geometric configurations 

3) Isotopic composition of materials 

4) Neutron sources 

5) Calculational methodology (analytical methods and procedures) 

6.1 Statistical Modeling 

The Statistical Modeling of the analytic uncertainties from the Sensitivity analyses [ 

] 

Hypothetical sensitivities do not have independent degrees of freedom. 

[ 

] 
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] The deviations in the fluence-radiation results include the statistical 

properties of the fabrication and operational uncertainties. [ 

] This thereby gives the 95 / 95 confidence that the estimated standard 

deviations are appropriate for the ART values used in the fracture mechanics safety 

analyses. 

6.2 Sensitivity Modeling 

The SVAM methodology is based on [ 

] 
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An important feature of the Sensitivity modeling is the requirement to be consistent with 

the ART margin term applied in the fracture mechanics safety analyses. The ART 

margin term in Regulatory Guide 1.99, Revision 2 reflects 95 / 95 confidence in the 

standard deviations by applying a tolerance factor of "2" ( 2 x a) for the 177 11RTNoT 

specimens. If the relation between the five variables and the fluence-radiation results 

was a (straight line) linear function, then the Sensitivity modeling could simply be based 

on applying the appropriate deviation in the fabrication and operational parameters. 

The relation between the five variables and the fluence-radiation results is not linear. 

Neutron transport methods are based on exponential integral relationships between the 

variables and the fluence-radiation results. The Sensitivity model relates the tolerances 

associated with dimensional specifications and material properties to the exponential 

integral relationships. There is a problem however with the tolerances not having 

multiple measurements. The deviations affecting the five variables must have the 

tolerance factors appropriately increased to represent a 95 / 95 level of confidence. 

For example, Babcock & Wilcox, one of the predecessors to the modern Framatome, 

manufactured many of the vessels and internal components that are currently operating 

in PWR and BWR plants. When performing the analytic uncertainty evaluation, the 

quality assurance specifications were checked. The tolerances met specifications, but 

the ASME quality assurance only specified "3" independent measurements. Thus, the 

95 / 95 tolerance factor on the mean deviation of the components would need to be 

much larger than "2" to have 95 / 95 confidence in the safety analysis. 
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] The fluence-radiation results are consistent 

with the Regulatory Guide 1.99, Revision 2 ART margin term. The deviations in 

fabrication and operational uncertainties reflect 95 / 95 tolerance factors that are 

(a) greater than "2" for geometric configurations and material isotopic compositions, and 

(b) "2" for cross-section covariances, neutron sources and the calculational methods 

and procedures. [ 

] This gives 95 / 95 

confidence in the fluence-radiation uncertainties that are part of the ART margin term 

used for fracture mechanics safety analyses. 

6.3 Cross Section Covariance Data 

The ENDF/B-Vll.1 cross section library is distributed with a comprehensive set of 

covariance files for the data. Table 6-1 shows the U-235 cross-section uncertainties as 

a function of energy. 

The ENDF/B files contain cross-section uncertainty data, correlations, variances and 

covariances, along with the data. [ 

] the 95 / 95 random uncertainties in the 

macroscopic cross-sections represented a statistical combination of covariances that 

were modeled for the analytic uncertainty analyses. 
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Even when the most robust computer model is developed, there will be differences 

between the computer model and the physical system. These differences can be 

divided into two broad categories (1) uncertainty in the "As-built" dimensions and 

(2) modeling simplifications. 

Nuclear reactors built in the U.S. follow ASME code standards. The standards strictly 

define the manufacturing tolerances for the reactor vessels and internal components. 

The 95 / 95 random uncertainties in the dimensions include the accuracy of the 

measurement tools and the procedures followed by the manufacturer. 

A source of uncertainty in the "As-built" dimensions is field-change variations. 

Field-change variations can occur for a variety of reasons. For the PWR and BWR 

vessels and internals that Babcock & Wilcox fabricated, excellent records were 

maintained on field-change variations. This allowed sensitivity calculations to combine 

95 / 95 random uncertainties to appropriately determine the impact of the field-changes. 

In the Framatome SVAM methodology, the key components, such as the reactor 

pressure vessel and the important reactor internal structures, are modeled 

heterogeneously - no approximation. However, it is common practice to apply 

modeling simplifications to components in less important locations. Simplifications, 

such as homogenization, are used in the SVAM methodology.· For example, the upper 

end fittings of the fuel assembly, and the components in the reactor cavity, such as the 

insulation, have been homogenized. Sensitivity calculations were evaluated to 

determine the impact of approximate geometric configurations on the calculational 

uncertainty. [ 

] 
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The ASME and ASTM provide material standards. These standards specify the 

isotopic-elemental composition of the materials used in the construction of PWRs and 

BWRs. The specifications further include material properties such as the density and 

coefficient of expansion. For water regions, the specifications include the variation in 

density as a function of pressure and temperature. 

The isotopic compositions of the primary elements within each material are not specific. 

There is an allowable range of these elements. Other elements representing impurities 

are specified in terms of limits. This means that the material sensitivity modeling to 

evaluate the analytic uncertainties in the fluence-radiation is based on a mean - best

estimate reference composition. 

Due to the lack of specific mean values, the uncertainties in the isotopic compositions 

are evaluated in terms of the allowable range of concentrations. The statistical 

properties are defined as normal probability distributions with tolerance factors 

represented by the concentration limits. 

As noted above when discussing the microscopic cross-section covariances in 

Section 6.3, the uncertainties in the isotopic composition of materials are not separately 

analyzed. The independent variables in the neutron transport models are macroscopic 

cross-sections. The sensitivity calculations thereby statistically combine the isotopic 

composition deviations with microscopic cross-section covariances. 
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] Covariance estimates coupling 

the material and geometry uncertainties for the sensitivity calculations ensure that the 

determination of the fluence-radiation uncertainties is statistically valid. 

For fluence-radiation calculations beyond the fuel region, the key materials are 

[ 

] as explained in the Statistical Application of 

Uncertainties section (6.8) below, the estimate of the fluence-radiation random 

uncertainties has a well-founded statistical basis. 

From the discussions of (1) the cross-section covariance data, (2) the geometric 

configurations, and (3) the isotopic composition of materials, it is clear that various 

uncertainties are dependent on each [ 

] the statistical 

distribution of the sensitivity results must be consistent with both the lower range of 

deviations as well as the higher range. 
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] 

The core-follow comparisons to the measurements show variations in the power and the 

spatial power distributions in every cycle [ 

] the statistical treatment of the sources 

in the sensitivity calculations is to consider them as a completely independent random 

variable. This means that the effect of source uncertainties directly affects the 

fluence-radiation results. This is independent of the additional effects from other 

uncertainties. 

Sensitivity results indicate that the relative fluence-radiation deviations at various 

locations are [ 

] with respect to the uncertainties in the energy distribution or burnup 

dependence of the sources. 
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The energy distribution uncertainties are defined by the uncertainties in the emission 

spectrum for each fissile isotope. The concentration of the fissile isotopes changes as 

the fuel produces power. The uncertainty in the concentration of tach fissile isotope 

adds to the emission spectra uncertainties. The variation in the neutron source 

emission spectra is included in the sensitivity calculations for the analytic uncertainties 

in the fluence-radiation results. 

6. 7 Ca/culational Methods and Procedures 

The analytic uncertainties in the fluence-radiation results due to variations in the 

calculational methods and procedures [ 

] 

For example, using computer aided design models based on programs such as 

SouoWoRKS3 does not lead to uncertainties in the calculations. [ 

] SouoWORKS modeling 

provides a means of specifying configurations with accurate geometric shapes and 

precise dimensions such that the fluence-radiation is accurate and precise. 

The continuous energy model in MCNP's solution process also reduces the variation 

caused by deterministic discrete ordinates methods and collapsed energy groups. 

[ 

] 
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Regulatory Guide 1.190 9 suggests a means of demonstrating that the calculational 
' 

results have a valid standard deviation. The most important statistical property of the 

fluence-radiation standard deviation is that it provides consistency with the ART 

(Adiusted Reference Temperature) margin term in Regulatory Guide 1.99, Revision 2. 8 

[ 
] 

The fundamental basis for the statistical properties of the fluence-radiation calculations 

is the [ 

] 

Section 5 describes the benchmark database. It provides the comparison of SVAM 

results to the 887 data points in the measurement database. [ 

] 
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] Furthermore, the uncertainties applied to 

SVAM's fluence-radiation results are consistent with the ART margin term which is used 

for safety analyses. 

[ 

] there are no measurements within the 

vessel structures. This is an important issue because it is the propagation of 

hypothetical flaws within the vessel material that are the basis for the fracture 

mechanics safety analyses. The discussions above in Sections 6.0 through 6.6 explain 

sensitivity evaluations to support an analytic uncertainty. Sensitivity results for the 

fluence-radiation, which is transported throughout the heads, shells, nozzles, supports, 

etc., provide an uncertainty that is applicable to every location within the vessel. 

Framatome developed a comprehensive Sensitivity model [ 

] Due to the exponential 

integral function that represents neutron transport throughout the internal and vessel 

components, the deviations modeled in the sensitivity calculations were based on 

95 / 95 confidence levels. [ 

] 
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Having a Sensitivity model that included (a) locations throughout the vessel where 

measurements were not feasible, [ 

The Statistical Application of Standard Deviations to vessel locations that had no 

measurements [ 

The problem with [ 

1 

1 

] an 

unknown number of random variables. There is no question that a large number of 

[ 

] It would be highly unlikely, but 

the probability is more than 0.00. 

Framatome has taken the very conservative approach with estimating the relative 

standard deviation within locations where no measurements exist. [ 

1 
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ENDF/B U-235 Uncertainties7 

MT= 1 total 

Energy range (eV) xsec 
----------------

1.000E-02 - 1.5200E-01 6.2410E+02 
1.520E-01 - 4.1400E-01 2.2322E+02 
4.140E-01 - 1.1300E+00 9.5370E+01 
1.130E+00 - 3.0600E+00 4.2827E+01 
3.060E+00 - 8.3200E+00 5.4989E+01 
8.320E+00 - 2.2600E+01 1.1616E+02 
2.260E+01 - 6.1400E+01 8.4605E+01 

6.140E+01 - 1.6700E+02 4.5955E+01 
1.670E+02 - 4.5400E+02 3.7251E+01 
4.540E+02 - 1.2350E+03 2.7498E+01 
1.235E+03 - 3.3500E+03 2.0458E+01 
3.350E+03 - 9.1200E+03 1.7146E+01 
9.120E+03 - 2.4800E+04 1.5167E+01 
2.480E+04 - 6.7600E+04 1.3458E+01 
6.760E+04 - 1.8400E+05 1.1744E+01 
1.840E+05 - 3.0300E+05 1.0170E+01 
3.030E+05 - 5.0000E+05 8.7974E+00 
5.000E+05 - 8.2300E+05 7.5957E+00 
8.230E+05 - 1.3530E+06 6.7881E+00 
1.353E+06 - 1.7380E+06 6.7753E+00 
1.738E+06 - 2.2320E+06 7.1208E+00 
2.232E+06 - 2.8650E+06 7.5474E+00 
2.865E+06 ., 3.6800E+06 7.8700E+00 
3.680E+06 - 6.0700E+06 7.7407E+00 
6.070E+06 - 7.7900E+06 6.7253E+00 
7.790E+06 - 1.0000E+07 6.0559E+00 
1.000E+07 - 1.2000E+07 5.7468E+00 
1.200E+07 - 1.3500E+07 5.7644E+00 
1.350E+07 - 1.5000E+07 5.8347E+00 
1.500E+07 - 1.7000E+07 5.9444E+00 

% unc 

0.26 
0.26 
0.30 
0.40 
0.32 
0.20 
0.21 
0.34 
0.41 
0.55 
0.71 
1.51 
1.51 
1.51 
1.51 
1.51 
1.51 
0.93 
0.74 
0.67 
0.69 
0.69 
0.67 
0.68 
0.71 
0.77 
0.76 
0.75 
0.75 
0.76 
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SVAM expands Framatome's fluence methodology to include both the traditional 

fuel-beltline region and the extended regions that are above and below the beltline. The 

uncertainties defined in this topical are valid for "monitored" cycles. That is, cycles that 

have been analyzed and are consistent with the benchmark database (see Tables 5-2 

and 5-3). 

In general, fracture mechanics safety analyses are for many cycles in the future. When 

considering SLR, the future would be 80 calendar years of operation. The licensing -

approval of the safety analyses generally sets the end of licensed-life (EOL) for the 

reactor. As a consequence, the maximum irradiation embrittlement of the reactor 

vessel occurs during the last cycle of operation when the end of cycle corresponds to 

EOL. Future cycles however not only have no "monitored" fluence-radiation results; 

they have not even been designed yet. 

Acceptable EOL irradiation modeling is based on fluence-radiation rates that have been 

calculated from "monitored" cycles. These rates are projected to future time periods. 

This provides an estimate of the total fluence at locations of interest (LOI). 

If (a) the projected fluence-radiation rates are used to support safety analyses that 

extend to future reload cycles, and (b) no future monitoring is planned, then - the 

assumption is - that the fluence rates for the projected time period represent equilibrium 

conditions. That is, the fluence rate, for a given location of interest from the last cycle 

analyzed, will be constant in all future cycles. As a consequence, the uncertainties in 

the fluence-radiation values will be consistent with the fracture mechanics ART margin 

term. This assumption is acceptable as long as future core designs have neutron 

characteristics that are identical to the core design of the last cycle analyzed. 

Fluence-radiation values (<l>) at any time (t) are determined from the cumulative fluence 

at the end of cycle (EOC) - "1" through "N' (EOCN)- When the EOL time (t) is beyond 

cycle N, the fluence rate ( ct>) for cycle N is projected onto future cycles. Projected 
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fluence-radiation <l> (t) values are determined by multiplying the fluence rate {<P (N)} by 

the difference between the cumulative time" T" for EOL (t) and the cumulative time" T" 

to the end of cycle N (EOCN)- This is expressed by Equation 7-1 for a LOI. 

where 

<l>w1 (t) = <l>w1 (EOCN) + <Pw1 (N) x ( T(t) - T(EOCN) ) (7-1) 

<l>w, (t) = 

<Pw,(N) = 

Fluence (n/cm2
) at a location of interest with a variable time 

(t could be 40, 60, 80 years, etc.), 

Fluence (n/cm2
) at end of cycle Nfor a location of interest, 

Fluence rate (n/cm2-sec) averaged over cycle N, at a location 

of interest, 

T(t) = Cumulative time (in seconds) when fluence-radiation values 

are desired (t could be for 40, 60, 80 years, etc.) normalized to 

the effective power-radiation level, 

= Cumulative time (in seconds) at end of cycle N, normalized to 

be consistent with the EOL power-radiation level. 

The key point concerning the projections is that there are no operational or design limits 

which ensure that the fluence projections are accurate - with acceptable unbiased 

uncertainties. It is an assumption based on the fuel cycles having reached equilibrium 

neutronic conditions. 

If a plant is truly in an equilibrium cycle, future fluence monitoring would not be required. 

Startup physics testing would show that the neutronic characteristics of each 

subsequent equilibrium cycle would be equivalent to the previous cycle. 

The problem with equilibrium cycles is that reactors' operation staffs are always looking 

to improve performance. Current improvements being considered include Advanced 
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Fuel Management with increased burnups and enrichments, along with Accident 

Tolerant Fuel provided by changes to the pellet and cladding compositions. 

When there are differences in a cycle's fuel design, and operating conditions, from 

those in previous cycles, not only could there be changes in the fluence-radiation level 

affecting the material embrittlement, but there are unknown statistical effects on the 

uncertainties. The uncertainties need to be evaluated in terms of the changes. For 

fluence projections to support fracture mechanics safety analysis; there needs to be 

95 / 95 confidence in the fluence-radiation values. 

The confidence required for safety analysis is directly related to the fluence 

methodologies described in Sections 3 through 6. [ 

] 

The licensing basis for renewal to 60 or 80 years includes both projected EOL fluence 

values and the 10 CFR 50, Appendix H requirements for fluence monitoring. It is the 

fluence monitoring part of the Appendix H surveillance program that ensures that the 

fracture toughness - material embrittlement limits (RT PTs, ART, USE, and J-integrals) 

for the vessel will not be exceeded. This section of the topical report describes the 

Framatome fluence monitoring methodology for future cycles in terms of calculated 

fluence-radiation values and the uncertainties in the values. 

The "Fluence Methodologies for SLR" indicate that calculational based monitoring will 

accurately determine the vessel fluence-radiation values with uncertainties that are 

consistent with embrittlement evaluations. However, two issues that concern future 

monitoring need to be discussed: (1) How often will the vessel fluence values be 

monitored? (2) How are fluence-radiation values and their corresponding uncertainties 

estimated during periods when SVAM or MERLIN (or both) monitoring updates are not 
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being performed? These issues are addressed below as well as how surveillance will 

be accomplished to ensure that the safety limits remain valid. 

7 .1 60-Year Vessel Monitoring 

Prior to the 60-year licensing renewal period, the 10 CFR 50, Appendix H, monitoring 

requirements focused on capsules of material test specimens. Calculated, or 

functionally prescribed, neutron spectra were used to "unfold" the measured fluence 

values. An analytically calculated "lead .factor" from the specimen location to the limiting 

embrittlement location on the wetted vessel surface provided "monitoring" of the safety 

limits. 

When transitioning to the 60-year licensing renewal period, the NRG provided regulatory 

guidance9 that updated the focus of the "monitoring" to directly include the vessel. 

Unbiased calculations of specimen degradation are required to be consistent with the 

dpa effective fluence calculations of vessel embrittlement safety limits. This means that 

the calculations for the vessel must be unbiased. 

Once the specimens from surveillance programs have sufficiently characterized the 

properties of the reactor vessel materials - the specimen program would have 

completed its objective. Subsequently, surveillance requirements for the reactor vessel 

itself can be modified from capsule surveillance requirements. 

7.1.1 Monitoring Analytics 

During the first license renewal period, Framatome addressed reactor vessel aging 

management strategies with vessel monitoring programs. [ 

] 

When the surveillance capsules are removed from the vessel internal components, the 

dosimetry is also removed. The NRG suggested that Regulatory Guide 1.190 9 requires 

some form of measurements. [ ] 
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] 

Using the statistical methodology described in Reference 1, Framatome supported 

utilities going from 40 to 60 years with projected fluence rates. The methodology 

[ 

] 

7.1.2 Dosimetry Measurements 
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] This 

factors into the "Licensee Cost" when implementing Regulatory Guide 1.190 9 for license 

renewal. 

7.1.3 Cycle Monitoring 

Section 7.1.1 discusses 60-year "Monitoring Analytics" for the vessel. The methodology 

complies with 10 CFR 50, Appendix H vessel monitoring requirements [ 

] is both cost-effective and satisfies licensing 

requirements. 

[ 

] 

provides the means of incrementally tracking the vessel fluence on a cycle-by-cycle 

basis. This provides the appropriate monitoring to ensure that safety limits remain valid. 
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] the values are extrapolated to 

limiting locations previously determined by the fracture mechanics safety analyses. The 

previous "monitored" values are of course the licensing basis for the safety analyses. 

They are tracked relative to the current fluence-radiation values. 

[ 

] results include the 

effective full power years of operation and any fluence-radiation values used in the 

safety analyses to set operational limits. The fluence-radiation values are related to 

those used for adjusted reference temperature (ART), pressure-temperature {P-T), 

pressurized thermal shock (PTS), etc. limiting values. 
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The "Future Monitoring" methodology during the SLR time period will comply with 

10 CFR 50, Appendix H requirements. The compliance will incorporate the same 

methodologies as those currently described in Section 7.1 for "60-Year Vessel 

Monitoring". The difference is that when the regions above and below the fuel-beltline 

set the safety limits, SVAM results will be used in place of MERLIN results. 

It is anticipated that during the SLR time period, the fracture mechanics safety analysis 

will have limits (RT PTS, ART, USE, and J-integrals) related to fluence-radiation 

degradation that occur well beyond the end of 60-years. It is likely that many of the 

limits will only occur at the 80-year end of licensed-life (EOL). 

The "Fluence Methodologies for SLR" described in this topical report are accurate with 

well-defined standard deviations. [ 

] Future cycles leading to EOL rely on 

extrapolated fluence-radiation values. It is the extrapolated values that support the 

safety limits. 

During the NRC's safety analysis review of licensing renewal topical reports for 60 

years, three fundamental questions were proposed. The answers form Framatome's 

licensing basis for SLR vessel monitoring programs. 
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[ 

1. How does one know that the magnitude of the fluence-radiation in future 

unanalyzed reload cycles is not approaching a safety limit? 

2. How does one know that the uncertainty in the fluence in future unanalyzed 

reload cycles is consistent with safety analyses? 

3. How does one verify that the calculation-based fluence-radiation results continue 

to be accurate with well-defined uncertainties? 

] evaluate 

the fluence-radiation rates ((J)). These rates are used in Equation 7-1 to verify that the 

safety analysis remains valid. 

7 .2.1 Monitoring Safety Limits 

As the NRC has suggested, it is important to know whether the magnitude of the 

fluence-radiation in future unanalyzed reload cycles is approaching a safety limit. 

Fluence-radiation values per se are not safety limits. However, the values form the 

basis for the safety limits. 
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] This ensures that the reload cycles are not approaching a 

safety limit. 

7 .2.2 Deviations 

The NRG has suggested that the ART values that are used for safety analyses are 

based on a normal distribution with 95 / 95 confidence in the ( 2 x a ) margin term. The 

ART margin term reflects a standard deviation of 20 % in the fluence-radiation values. 

As discussed in Sections 7.1.1 and 7.1.3, the 20 % standard deviation applied to the 

fluence-radiation values in the development of Regulatory Guide 1.99, Revision 2 is 

maintained in the projection of fluence values to future cycles. [ 

] 
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Verifying that the extrapolations of fluence-radiation values to future cycles are accurate 

with well-defined uncertainties [ 

] 

The SVAM or MERLIN fluence-radiation results are currently compared to extrapolated 

fluence-radiation values and updated dosimetry data. [ 

] This same procedure will be applied to the SLR period. 

7 .3 Dosimetry 

Cavity dosimetry is a [ 

] the cavity dosimetry provides no monitoring 

function. Moreover as indicated in Sections 5 and 6, dosimetry in PWRs and BWRs 

during the SLR period is only partially useful in confirming the accuracy and precision in 

each cycle's calculated results. 

One benchmark comparison of calculated results to a single set of dosimetry 

measurements does not provide 95 / 95 confidence in the calculations. Independent of 

the number of dosimeters, the calculated results are not independent. They are 

dependent on a single transport model that is functionally coupled to every result's 

location. 
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The many previous cycles that have a set of dosimetry provide confidence in the 

[ ] one dosimetry set could 

indicate that a problem existed, but it could not significantly affect the 95 / 95 confidence 

in the results. 

[ 

] This methodology is both cost-effective and provides assurance that 

safety limits are adequately monitored. 
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Framatome is the largest provider of services supporting the construction and operation 

of nuclear reactors in the world. In the United States (U.S.), the support includes the 

development of technologies for both PWRs and BWRs to continue operation beyond 

the original license of 40 years. As noted in the Introduction, Framatome's "Fluence 

and Uncertainty Methodologies" topical report 1 provided a new technological approach 

that is approved for licensing PWRs and BWRs to extend operation to 60 years. 

The topical report presented in this document provides another new technological 

development. It addresses U.S. Nuclear Regulatory Commission (NRC) concerns for 

the subsequent license renewal (SLR) of PWRs and BWRs to operate for 80 years and 

beyond. The NRC's concerns are discussed in Reference 2 "Generic Aging Lessons 

Learned (GALL) Report". The "Computation of Neutron Fluence" in an information 

exchange public meeting 17 provides guidance with respect to alleviating the concerns. 

Beginning in the late 1950's, scientists found that relatively low levels of neutron 

irradiation could degrade the toughness of steels used in the construction of reactor 

vessels. Framatome (formerly Babcock and Wilcox) was part of the team that led the 

way in determining the solution for the embrittlement - fluence-radiation problem. 

When electric utilities with PWRs and BWRs wanted to extend their operating license 

for 20 years (60 total years), the NRC expressed concerns with modeling the 

fluence-radiation deep within the material structure of the vessels. An updated 

technology that only relied on calculational results was required. Framatome again led 

the way; the NRC approved its new methodology in February of 1999.1 

When electric utilities with PWRs and BWRs wanted to pursue SLR for 80 years, the 

NRC agreed that Framatome's methodology was appropriate for analysis of the 

fuel-beltline; it satisfies the guidelines in Regulatory Guide 1.190 9. However they 

questioned the ability of the model to produce accurate and precise results above the 
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beltline, in the nozzle region. As shown in Figure 1-1, Framatome agrees with the 

NRC's concern. 

ART effective fluence-radiation values can grow to exceed 1 x 1017 neutrons per 

centimeter-squared (n/cm2
) in the nozzle regions. Due to the geometrical complexity 

shown in Figure 2-2, nozzle region analyses are challenging. Nonetheless, they are 

necessary; fracture mechanics analysts have found that high stress intensity factors in 

the nozzles with small ARTs could be more limiting than larger ARTs in the beltline with 

smaller stress intensity factors. 

The "Regulatory Requirements" discussed in Section 2 for SLR include those in 

Regulatory Guide 1.190.9 Thus during the SLR time period, the computer code 

MERLIN, that Framatome developed for 60 year license renewal, can be used for 

fuel-beltline analyses. However, there are four significant developments required for 

fluence-radiation analyses above and below the beltline to comply with Regulatory 

Guide 1.190. These developments are (1) the geometric modeling, (2) importance 

weights from deterministic transport solutions, (3) continuous energy modeling over the 

entire energy range from 0.0 to 20.0 MeV, and (4) a precise Monte Carlo solution 

process such as MCNP. Framatome has incorporated these developments into the 

SVAM computer code system. [ 

] 

As with Framatome's "Fluence and Uncertainty Methodologies" topical report 1 that 

supports PWR and BWR operation to 60 years, the results from SVAM are not useful 

without verification based on the benchmark database. However, before the 

uncertainties in the calculational methodologies can be validated, there must be a 

measurement database with uncertainties that have been validated. 
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In Section 3, Framatome provides an expanded measurement database that includes 

regions above and below the fuel-beltline. The accuracy and precision in the 

experimental methods and procedures was verified by the National Institute of 

Standards and Technology's "Standard and Reference Field Validation". 19 

The database includes measurements from Westinghouse, Combustion Engineering, 

Babcock & Wilcox, and General Electric reactors, as well as test reactors like the Pool 

Critical Assembly. [ 

[ 

] In the fuel-beltline region all measurements have a relative standard 

deviation of 7.0 %. 

] 

Section 4 describes the "SVAM Methodology". This methodology uses a hybrid 

deterministic - Monte Carlo approach. A deterministic code like DENOVO is used to 

generate importance weights for a code like MCNP. The methodology is much like that 

described by Risner of the Oak Ridge National Laboratory in a public meeting arranged 

by Parks and Wallace, et al, of the NRC. 17 

The SVAM methodology has been validated with hundreds of dosimetry measurements 

in the regions above and below the fuel-beltline as well as measurements in the beltline. 
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] The modeling 

extends throughout the reactor system, from the core regions, through the reactor 

internal components, to every part of the reactor vessels - and beyond the vessels, to 

the nozzles and vessel support structures in the cavity regions. Moreover, the 

methodologies are applicable to all time periods (the beginning of the first cycle to the 

end of the last cycle), and to various operating conditions (partial power, load following, 

etc.). 

As important as SVAM's integrated methodologies are -the true assessment of SVAM 

comes from modeling the measurement database. The benchmark of SVAM results to 

the measurement data, along with the sensitivity modeling, provides a 95 / 95 level of 

confidence that SVAM results can be applied to safety analyses. 

The benchmark database in Tables 5-2 and 5-3 [ 

1 

In the regions above and below the fuel-beltline, the SVAM benchmark database 

[ 

1 

[ 

] the safety limits are generally at the end of the licensed-life 

(EOL). In order to support operation to EOL, some type of "Future Monitoring" 
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