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PREFACE

These proceedings contain the papers that were submitted for the Fourth ASTM-EURATOM
Symposium on Reactor Dosimetry. This series of biennial international symposia brings together
specialists from many countries to provide a forum for the exchange of new and critical infor-

mation concermng the techmques and apphcations of neutron and gamma dosimetry in materials
irradiation studies.

These Symposia serve as the mam reporting base for work associated with the improvement,
standardization, and maintenance of dosimetry, damage correlation, and the associated reactor
analysis procedures and data used for predicting the integrated effects of neutron exposure on
fuels and matenals for hght water reactor (LWR), fast breeder reactor (FBR), and magnetic
fusion reactor (MFR) nuclear power systems. The ultimate goal is to obtain international stan-
dardization of dosimetry methods with quantified uncertainty limits.

The first meeting, at the Jont Research Center (JRC), Petten (September 22-26, 1975), was

directed toward defining the status of dosimetry and damage analysis programs and identifying
the needs of the dosimetry commumity.

The second meeting, at the Electric Power Research Institute (EPRI), Palo Alto (October 3-7,
1977), emphasized the data, methods, and techmiques used to characterize the neutron environ-

ment and the use of well-characterized neutron fields for irradiation programs on fuels, cladding,
and structural matenals.

The third meeting, at JRC, lspra (October 1-5. 1979), focused on the interface between
matenial experts and dosimetry metrologists.

The theme of the present symposium was radiation metrology techmques, data bases, and stan-
dardization. Application and requirements for radiation metrology of irradiated fuels and materi-
als i fission and fusion technology were emphasized. The following topics involving light water
reactors, fast breeder reactors, and fusion reactors were covered:

Characterization of Environments

Irradiation Monitoring of Experiments

Adjustment Codes and Uncertainties

Benchmark Fields and Calibration Procedures

Nuclear Data Needs and Problems

Metrology Techniques (nev developments and improvements)

Radiation Damage Correlations and Damage Analysis Techniques

Nuclear Heating and Gamma Ray Dosimetry

Neutron and Gamma Ray Transport Caleulations

LWR Survellance Dosimetry.

The Symposium was attended by 119 participants from 15 countries. The Proceedings contain
the full texts of approximately 100 papers plus highlights by the chairmen of the 11 sessions

and 4 workshops. The following papers were presented at the Symposium but were not submit-
ted for these proceedings:

® E. Opperman (HEDL), Experimentation in the EMIT.
® A Lowe (B&W), B&W Integrated Surveillance Program

X!
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WELCOMING REMARKS

1. D. Hoffman
Director of the National Measurement Laboratory
National Bureau ol Standards
Washington, DC

Welcome to the Symposium on Reactor Dosimetry and to the National Bureau of Standards.
This International Symposium, the fourth in a bienniel series, is sponsored jomtly by EURA-
TOM and the American Society for Testing and Materials and, more specifically, by the US.
Nuclear Regulatory Commussion, the Electric Power Research Institute, the U S, Department of
Energy, and the US. Natonal Bureau of Standards.

You have come from more than 12 countries in Europe, Asia, and the Far East to share your
knowledge on radiation metrology of irradi~ted fuels and materials in fission and fusion technol-
ogy.

The first meeting in this series was held in Petten, The Netherlands. The emphasis there was on
defining the state of the art of neutron metrology and damage analysis and identifying the
requirements of the dosumetry commumity. The second meeting, held at Palo Alto, California in
1977, emphasized the data methods and techniques used to characterize the neutron environ-
ment and the utihzation of well-characterized neutron fields for irradiation of nuclear fuels, clad-
ding and “tructural materials. The third conference, in Ispra, Italy in 1979, was designed as an
mterface between materials experts and dosimetry metrologists. Benchmark fields and calibration
procedures, nuclear data requirements, radiation damage analysis, neutron and gamma ray
transport problems, and adjustment codes and uncertaintes are topics that will be discussed dur-
ing this meeting.

Of the many people who had contributed to the success of these meetings over the past seven
years, there are two who can genuinely be said to be the founders of the entire serics. We are
greatly indebted 1o Ugo Farinelli, of the National Center for Nuclear Energy in Casaccia, Italy,
and to his counterpart in the United States, Charles Serpan of the U.S. . Nuclear Regulatory
Commussion. Additional thanks go to Jean-Pierre Genthon, who has so capably chaired the
Furopean committee for this symposium. Also appreciated are the efforts of William McElroy,
Chairman of the ASTM Symposium Committee, and Frank Kam, who is Vice-Chairman of the
commttee and Chairman of the Program Commuttee.

In addition to the programs that pertain directly to reactor dosumetry, the National Bureau of
Standards s engaged n numerous projects in related fields. Our radiographic capability ranges
from examining nuclear fuel and waste products to the study of rare pamntings and artifacts
from antiquity. Recently, a major new facility was developed for small-angle neutron scattering
that can be used for nondestructive studies of microstructure in steel and other alloys, including
those used for reactor pressure vessels, Because the primary responsibility of the National
Bureau of Standards s measurement methods and standards and data, we are particularly
pleased to be hosting this meeting on reactor dosimetry. On behalf of the National Bureau of
Sandards and, w particular, the National Measurement Laboratory, | wish you a productive
conference,

X















SURVEILLANCE DOSIMETRY OF OPERATING POWER PLANTS*

W. N. McElroy, A. 1. Davis, R. Gold, G. L, Guthrie, L. S. Kellogg,
A. C. Leaf, E. P. Lippincott, D. L. Oberqg, F. A. Schmittroth,
and R, L. Simons (HEDL); F. B. K. Kam, R. E. Maerker and
F. W. Stallmann (ORNL); . A, Grundl and E, D. McGarry (NBS);
A. Fabry and H. Tourwe (CEN/SCK); H. Farrar IV and B. M., Oliver (RI).

SUMMARY OVERVIEW

General Design Criterion 31 of Appendix A, “"General Design Criteria for
Nuclear Power Plants,” to 10 CFR Part 50,1) "Domestic Licensing of Pro-
duction and Utilization Facilities," requires, in part, that the reactor
coolant pressure boundary be designed with sufficient margin to ensure
that, when stressed under operating, maintenance, testing, and postulated
accident conditions, 1) the boundary behaves in a nonbrittle manner and
2) the probability of rapidly propagating fracture is minimized. Appen-
dix G, "Fracture Toughness Requirements," and Appendix H, "Reactor Vessel
Material Surveillance Program Requirements," necessitate the prediction
of the amount of radiation damage to the reactor vessel of water-cooled
power reactors throughout their service life.

With reference to the United State? Nuclear Regulatory Commission (NRC)
Regulatory Guide 1.99, Revision 1, 2)* the two main measures of radia-

tion damage are the adjusted reference nil-ductility temperature RTynpT
(RTypt initial + aRTypT) and the decrease in upper-shelf energy level deter-
mined from Charpy V notch impact tests. The current measures of neutron
exposure most commonly used are fluence > 1 MeV and displaced atoms (dpa).

One category of postulated accidents, thermal shock, is the result of loss
of pressure vessel (PV) coolant with the subsequent introduction of colder
emergency cooling water, which comis in contact with the inner surface of
the initially hot (~550°F) vessel.(3) The resulting decrease in tempera-
ture and the development of high thermal stresses at the inner surface
introduces the possibility of propagation of pre-existing inner-surface
flaws. Fiqure 1 is a block diaaram for a computer code, OCA-I, which was
recently developed for calculating the behavior of flaws on the inner
surface of ? gressure vessel subjected to temperature and pressure
transients, (4

*This paper serves also as the 1981 annual report for the LWR pressure
Vessel Surveillance Dosimetry Improvement Program.

"This is identified as Regulatory Guide 1.99.1 throughout the text.



0f immediate interest for this paper are the surveillance program require-
ments and what is beina done to obtain and document needed information
related to: 1) the inner surface neutron fluence (Fy), 2) the 1/4 T neu-
tron fluence, 3) flux levels and fluence and dpa gradients in the PV, 4)
the PV steel initial reference nil-ductility temperature, RTypTo, 27d 5)
the steel property trend curves of sRTypy and the upper shelf energy
decrease versus the fluence (and dpa) derived from test reactor and power
reactor surveillance programs.

The NRC established the Light Water Reactor Pressure Vessel (LWR-PV) Sur-
veillance Dosimetry Improvement Program in 1977 to improve, standardize and
maintain dosimetry, damage correlation and the associated reactor analysis
procedures used for predicting the integrated effects of neutron exposure to
LWR-PVs. About the same time, the Electric Power Research Insti},ge (EPRI)
established its own experimental and analytic Dosimetry Program. The
objective of the program has been to carry out measurements in operating
power reactors for use in benchmarking new and improved methods of physics-
dosimetry analysis. Of particular interest for both the EPRI and NRC
programs has been the development of advanced physzgs-?osimetry methodolo-
gies based on least-squares adjustment procedures. +8) A brief overview
of these and related programs and an overall program status report are
provided in References 5 and 6, respectively. More complete information dn
the EPRI program work is provided in References 7 and 8, Major benchmark
test facilities used or being established for this interlaboratory program
work are discussed in References 5 through 8, In Table 1, these as well as
other key benchmarks are identified along with the development time frame,
participants, and :heir intended purpose and use. In addition to those in
other countries, there are three main US programs to measure the fracture
toughness and Charpy properties of irradiated materials, principally high-
copper, submerged-arc weldments: 1) the NRC-funded Heavy-Section Steel
Technology (HSST) Program, 2) the program fun?s? by the Babcock & Wilcox
(B&W) Owners' Group, and 3) the EPRI program.

The main focus of the research efforts presently underway is the LWR power
reactor surveillance program in which metallurgical test specimens of the
reactor PV and dosimetry sensors are placed in three or more surveillance
capsules at or near the reactor PV inner wall. They are then jrradiated in
a temperature and neutron flux-spectrum environment as similar as possible
to the PV itself for periods of about 1.5 to 15 effective full-power years
(EFPY)*, with removal of the last capsule at a fluence corresponding to the
30- to 40-year plant end-of-life (EOL) fluence. Because the neutron flux
level at the surveillance position is greater than at the vessel, the test
is accelerated with respect to the vessel exposure, allowing early assess-
ment of EOL conditions.

*For a surveillance capsule location with a lead factor of ~3, where the
lead factor is the ratio of fluence (E > 1 MeV) at the surveillance
location to that at the PV wall, see Table 5.



The surveillance capsule metallurgical and dosimetry results are used to
verify and/or adjust the final safety analysis report's (FSAR) current and
EOL projections of changes in the fracture toughness and embrittiement con-
dition of the PV steel. As discussed in Regulatory Guide 1.99.1 and Refer-
ence 9, the derived plant-specific PV steel wall condition is used together
with other information to determine the allowable pressure-temperature oper-
ating curve to be used for continued operation of the power plant. If how-
ever, the RTypt of the PV steel shifts from an initial beginning-of-1ife
(BOL) value (usually in the range of -50° to 50°F) to a much highe’ value
(in the range above 200°F) as a result of neutron radiation damage, it may
be necessary to take rorrective action; such as annealing the reactor PV,
to obtain a lower operating RTypr value (i.e., to regain fracture tough-
ness and ductility).* Consideration of other options, such as those
involved in changes in the core power distribution to reduce the PV wall
neutron exposure rate may also be necessary.

It is currently accepted that uncertainties in the reported values of the
neutron exposure parameters of fluenif > g 1 and > 1.0 MeV and dpa should
be in the range of £10% to 30% (ls).(10-15) To achieve such accuracy on a
routine basis, however, it has now been well demonstrated that the reactor
rhysics calculational and dosimetry measurement tech?gqgss must be bench-
marked [i.e.,verified at the 5% to 15% (l¢) level.](®s This is shown
graphically in Figure 2 where the estimated exposure parameter uncertainty
range for FSAR and surveillance capsule reports is plotted versus time in
years. The dramatic effect (in 1980 to 1981) of proper standardization and
benchmarking is apparent, and it is expected that goal accuracies (:10% to
30%) will be routinely achievable after 1985, Thereafter, and depending
on the need, some improvement in accuracy may be achieved; but no better
than a £10% to 20% (lo) level of uncertainty is anticipated.

PROGRAM RESUL 5

Figures 2 through 10 and Tables 1 through 14 provide summary highlight
information related to surveillance dosimetry for operating power plants,
most of which was developed as a result of multilaboratory work during
1981. As appropriate, comments are provided on individual Figures and
Tables. In Table 15, an effort has been made to provide a summary of the
procedures and requirements for LWR-PV embrittlement surveillance analysis.
More detailed comments, information and justification for the present
interlaboratory work will be found in two added reference sections on
"Surveillance Dosimetry Accuracy Requirements" and “Program Direction and
Status."

*Here and in Regulatory Guide 1.99.1, RTypt is used as a measure of PV
steel ductility while upper shelf energy is used as a measure of tough-
ness; clearly, it is the steel ductility and toughness that is of concern,
not the actual values of RTypT and upper shelf energy. More information
will be found on this subject in Reference 9, where it is concluded that
embrittiement 1imits should be expressed in terms of fracture toughness,
not in terms of Charpy impaci energy.



SURVEILLANCE DOSIMETRY ACCURACY REQUIREMCNTS

The use of RTypr data for base, heat-affected zone, and weld metal provides
overall guidelines for the levei of accuracy required of both metallurgy and
physics~dosimetry. The uncer%ginxiig associated with the determination of
RTypT continue to be studied. ,14-16) Included in the physics-dosimetry
work is not only surveillance capsule but ex-vessel dosimetry for derived
values of exposure parameters. Two distinct uses or applications (cases)

of RTypT data can be considered, namely:

1) Plant Safety -- What are the implications of current regulations for
accuracy on RTypT and exposure parameter (fluence > 0.1 and > 1.0 MeV,
and dpa) determinations?

2) Standards Development -- What current accuracy is required for the
development of standards, procedures, and data needed to define spatial
(lead factor) and exposure time (trend curve) extrapolations? These
procedures and data are or wil} BS iven in Regqulatory Guide 1.99.]
and a number of ASTM Standards ! ?Figures 3 and 4); particularly
[-C through I-H, II-A through II-F, and I11-A through III-E, which are
under development.

For Case One, Figure 5, Plant Safety demands a high level of accuracy [gen-
erally at a 95% (20) or better confidence level] for the exposure parameter
variables to avoid premature judgment that controlling property change
limits have been reached or surpassed.* Improvement in the accuracy of
reported values of the fluence (E > 0.1 and > 1.0 MeV) and dpa variables
offer the principal opportunity for avoidance of premature action, since it
is currently not possible to reduce the uncertainty on the RTypT variable
(at a fixed position in t?? PV wall, such as at the surface or 1/4 T loca-
tions) below ~+30°F (2).(14-16) This latter value is typical for a power
plant weld metal with a RTypr value of 100°F after 5 EFPY of plant o:sra-
tion with a PV inner surface fluence (E > 1.0 MeV) of ~6.0 x 1018 n/cmé,
This example is based on a weld material with a high nickel and a 0.15% Cu
and 0.012% P content and an initial RTypTo of 0°F. Based on Pool Critical
Assembly/Pool Side Facility (PCA/PSF) and recent surveillance capsule stud-
jes, Table 5, the best upper and lower limits on measured-calculated values
for the exposure variables (fluence > 0.1 and > 1.0 MeV, and dpa) at t?g
surveillance position are $20% (2¢), and only for benchmarked results. ,6)

Considering these as best lower- and upper-bound limits, and for this exam-
ple, a plant-specific controlling trend curve (at the 95% confidence level)
can be defined and is shown as the dot-dashed curve in Figure 5.** The

*In Reference 9 it is stated: "The economic conseyuences of complying with
federal regulations are demonstrably severe. Therefore, it is necessary
te have the most accurate embrittlement predictive methodology possible."

**This is a simplified example that assumes a 95% confidence limit for both
the fluence and temperature shift., The actual limits must be set using a
statistical combination of these according to the confidence level that
is deemed satisfactory.



determination of the intersection of this curve with an acceptable plant-
specific upper-bound 1ine that falls in a band of allowable EOL values of
RTypr (for a nominal operating temperature of 550°F for LWR power plants) is
required for plant safety. For the present example, a very conservative upper-
bound Tine at RTypr equals 200°F will be used.* this basis, the inter-
section point is at a fluence of ~1.1 x 107 n/em¢ (+9.2 EFPY, or 1/4 of the
plant life) at the PV inner surface. If instead of a +20% (20) [£10% (10)]
uncertainty, a £60% (20) [£30% (1o)] fluence uncertainty had been used

(which is more representative of current state-of-the-art values for reported
surveillance capsule dosimetry, Table 5), the plant-specific controlling
trend curve would shift to the left even further. The result would be th;E
the intersection point would now be at a fluence value of ~5.6 x 1018 n/c
(~4.7 EFPY). Consequently, if the reported fluence value uncertainty had
been #30% (lo) and an RTypr value of 200°F were limiting, corrective action,
such as annealing the reactor PV, changes in core power distribution to lower
the PV neutron exposure rate, etc. would have to be considered immediately.
[f the reported uncertainty had been closer to £10% (l¢), however, correc-
tive action could te safely delayed until after another ~4 EFPY of opera-
tion. ODuring this period, additional in- and ex-vessel physics-dosimetry
measurements and calculations could be performed to verify, certify, and
improve the accuracy of the criginal FSAR and second (and subsequent) sur-
veillance capsule reported values of exposure parameters (fluence > 0.1 and

> 1.0 MeV, and dpa). The use of dpa, to better account for spatial effects,
might further increase or decrease the allowed -urrent and EOL fluence
values, see Figure 10.

The shape of the Charpy shift curve used in current requlations is based on
trend curves with a power law dependence of N = 1/2 for the fluence variable.(2)
Hence, for Case 2, Standards Development efforts will produce improved and
more reliable trend curves, such as those now being established for the ASTM
Standard Guide E706(I1-F), Figures 3 and 4. The importance of the trend
curve in time exposure extrapolations can be seen in Figure 5. Extrapolation
uncertainty, whether spatial (lead factor) or temporal (trend curve) depends
upon how accurately the curve has been defined as well as how far the extra-
polation extends. For example, using MPC, EPRI and NRC data bases, it now
appears that the power law approximation of the tr?ni curve possesses an
exponent N v 1/3 for most PV steels; see Figure 6.(14) This would represent
a 33% change in the exponent relative to that used in Reg Guide 1.99.1.
Clearly the error introduced through ill-definition of the trend curve can-
not be neglected given representative +10% to 30% (lo) uncertainties for

both dosimetry and Charpy data in power plant surveillance capsule work.
Consequently, through proper Standards Development efforts, one can fully

*For new plants, Regulatory Guide 1.99.1 states that the PV steel beltline
materials should have the content of residual elements such as Cu, P, S
and V controlled to low levels such that the EOL, 1/4 T position, RTypT
is less than 200°F. In Reference 9, it is indicated that a aRTypr shift
of, say, 252°F may cause real operational difficulty late in life (in
startup and shutdown) for some PWR power plants. This, however, would be
dependent on a number of factors, including the initial BOL RTypr value.



expect the generation of more accurate extrapolation procedures. For the
more accurate definition of exposure time trend curves, well-controlled
special researgh a?ﬂ nger reactor metallurgical tosts must generate higher
quality data.(0,9,14- Here it is essential that aRTypt be determined at
the £10% (lo) uncertainty level or better and that state~of-the-art reactor
phvsics dosimetry be carried out to a comparahle accuracy.

For plant safety, then, a knowledge of the uncertainty in the shape of the
trend curve (N = 1/2, 1/3, or less) is essential for defining the point of
intersection of a 20 (plant-specific) trend curve with a plant-specific
upper-bound line in the band of allowable EOL values of the adjusted RTNpT
(Figure 5). it is well to also note here that whether 10% (o), 30% (lo?
or higher values of uncertainty are accepted for derived values of exposure
parameters, the routine acceptance of the validity of any exposure parameter
value and its quoted uncertainty will be dependent on the periodic “ench-
marking of the applied experimental physics and dosimetry methodoi. ,. As
discussed later in this paper, under Program Direction and Status, special
benchmark facilities (Table 1) are being or have been established to provide
the necessary validation and certification of both the accuracy and precision
of the applied physics and dosimetry technigues. Proven and accepted tech-
niques are and will be needed for the definition of values and uncertainties
for spatial (lead factor) and exposure time (trend curve) extrapolations.

Although our presentation has focussed on trend curves, similar considera-
tions obviously must arise for extrapolations based on spatial and metal-
lurgical lead factors. Indeed the accuracy and limitations of these
different extrapolation procedures have yet to be rigorously defined, let
alone compared.

Consequently, comparable Standards Development efforts must go forward to
accurately define spatial and metallurgical lead factors. With reference to
Table 2, the present discussion has considered effects arising solely from
reactor physics-dosimetry (Variables 3 - 10). Analogous considerations must
be applied for Variable 1 (steel chemical composition and microstructure)
and Variable 2 (steel irradiation temperature) for metallurgical lead factor
extrapolations. Even though it is not the purpose of this paper to address
metallurgical lead factor extrapolation methodology and uncertainties, some
of the main elements involved in this methodology are summarized in Table 3.

In summary, the need for extrapolation in PV and support structure surveil-
Tance is an overriding concern. Within this framework, the selection of a
“controlling variable", be it metallurgical or reactor physics-dosimetry
related, is irrelevant. For example, in Figure 5 a horizontal extrapolation
of the £30°F error bars (to the left for the -30°F bag and to the ri? t for
the +30°F bar) results in a fluence band of ~3.0 x 10 8 to ~1.0 x 1019 n/em?,
Consequently, if the RTypr property change uncertainty of $30°F were con-
sidered limiting (e.g., material variability in chemistry and microstructure)
for a specific PV steel, then knowing the fluence value within a factor of
~3 might be considered adequate. This argument, however, has little rele-
vance to setting safe (95% confidence level or better) current and EOL flu-
ence operating limits for individual pressurized water reactor (PWR) power



plants. It is also clear that high accuracy exposure values are needed for
establishing the value of "N" and its uncertainty for the slope (exposure
time extrapolation variable) of a trend curve for a specific plant and PV
steel. The "exposure time extrapolation® variable plays an extremely
important part in extrapolating, in time, plant-specific surveillance
capsule derived exposure and metallurgical resylts. In this context, the
reason fluence (or dpa) is used as the extrapolating (independent) vari-
able is that it obviously can be determined as or more accurately than the
associated metallurgical (dependent) variable.

PROGRAM DIRECTION AND STATUS

The ASTM Standard E706-81,(‘°) "Master Matrix for LWR-PV Surveillance Stan-
dards," describes a series of 17 standard practices, guides and methods for
the prediction of neutron-induced changes in LWR-PV and support structure
steels throughout a PV's service life. Figures 3 and 4 provide updated
information on the interrelationship of 19 standards (20 including the Master
Matrix) and the schedule for their preparation, balloting, acceptance, vali-
dation and revision. Some of these are existing ASTM standaras, some are
ASTM standards that have been modified, and some are newly proposed ASTM
standards. The scope of each standard and the general requirements for con-
tent and consistency are discussed in the Master -atrix as well as writers'
and users' information, justification, and specific requirements for the
practices, guides and methods. Information is also provided on applicable
documents and references.

Reactor physics and dosimetry analysis and interpretation are discussed in
Section 4 of £706-81. Specific subsections deal with:

a) Required Accuracies and Benchmark Field Referencing

b) Power Plant Reactor Physics Analysis and Interpretation

c) PCA Blind Test

d) PWR and Boiling Water Reactor (BWR) Generic Power Reactor Tests
e) Operating Power Reactor Tests

Currently, the NRC is supporting a significant amount of muitilaboratory
work associated with all five items at HEDL, ORNL, BNL and NBS. Additional
work is being supported at a number of laboratories in Europe and elsewhere,
the most significant effort being at CEN/SCK, Mol, Belgium. EPRI and reac-
tor vendors are also supporting significant multilaboratory work related to
Items a), b), d) and e). Three of the U.S. vendors (Westinghouse, B&W and
CE), two U.S. service laboratories (SWRI and BMI), as well as six other U.S.
and foreign laboratories participated in the "PCA Experiments and Blind
Test." This test was intended to provide a "necessary" but not "sufficient"
test of the adequacy of reactor physics tools, procedures and data used for
predicting FSAR flux-spectral values. These data are used, in turn, in the
analysis of surveillance capsule dosimetry sensor reaction rates and in the
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subsequent determination of values of neutron exposure parameters 1) in sur-
veillance capsules, 2) at the inner surface and through vessel walls, and 3)
in ex-vessel cavity locations. The initial results f the "PCA Experiments
and Blind Test" are now available in a NUREG Report. 5) This PCA benchmark
test established that the limiting accuracy of reactor-physics, dosimetry-
derived values of group fluxes and exposure parameters are in the range of
+5% to 30% (o) and 5% to 15% (le), respectively, 1f properly benchmarked;
otherwise, errors can be a factor of two or more, see €igure 2.

Relative to Item (c) and by the end of 1982, HEDL, ORNL, NBS and CEN/SCK will
complete the final work and documentation for the PCA for the 8/7, 12/13,
4/12 and 4/12 (SSC) configurations for this mockup physics-dosimetry test of
a PWR power plant.* The 4/12 and 4/12 (SSC) results will be used primarily
in support of zhe ?nalysis of the physics and dosimetry for the PSF metal-
lurgical test. 5,6) One important aspect of this combined metallurgical/
physics/dosimetry test will be to provide benchmarked data to establish the
uncertainties associated with the calculation and use of fluence (E > 1.0 MeV)
and dpa to account for flux-spectral (spatial lead factor) effects, see Fig-
ures 9 and 10. Another important aspect of this effort will be the general
use and application of the PCA experimental and analytical results to test
and develop advanced physics-dosimetry methodologies based on least-squares
adjustment procedures. Least-squares analyses of reactor dosimetry have
been in vogY? qu some time now, and this approach has general wor ld-wide
acceptance. 1-13)" Indeed least-squares analyses of PCA experiments and
blind test results for NRC have already been conducted by HEDL and ORNL. (5)
Initial results of the application of HEDL- PCA tested methodology to the
analysis of surveillance capsule-derived exposure-parameter values and
uncertainties are discussed herein. Work being supported at ORNL by EPRI

is also discusscd in this paper and in Reference 8.

Still required for this interlaboratory program effort is to complete the
development and establishment of a set of ASTM-accepted generic BWR and PWR
physics-dosimetry benchmarks, with rgqgirsd 33- and ex-vessel dosimetry
measurem?ns verification (Table 4),(3-8,10-1 With Reference to ASTM
£E706-81, 10) these benchmarks are intended to provide a "necessary" and
“partly sufficient" test of the adequacy of a vendor/utility group's power
reactor physics computational tools.** The standards recommendation should
be that the vendor/utility group's observed differences between their own
calculated and the selected PWR or BWR measured integral and differential
exposure and reaction rate parameters be used to validate and improve their
computational tools and measurement resources (if differences fall outside
the selected PWR or BWR experimental accuracy limits). (These C/E accuracy

*8/7, 12/13, etc. are the dimensions of the water gaps in cm between the
reactor core edge and thermal shield/the thermal shield and pressure
vessel inner wall for the PCA PV mockup facility.

**The successful analysis and interpretation of a number of surveillance
capsule results for a specific PWR or BWR power plant, together with an
appropriate generic plant, provides a "necessary" and "sufficient"” test
(see Section 4.4.5 of ASTM E706-81, Reference 10).
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Timits are identified and discussed in the ASTM E706(I1-D) Transport
Standard, Figure 3).*

As previously stated, the objective of the EPRI experimental program has
been to carry out measurements in operating power reactqrs for use in bench-
marking improved physics-dosimetry methods of analysis; 5,8) see Table 4.
The reactors where measurements have been carried out included one BWP:
TVA's Browns Ferry Unit 3 wher? g}-vessel measurements carried out by GE
have recently been documented.'? These messurements complement the
in-vessel measurements funded by TVA and documented in Reference 26. Sup-
vorting transport calculations are being done by Science Applications Inc.
The PWR measurements have been carried out at Arkansas Power and ngh&'s
Nuclear One-1 (ANO-1) by the University of Arkansas, NBS and HEDL.(0,27,28)
Supporting transport calculations are being done at the University of
Missouri, Rolla and at ORNL. The ANO-1 measurements have been carried out
ex-vessel only. A set of in-vessel as well as ex-vessel! measurements at
Crystal River 3 and ANO-Z is presently under consideration, Table 4, An
equivalent set of measurements on Duke Power Company's McGuire Unit 1 plant
is awaiting startup of the reactor.

The objective of the EPRI analytic program has been the development of an
advanigd ggsimetry methodology based on a least-squares adjustment proce-
dure, (8,2 The methodology being developed by ORNL for EPRI utilizes
direct neutron transport calculations together with dosimetry measurements
and their uncertainties (or covariances) to determine the best (in a least-
squares sense) estimates of the neutron fluxes and their reduced covari-
ances. One of the most important features of the methodology is its ability
tn estimate the uncertainties in the adjusted flux spectrum. Other features
include the capahility of obtaining the fluxes at surveillance points as
well as at any de:ired point within the pressure vessel, and the capability
of simultaneous least-squares adjustment of fluxes in multiple fields. By
simultaneously analyzing benchmark fields (prototypic fields as well as a
particular LWR field of interest), it is possible to improve the accuracy

of the prediction for the LwR field since the information "learned" from

the former fields is used in the determination of the latter.

To date the EPRI-ORNL methodology has been applied to the ‘"3%{515 of a ser-
ies of progressively more complex fields, including the NBS Cf fission
field, the Intermediggs-Energy Standard Neutron Field (ISNF), the Federal
German RepubléS-PTB Cf fission field, and the PCA pressure vesse! proto-
typic field. (The method is presently being applied to the PCA/PSF.
Future plans include the application of the methodology to the ANO-1 and,
perhaps, ANO-2 measurements.) Results of both the ORNL and HEDL(5) stud-
ies have shown that uncertainties in the PCA flux determination can be con-
siderably reduced by using simultaneous adjusting of all available data.
Since the predictions have been found to be rather sensitive to the uncer-
tainty estimates, a considerable amount of effort has been invested by

*A similar statement regarding differences applies to the "PCA Experiments
and Blind Test" benchmark (see Section 4.4.3 of ASTM E706-81).
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both ORNL and HEDL in the preparation of covariance information for meacure-
ments in the benchmark and prototypic fields as well as gmgrovements to ihe
ENDF/B-V covariance files for dosimetry cross sections.(5:8) These covar-
jances together with the ENDF/B-V cross-section files constitute a general
data base for any least-squares fitting program. As a matter of interest,
peference 30 describes the status of work related to the preparation of the
ASTM E706 (I11-B) Standard Guide for “Application of ENDF/A Cross Section and
Uncertainty Files"; see also Reference 10.

For Item (e) and by the end of 1982, initial studies will have been com-
pleted for the NRC program; and more quantitative results will be avail-
able to certify the accuracy of surveillance dosimetry for operating LWR
power plants. For individual and selected sets of surveillance capsules,
‘ results will be available from FERRET-SAND code-derived values of exposure
parameters (see Table 5 and Sectiuns 4.2 and 7.3 of Reference 5) for four
vendors, two service laboratories, and EPRI surveillance capsule reports
submitted for or by utilities to NRC. These results, together with those
from physics computations, will be used to 1) define inner PV surface and
wall gradient flux level and exposure parameter values, Figures 9 and 10,
2) verify the accuracy of FSAR predictions of current and EOL exposure
parameter values (fluence > 0.1 and > 1.0 MeV, and dpa) for individual BWR
and PWR power plants (see Table 5), and 3) provide higher accuracy [£10%
to 30% (lo)] values of exposure parameters for establishing improved trend
curve shapes for MPC, EPRI, NRC and other metallurgical data hases. Least-
squar2s adjustment procedures, as discussed in ASTM Standards E706(1-C),
(I-E), and (11-A) (Figure 3) and developed for ghg Qﬁc gnq SPRI programs,
will be used to accomplish the above analysis.( »8,14-16,17

More specifically, the MPC, EPRI, and NRC data bases are being used together
with test reactor data to develop trend curves to account for neutron radia-
tion damage when plant-specific information is not available or is not com-
pletely adequate. That is, updated and new physics-dosimetry data are being
used together with available metallurgical data to develop new ASTM aRTypT
and upper shelf energy shift versus fluence (E > 0.1 MeV and > 1.0 MeV) and
dpa curves to replace those in Regulatory Guide 1.99.1 (see Figure 3, ASTM
Standard 11-F, and Figure 6). In addition to a ser es of Westinchouse PWR
plants (Table 5), the current emphasis and approximate order of priority of
studying existing U.S. power plants under this effort is provided in Table .
This priority listing is currently based on a need to have plant-specific
input data to perform fracture analysis studies, including those using OCA-I,
for those power plants with PV steels that are suspected of having high

RTypr values (Table 6). As discussed in the section on Surveillance Dosim-
etry Accuracy Requirements, the correctness of these estimated RTypt values
is critically dependent on the accurate definition and verification of sur-
veillance capsule exposure parameter values, and capsule-to-PV-~all inner
surface spatial (lead factor, see Table 5) and exposure time (trend curve,
see Table 6) extrapolations. The determination of these spatial and time
lead factors also depends on the proper definition and understanding of
surveillance capsule perturbation and long-term core fuel subassembly
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loading pattern effects. Figures 7, 9 and 10 and Tables 7 and 8 provide
information and preliminary results of studies related to this aspect of
surveillance capsule data analysis.

HEDL, ORNL, NBS, CEN/SCK, EPRI contractors, vendors and others are doing
and will continue to do dosimetry measurement certification work in support
of surveillance programs for operating power plants, Items (d) and (e) (see
Figures 6 through 8 end Tables 4 through 14), Further, effort will be put
forth in the area of validation/calibration of the Figure 3 ASTM Standard
Methods:

IT1I-A Application and Analysis of Radiometric Monitors (RM) for
Reactor Vessel Surveillance

[11-B Application and Analysis of Solid State Track Recorder (SSTR)
Monitors for Reactor Vessel Surveillance

[i11-C Application and Analysis of Helium Accumulation Fluence Monitors
(HAFM) for Leactor Vessel Surveillance

[I1-D Application and Analysis of Damage Monitors (DM) for Reactor
Vessel Surveillance

[1I-E Application and Analysis of Temperature Monitors (TM) for
Reactor Vessel Surveillance

Related to Items (a), (b), (d) and (e), therefore, the participants of the
LWR-PV Surveillance Dosimetry Improvement Program will jointly seek 1) to
develop and establish a set of PWR and BWR Generic Power Reactor Benchmarks
based upon conventional, benchmarked, neutron dosimetry, 2) to obtain ASTM
acceptance of these and 3) to complete the necessary validation/calibration
(round robin testing) of this set of five ASTM Standard Methods (III-A
through [II-E), consistent with the procedures given or to be given in I-A,
Analysis and Interpretation of Nuclear Reactor Surveillance Results, and
[1-E, Benchmark Testing of Reactor Vessel Dosimetry.

In summary and with reference to Figure 2, the five measurement stardard
methods are essential to provide in and ex-vessel dosimetry and temperature
measurement capabilities that vendors, service laboratories and utilities
will need to certify to themselves and licensing and regulatory bodies the
adequacy of their calculational and measurement tools. Of particular impor-
tance is the adequacy of individual power plant FSAR/surveillance-capsule-
derived, BOL and EOL predictions of flux-spectra and exposure parameter
values (fluence > 0.1 and > 1.0 MeV, and dpa for steel) needed for fracture
analysis studies of PV and support structure steels. It is essential for
the nuclear industry that errors be assigned to all values of calculated and
measured flux-spectra, derived exposure-parameters, lead factors (radial,
azimuthal, and axial), and trend curve slopes given in surveillance capsule
reports; further, it is important that these values are based on a proper
weighting of the results of individual dosimetry sensors, which includes
uncertainties and neutron energy response weighting. One needs only to look
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at recent as well as old surveillance program reports to determine the
inadequacy of the present practice of stating that FSAR predictions and
surveillance caosule measurements agreed or disagreed, but without stating
the uncertainties associated with individual predictions and measurements.
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FIGURE 1. Block-Diagram Description of OCA-I, Indicating Basic Input, Calculations and Output.
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300 LIMITING ACCURACY (10) BASED ON 1975 ESTIMATES —
AND SUBSEQUENT PCA/PSF EXPERIMENTS AND BLINDTEST
BENCHMARKING (REFERENCES 5.6,10,11)

T ROUTINE ACCURACY (10 ) BASED ON PCA/PSF TESTS.
PSF-SURVEILLANCE DOSIMETRY MEASUREMENT FACILITY 3

(SDMF) PERTURBATION-CALIEIATION TESTS, BWR AND
PWR GENERIC AND PLANT-SPECIFIC PHYSICS DOSIMETRY

S S
/ WITHOUT ROUTINE BENCHMARKING, AND =i
"/ { INCLUDING INDIVIDUAL SENSOR (Fe.Ni, 238
/ / 237Np, etc.) REPORTED VALUES-(ESTIMATED

BENCHMARKING AND ADJUSTMENT CODE ANALYSIS
LIMITING BOUNDS)
Z,

ESTIMATED EXPOSURE PARAMETER
UNCERTAINTY RANGE (%)

4 1 5% 5%
F '0{ 20%
.’&‘0“ /14 '7'-"%.*-:'3.?“'.:»’:éii.fn-. — \
u)%l D i T GBS WM T\ PO T - E TP A0 SR |
1960 1965 1970 1975 1980 1985 1990 1995 2000
CALENDAR YEAR HEDL 8709 263 &

FIGURE 2. Estimated Exposure Parameter Uncertainties Obtained from FSAR and Surveillance Capsule
Reports.
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FIGURE 6. ARTynt Trend Curve Results for Correlation Monitor Material with New Exposure Values
and Uncertainties.
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FIGURE 7. PSF-SDMF Perturbation Test Experimental Configuration.
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ADJUSTMENT OF
REFERENCE TEMPERATURE (°F)

The vessel weldplate, not shown here, also shows apparent saturation.
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w FERRET-SAND Il RESULT
W FROM TABLE 5

REG. GUIDE 1.991

1

ét > 1 MeV (n/cm?)

POINT BEACH UNIT NO. 1,

VESSEL PLATE .

¥ 0.19% Cu/0.10% P/<0.2% Ni |

20 1 2 .20 04]) l 1 N .
10'8 10'9 1020

T 1T 17711

1 ) ITT] 1 T 17 111
3 FA{ FERRET-SAND 1i RESULT b
FROM TABLE § .
- REG. GUIDE 1.99.1 —_ R
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CONNECTICUT Y
YANKEE VESSEL PLATE-
0.10% Cu/0.10% P/<0.2% Ni

1
L1t el W T
1018 1019 1020
ot > 1 MeV (n/cm?)
HEDL 8109 263 2

These results fit the hypoth-

esis that materials containing significant amounts of nickel, i.e., greater than 0.5 wt%, do not
show saturation in the range of fluence of interest. It appears that materials containing reduced
amounts of nickel, i.e. i g 0.2 wt¥ g? reach a saturation em?s}stlement level.(9 ?tgg]es are
in progr5§§ by Guthrie.!‘ ’ Varsik.t‘ Williams and Squires, Yanichko et al.,(z ’

Pachur.( Mager et al.,(za) and others to verify such a hypothesis. It is conciuded that there
may be an effect of chemical composition on the shape of the rsnd curve, but data sets investigated
to date have not shown any strong evidence of its existence.( 4) Limited availability and the poor
quality of some of the existing power reactor data are major reasuns why this important question

has not been answered, see Table 5 and Figure 6.

FIGURE 8. Point Beach Unit No. 1 and Connecticut Yankee Plant Specific Trend Curve Results.
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1.0{CURVE 2

CURVE 1 —»

SURVEILLANCE
POSITION

TIF TSB  PVF l

RATIO: dpa/® E ~ 1 MeV (arbitrary units)

FIGURE 10.

10 20 30 40 50
DISTANCE FROM CORE (cm)
MEDL §109-263.1

The use of °E>|va results in a nonconservative estimate of the neutron-
produced embrittiement for deep tration in the PV wall, A better expo-
sure indicator is dpa for steel [using ASTM Standard E706 (I1-D) (ASTM £693-79)
of Figure 3]. The ratio of dpa tc eg>Mey is plotted in Curves 1 and 2.
Verification of the applicability of dpa versus fluence {E > l MeV) will be
accomplished via the PSF-PV Metallurgical Test, Table 1.(0,27

Curve 1 fs the result uf calculations done for a PWR power plant. Curve 2
is derived from the PCA data used for Figure 9. The calculated neutron
flux-spectra used to derive Curve 2 has been adjusted by passive dosimetry
integral measurements ind active spectrometry cifferential measurements as
described in Reference 5.

Due to the similarity of conditions (i.e., water next to similar amounts of
steel), the neutron spectral shapes are similar at higher energies for both
the surveillince pocition and the 1/4 T position. However, deeper penetra-
tion in the PV steel causes substantial spectral changes.

The damage produced, as indicated by dpa, is about SOX higher at the 3/5 T
position compared to what would be indicated by eg>imMey. Thus, the neutron
embrittiement beyoni one-fourth of the distance through the vessel may be
significantly underestimated if eog, mey 15 used as a damage parameter.

Comparison of Definition and Implications of Spatial Lead
Factors (®g,1Mey and dpa) at the Thermal Shield Front (TSF),
Thermal Sh?eld Back (TSB), Pressure Vessel Front (PVF), Pres-
sure Vessel (PV) 1/4 T, 1/2 T, 3/4 T (Thickness) Positions.



TABLE 1

BENCHMARK FACILITIESS TIME FRAME, PARTICIPANTS, PURPOSE AND USE

METALLURGICAL  CALCULATIONAL METALLI®RGICAL  SURVEILLANCE CORE SOURCE PWR GENERIC
CALCULATIONAL DOSIMETRY CALCULAT IONAL TESTING CAPSULE BOUNDARY CAVITY REACTOR
BENCHMARK CALIBRATION BENCHMARK BENCHMARK BENCHMARK BENCHMARK BENCHMARK BENCHMARKS
IRL-PV BENCHMARKS PCA-PV PSF-PY ! PSF - SOMF VENUS NESDIP BWR -PWR
Sm-w% TI9I2000 ‘§7ﬁ-1§&7 ‘W—Wh - 1&!‘! -1§&1 ‘532—15&1 ‘577-261%
NAT. LABS MULTILAB MULTILAB MULTILAB MULTILAB MULTILAB MULTILAB MULTILAB
VENDOR FOR FBR-LWR VENDORS, AE, VENDORS, AE, VENDORS, AE, VENDORS, AE, VENDORS, AE, VENDORS, Af,
PROGRAMS SERVICE LABS  SERVICE LABS SERVICE LABS SERVICE LABS SERVICE LABS SERVICE LABS
PHYSICS PHYSICS PHYSICS METALLURGY SURVE ILLANCE NEUTRON PHYSICS PHYSICS
DOSIMETRY DOSIMETRY DOSIMETRY DOSIMETRY CAPSULE SOURCE TO DOSIMETRY DOSIMETRY
METALLURGY SENSOR SENSOR SENSOR PHYSICS SURVE ILLANCE SENSOR SENSOR
SENSOR CALIBRATIONS TESTS & LEAD FACTOR DOSIMETRY t Py WALL LEAD FACTOR LEAD FACTOR
TESTS & QUALITY QUALITY TESTS & LEAD FACTOR rOSITIONS EX-VESSEL IN-VESSEL
ASSURANCE ASSURANCE QUALITY TESTS & LEAD FACTOR TESTS EX-VESSEL
ASSURANCE QUALITY IN-VESSEL TESTS
ASSURANCE TESTS
*Acronyms :
AE - Architect-Engineer
[RL-PY - Industrial Research Laboratory Pressure Vessel (PV) Mockup Test (Reference 20).
PCA-PV - Poo) Critical Assembly Physics-Dosimetry PV Mockup at ORNL (Reference 5).
PSF-PV

PSF-SDMF - PSF Simulated Dosimetry Measurement Facility (Reference 6).
VENUS - Critical Facility at Mol, Belgium.

NESDIP

BWR - Boiling Water Reactor.
PR - Pressurized Water Reactor.

- Dak Ridge Research Reactor Pool Side Facility Metallurgical-Dosimetry PV Mockup (Reference 6).

- NESTOR Reactor Surveillance Dosimetry Improvement Program Ex-Vessel Cavity Mockup at Winfrith, UK.
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TABLE 3
MAIN ELEMENTS OF METALLURGICAL LEAD FACTOR DEFINITION

“ gu Ch".! measurement |"!U " zr!r'
. Do resyits (both pre- and post-irradistion) fall on an S-shaped curve with *1S°F or less
uncertainty in both tests?

8, Were the samples transferred promptly from cold bath to test rig in pre-irradiation case!
C. Are the thermocouples calibrated in post-irradiated test?

D. Has the Charpy machine been calibrated? Was it tested at or near the time of measurement?
E. Are the pre-irradisted results believable for the particular chemistry and heat treatment?
F.  were sufficient points taxen?

G. Were points outside the transition region used in & computer code to bias the result?

“ was the ASTM procedure followed?

o
What are the densities of both pre- and post-irradiated specimens?
Do x-ray tests nf pre-irradiated specimens show 7laws?

Do the fracture surfaces of the specimens show pre-existing voids (regions of surface texture
different from surrounding areas on fracture surface)?

Does 4 post-irradiation chemistry check indicate misidentified sperimens?
£, Wers the specimens marked for identification?

l! the temperature correctly im?

E

oo -

(=]

A, Wers the specimens tightly packed?

8. what s the gamma heating rate?

C. wWhat was the heat transfer gas? Wes it actually there?

0. Were there thermal monitors? What did they show? 01d they transmute?

E. Could the capsule have been rumning cold due to reduced plant power level?

Can t Char hif concil t r tr 1

A, Can a formula De found to fit?
1. Use weld formulas for weid metal and plate formulas for plate metal, if possible.
2. If ex-vessel, take into account lower temperature (Odette formulas).

3. Check nonconforming formulas to see f the data base used to develop the formulas
exten ed to a composition range and heat trestment that includes that of the specimens.
watch Cu, N1, V, Mo, 5% and C concentrations.

4, Possidle formulas are:

. Varsik (Plate and weld separate). " Williams and Squires.
. Guthrie (Plate and weld separate). » Odette.
. Guionnet .

; ASTM recommended practice formulas involving copper, derived from MPC data base.
ASTM Practice [-E of ’rnmn vesse! Surveillance Nosimetry Program
(see E706-8) standard).
3. Is there prior test reactor data on the same or & similar specimen at a similar tesperature?

1.  Check data reported by Mawthorne, Williams and Squires, Metals Property Counci!, EPRI,
NRC, and others.

2. If test reactor data exists, remember rate effects should make surve!llance capsule
shifts smaller, {f there s any significant difference.

If formulas don't match data but data appear to be error free, develop plant specific curves for
reactor using data produced from surve!'lance capsules.

Extrapolate to the surface and '/4 T positions using fluence and dpa ratios developed by dosim-
etry and reactor calculations. Use ratio of survelllance capsule position to the surface and
1/4 T positions to determine lead factors. Use plant-specific curve of Charpy shift versus
fluence or dpa to get allowed EOL fluence.

A, va)idate reactor calculations using PCA data dase.
8. Validate reactor calculations using BWR or PWR generic-plant data dase.
€. Validete reactor calculations using plant-specific data.



TABLE 4
BWR AND PWR GENERIC BENCHMARK FACILITIES

Measurements
Primary Verification Calculations
Funding Funding Funding
Generic Reactor Organi- Organi- Organi-
Benchmark Field zation Laboratory zation Laboratory zation Laboratory
Browns Ferry 3 TVA Gelc)e NRC HEDL (RM - 1 capsule)* EPRI  Science
In-Vessel GE Applications
(General Electric) Inc.
Browns Ferry 3 EPRI Gelc)e CEN CEN(C) (RM - 1 capsule)*  EPRI  Science
Cavity NRC/EPRI(P) HEDL (RM - ) capsule)* Applications
(General Electric) NRC/EPRI(P) HEDL (SSTR - 1 capsule) Inc.
Arkansas 1** Cavity EPRI Univ of NRC HEDL (RM - 23 capsules)* EPRI Univ of
(Babcock & Wilcox) Arkansas (€)* NRC/EPRI(P) MEDL (SSTR) Missouri(c)
ORNL

Crystal River 3#* Bew(pP)  pawe epr1(p) 7 (RM)* 7 gaw(p)
In-Vessel and Cavity  EPRI? NRC/EPRT(P) HEDL (SSTR)
(Babcock & Wilcox)
Arkancas 2 EPRI(P)  Univ of gPr1(p) 7 (RM - 1 capsule)* EPRI(P) Univ of
(Combust ion Arkansas*  NRC/EPRI(P) HEDL (SSTR) Missouri
Engineering)
McGuire 1 Cavity ePR1(P) e NRC/EPRI(P) HEDL (RM)* epri(p) 7
(West inghouse ) NRC/EPRI(P) HEDL (SSTR)

(c) = completed; (p) = proposed; ? = unknown
*As appropriate, selected RM sensors (Fe,

scrapings can be analyzed for generated
Helium Accumulation Fluence Monitors (HAFM) for React
**Arkansas 1 and Crystal River 3 are both B4W 177-type
expected to be combined to establish a single set of

helium by RI;

Ni, 0.1% Co-Al and Cu wires), Charpy specimens, and/or PV wall
see ASTM E706 (I11-C) Method for Analysis of

or Pressure Vessel Surveillance.
plants; therefore, the test results from both are
data to be published for a 177 plant.
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TABLE 6
OPERATING REACTORS WITH HIGH FLUENCE EXPOSURE

Fluence(a)
(E > 1.0 Mev) RT at PV Front Face (°F)
Percent c_em x 10'8 n/c? Cllcnlatedm,DL Measured ()
Manufacturer rc. ong. Time Circ. long. Tirc. long. Circ.  Tong. SurveilTance
Plant PTant ~ Vessel Welds wWelds (EFPY) Welds Welds welds Welds Welds Melds Capsule Used

Fort Calhoun CE CE 0.35 0.35 4.8 8.2 8.2 280 280 - - -
H. B. Robinson - CE 0.34 0.34 6.8 1.7 10.8 290 2% 175 165 v
Turkey Point 3 - BN 0.3) - $.7 1n.z -- 290 - 200 - T
Turkey Point 4 - Bow 0.30 .- 5.2 10.2 -~ 280 - 250 -~ T
San Onofre | W CE 0.19 0.19 8.8 15.4 15.4 270 270 él 4] A
San Onofre 1 w CE 0.19 0.19 8.8 15.4 15.4 270 270 44 44 F
Maine Yankee CE CE 0.36 0.36 5.5 4.7 4.7 240 240 160 160 2(d)
Maine Yankee CE CE 0.36 0.36 5.5 4.7 4.7 240 240 156 156 263
Calvert Cliffs 1 CE CE 0.30 0.30 4.1 6.0 6.0 230 230 -- - -
™I 1 BawW Hhw 0.3 0.31 35 2.8 2.1 180 160 - - -
Oconee | Bw BN 0.26 0.31 4.9 2.6 2.3 150 170 76 n £
Palisades CE CE 0.2% 0.2% 3.9 4.6 4.6 190 190 - -- -
Yankee Rowe W BeW  (0.20 for plate) 14,1 (11.0 for plate) (200 for plate) -~ -- -
Zion 1 W BaW  0.35 0.31 4.3 &7 0.9 170 90 - -- -
Arkansas | BAW BN 0.31 0.3 3.9 2.4 1.7 170 150 -- - -
Indian Point 2 ] CE (0.25 for plate) 4.0 (2.0 for plate) (140 for plate) -- - -
Rancho Seco BAW BN 0.3) 0.31 3.3 2.1 1.9 160 150 - - -
Surry 1 - Bow 0.25% .18 4.5 7.0 1.5 190 60 - -- --
Crystal River 3 BAW BN  0.35 0.31 2.2 1.3 1.2 150 130 -- -- -

(3)as of May 1, 1981,

(b)"m was calculated by P. N. Randall of NRC using known chemistry, presently believed fluence at PV front face and
Regulatory Guide 1.99.1.

“)ITwr was determined using measured Charpy shifts for surveillance-capsule weld material and new values of fluence
(E > 1.0 MeV), Table 5. The Regulatory Guide 1.99.1(2) fluence dependency (N = 1/2) was used to scale the
accelerated surveillance capsule results back to the coiumn 7 and 8 values of fluence.

(d)The Reg. Guide 1.99.1 upper-limit fluence dependency, Figure 6, was used to scale back the Maine Yankee accelerated
Capsule 2 results.

£E
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TABLE 8
TYPICAL SINGLE PLANT RATIOS (MAXIMA/MINIMA) FOR MEASURED

SURVEILLANCE CAPSULE REACTION RATES FOR INDIVIDUAL SENSORS
AS A RESULT OF DIFFERENCTS IN CORE SOURCE DISTRIBUTIONS

Approx Maxima/Minima*

Sensor Reaction Reaction Rate Ratio
Bri(n,p) %o 1.6
54Fe(n.p)54m 1.4
63¢4(n,s)%co 1.3
2380 £)1¥¢s 1.5
237Np(n.f)]37Cs 1.4

*Based on core fuel subassembly replacement calculational and measurement
studies. The fluence > 1 MeV at the inner PV surface will, generally,
follow these ratios. It is noted that a substantial part of the PCA pro-
gram has addressed the neutronic validation of LWR-PV lead factors in a
slab arrangement of thermal shield and pressure vessel simulator, driven
by a clean, well-characterized MTR-type core. It has focused upon the
deep-penetration projection uncertainties in this lead factor issue.
Actual LWR lead factors also involve significant azimuthal flux varia-
tions, whose calculational accuracy depends upon:

. Correct estimates of core source distributions, on a pin-to-pin
basis for the last fuel row, in terms of the total absolute core
power, and

. Correct modeling of core boundary hetercgeneity effects and, in
more recent plants, of the heterogeneity effect of neutron pads
attached to the core barrel (thermal shield).

The LWR-PV VENUS, NESDIP, and the BWR and PWR generic benchmarks
(Table 1) are concerned with these issues.



TABLE 9
DOSIMETRY/PHYSICS RESULTS FOR POINT BEACH 2

Capsule V Capsule T Capsule R
INITIAL ANALYSIS 4.74 x 1078 (n/cm2 > 1.0 Mev){a)  9.45 x 1018(P) 20.1 x 1018(¢)
AFTER WESTINGHOUSE
REANALYSIS 6.53 x 1018 8.29 x 1018 20.1 x 1018
RATIO: AFTER/INITIAL 1.37 0.88 1.0
RELATIVE SWING Capsule V/T = 1.37/0.88 = 1.56 Capsule R/T = 1.0/0.88 = 1.14
AFTER HEDL
REANALYSIS(d) 7.24 x 1018 + 12% (o) 1.04 x 1019 + 9% (1) 2.56 x 1019 + 1% (o)
RATIO: AFTER/INITIAL 1.53 1.10 1.27
RELATIVE SWING Capsule V/T = 1.53/1.10 = 1.39 Capsule R/T = 1.27/1.10 = 1.15

CONCLUSION: A1l surveillance reports and test reactor reports must be reanalyzed to define new
exposure values and uncertainties using current standards and recommended procedures and data.

a)Surveillance Capsule Report V, June 10, 1975 (Reference 18).
b)Surveillance Capsule Report T, August 1978 (Reference 19).
(c)Surveillance Capsule Report R, December 1979 (Reference 21).
(d)Preliminary FERRET-SAND 11 results (Table 5).

£ 1Y
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TABLE 10

COMPARISON OF HEDL AND WESTINGHOUSE ANALYSES OF POINT BEACH 2
CAPSULE R SURVEILLANCE DOSIMETERS(a)

() _satwrstes dctivity (doa/g)
Reaction and L} t. -

Axial Locuton("’ {cm) HE DL West inghouse ' *© ('raglzgc?'iiim)
59Co/A1(n,y), Bare

Top 11.67 E+10 11.8 E+10 +1.08

Mid Top 8.297 £+10 8.20 E+10 1,17

Middle 8.639 E+10 8.67 £+10 +0.32

Mid Bottom - - .-

Bottom 11.53 E+10 11.47 £+10 -0.58
59Co/A1(n,y), Emm—

overed

Top 4,575 €+10 4.59 €E+10 +0.26

Mig Top 4.426 E+10 4.43 £E+10 +0.02

Middle 4.233 €410 4,27 E+10 +0.80

Mid Bottom 5.055 E+10 5.09 £+10 +0.62

Bottom 4,794 E+10 4,82 E+10 +0.54
63&:(0".0)

Top 158,33 4,382 £+5 4,28 E+5 -2.33

Mid Top 158.33 3.880 E+5 3.87 £+5 -0.2%

Mid Bottom 158.33 4,318 E+5 4.28 E+5 -0.89

Bottom 158.33 4.593 E+¢ 4.54 E+5 -1.14
5".("09,(6)

y-13 157.33 6.16 E+6 6.18 E+6 +0.30

£-23 157.33 §.752 E+6 5.72 E+6 +0.56

E-13 157.33 5.183 £+6 4.96 £+6 -4.30

H-9 158.33 4,891 £+6 4,66 E+6 -4.76

R-14 158.33 4,904 £+6 4,77 E+6 -2.73

w-16 158.33 4.936 £+6 4.6) E+6 -6.%0
58w1(n,p)

Middle 158.33 7.390 E+7 7.45 E+7 +0.8)
237wp(n, 1) 37y

Middle 158.10 7.180 E+? 6.79 E+7 -5.43
238y(,1)137¢5 (e)

Middle 158.10 9.534 £+6 9.03 E+6 -4,95%

(8)Samples of Co/Al and Cu are being shipped to Rockwell International for He analysis.
The remaining samples are to be shipped to CEN/SCK for additional radiometric analysis.
Discussions have been held with NBS, and certified fission flux standard samples will
be prepared by NBS and submitted to HEDL for analysis. -

(®)pistance from core center, data from EPRI Progress Report, WCAP-9635, December '979.(21)

C)chmqnouu-rmrtod values for Co/A) samples were reported per weight of alloy dosim-
eter materfal. Reported values were multiplied by 1/0.0025 to obtain activity per gram
cobalt. QA confirmatfon of the Co alloy content is planned by neutron activation at NB8S
and calcuiation from both the certified thermal flux supplied Hy NBS and the relative
ratio with SRM 953,

(d)Calculations for this reaction were made using the fron content as determined by HEDL
for the specific solutions rcc’“od from Westinghouse, s2e Table 10 continued,

(€)Calculations are based on the 238U solution conjgnt determined by HEDL , Table 10
continued. Corrections have not been made for U impurity, 2 Uln,y)23%y buildup
or photofission cmtri”&ioﬂ!. ?nlhinﬁ"calcuuums at HEDL indicate corrections
of as much as ~6% for U and ~16% for u may be required. Rough calculations at
Westinghouse indicate <3% correction for photofission contribution.
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TABLE 11

REPORTED SURVEILLANCE CAPSULES SINGLE FOIL
FLUX/FLUENCE VALUES (#; > 1 MeV) RELATIVE TO >%Fe(n,p) RESULT

(Ven:::;:;c??wﬂry, Lcs:;::::ry . 114‘! e FMQEL’M' — '3.!

Operat ion Dat ) Report Bni(n.o)  Slcu(ne) _23Bynn)(f)  “23p(n,¢)(f)
Point Beach | st (1973) (%) 1.09 1.63 1.61 .17
(West. PWR, USA, 12/70) [lmruo(" Surveillance Value: 1.0(Fe)]

Seme  (Angle A) west. (1979)®)  o.80 1.s1le) 1.03 1.28
Same  (Angle A + 180°)  west. (1979)(®) 1. Larle) .13 1.01

(Reported'®) Surveillance Value: 1.0(Fe))

Average Values for Seven west, (l!”)(b’ 0.97 I.ZS(‘) 1.08 1.15
west. Power Plants

Wumbo ldt Bay 3 GE (1967)') 0.88 0.80 -~ -
(GE BWR, USA, 8/63) (Reported'® Surveiilance value: 1.0(Fe)]
Sen Onofre | surt (1971)(®) 1.00 .27 1.10 1.42
(West. PWR, USA, 1/68) (8% Spectrum 1)
(Wast. PWR, USA, 1/68) sl (1971)(0) 1.08 0.88 1.29 1.45
(M Spectrum 2)
[Reported'®) Surveillance Value: 0.85 (SAND 11, multiple
fotls))
Oconee 1 saw (1975)(80) g - 2.50 2.70
(B&W PWR, USA, 7/73) [Icoorm"" Surveillance Value: 1_0;_2§ = 1.76(Fe+t)]
Doel 1 CEN/SCK (1979) 1.09 1.s(€) - 2.4
(Belgiumewest. PWR, CEN/SCK (1979) 1.09 1.06(9) - 2.4
Belgium, 1/75) [Reported'®) Surveillance Value: ~1.09(N1)]

(a)The results reported in Columns 3-6 are based on the application of old standards, procedures and
data and are, therefore, not representative of current capabilities and technology (see Table §).

(b)Surveillance capsule flux perturbation corrections were calculated by Westinghouse to provide necessary
correlations between the U, Np, Cu, N1 and Fe results. No other results shown in the table were cor-
rected for perturbation effects. The current Westinghouse and BLW analyses (Table 5) have made use of
newer standards and recommended procedures and data and are, therefore, more representative of current
capabilities and nology.

sc ENDF /8-1V o(E) for Cuwéc).

d)Mann-Schenter o (E) for ©3Cu(n,a).

(e)These reported surveillance capsule measured fluence values are used for correlating the surveiliance
capsule metallurgical data with other test and power reactor data. They are also used for -um
Tocalized predictions of expected PV lifetime neutron exposures and/or can be used to simply confirm
the corn“ru of one-, two- and three-dimensional reactor physics computations.

(f)Based on Cs analysis; the NI, Fe and Cu provide experimental flyence data for time periods up to
about | year, 5 years and 25 years with s knowledge of the surveillance capsule flux level time
H,twy. This infcrmation {s not needed, however, for a reliable interpretation of fission foil

Cs(tys2 ~ 31 yrs) results.
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TABLE 13

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) ANALYSIS PROCEDURES AND OATA(")
[Range Evaluation (Maxima/Minima) of RM Results Based on First PSF-SDMF Test]

Semsor (P} S8y (n _»“nu.q R 7 . _“:.37"12&‘ t‘ntnlp B
et Y Tés Wile T Waite? Waile Y U Watle 1 Wik WY T T WRY Ry T
) LCA LI0Ds 108D/ & LWCA L IGCA TOACK 6 LILEM - OV s LMEA LI LoelA
W1 LA LOSAM LOSAK 6 LML/ 1210/ LOSC/A & 1OSCA 1.06 CF & LA LWOAS LMAF &
.2 L2508 LIFA LeEFE 6 1AZCA LINCA 1OBCA & TOSCA VOSCA - & 1ARCA LA 1oeAx 6
W -4 LB LWEA LOSFA 6 LAIT/A 1090/ 1OBCK 6 1OBCH VOSEA - ¢ 1A LIICA 1M Cs &
SBe(n Sensor S%o/Al(n
L__-mm Set o, Mol 7 Watla ¥ ﬁ;__' Laby
o) LascA ro3em rosem ' W3 LA L9 10eCHF 6
w3 1020/ 102K 1OZAKE 3 WS LIS LNIE roem 6
W2 121/ LOAE/A LOARA ) W4 L0 EM LOSCA 1LOSCHF &
WE -4 LIZCA 1OV AE 1OV AN ) W6 LD LU LOUE e
2 ¥yp 1) 100y, ??, 1) 0y - 2 0¢n 11952, 'E- L A
LOLACN S 1 il Y Tebs KUl T Wailo 2 Wile Y T NKileT Hailo 2 D Nl Y Waile 7~ Taile T Tabs
I B T Y Y, S— 3 L9E/0 VL2ZAK VOBAM 4 1OSDA 1220/ 1080/ 8 LML e )
R SR R T Y, T— 3L LW LOICE & LSO LA VLIRCGE s L3 e 3
w4 Losan .. ETE TR R Y S— € LBOC LMME Lo AC s 108 FAC .- 3
w5 LIIAD . 3 LA LMAD .- € LSOGE LA LOIAm S V.07 €0 3
2 mp(n, 1) 408, 23l (n 1) 100y 3 (n, 1) %2y . 2V ym. 1)1 ¥
e : 1R a1 1 : @i
® -1 LIOAF - TUAD & LW LN A - §  LIGAKE 1218 VIeAE & 1.09 B/C
R I Ny S— VA LRAF R % T I s 192 £/0
2
Wuin, 1) 100y, 2y, () 10, 238y(n, )92 2300 1)1
RIRY "Rt ? Wik Td KT Wile? NileY Téh: Nile 1 Wailo 7 Wailo T Tabi WM “Tabs
I T Y J— N S T TS TR Y — S LECA LD 1068F & 1.08 6/ .-
W2 LA - O VBs VO ME - C TS 7 S— . 106 08 ...

(a)four vendors and two service leboratories particips s this test. AL laboratories remain anonymous for these intercomper tsons and are

Ident if led only as Laboratories A, 8, C, 0, F and F.(8) Tne table evaluation shows the present ) wboratory-to- laboratory comparative status
but alse shows the laprovement in the data comparisons (Retios 7 and 3) as & result of interim evaluations and 01scussions with part ic ipants .
Rat10 7 was obtatned after discussions with participants end subsequent rework ing of dats by participants. For Ratlo 3, and for the case of
monfissile semsors, the results from Laboratory § appesred 1o be comsist Iy Blased low and were, therefore, not used. In the Case of the
fissile sensors, If & participant appesred Lo be definitely blased, Ihose sults were not wied o Ratio ).

(D)W -X and HF-X are sensor sel identification numbers for specific perturbed locatfons in I-dn. & I-in. stataless stee! simulated survelllance

fc

capsules for thig first PIF-SOMF test, see Table 7 for & preliminary comparison of (/€ ratios.
‘esults for the eln,y) resction were not reported by one laboratory after preliminary recalibration of their counting system.

Ln
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TABLE 14

COMPARISON OF RESULTS OF INTERLABORATORY C(V’SSSWNCV
IN MEASURING NICKEL FLUENCE STANDARDZ'@

2350 Fission Spectrum Fluence in 1015m/cm?

chm Tﬂ ﬂls( ) — Ratio of Reported
oil 1D Vclue Vaiue'*© __to NBS Value
AP 1.48 + 5.5% 1.51 5 2.5% v.98
AR 1.479 + 0.84% 1.87 ¢ 2.7% 1.01
AS 1.491 + 1.2 % 1.43 + 2.7% 1.0
AU 1.672 + 2.3 % 1.58 + 3.6% 1.06
BL 2.85 + 4.0% 2.66 ¢ 2.5% 1.07
BM 2.60 + 2.26% 2.65 + 2.7% 0.98
an 2.388 + 0.07% 2.78 4 2.8% 9.87
BY 2.879 ¢ --- 2.36 + 2.8% 1.08
8n 2.25 + 2.0% 2.23 + 2.0% 1.00
BY 2.17 ¢ 4.0% 2.23 + 3.2% 0.97
ex(1)(®) 2,286+ 3.1 % 2.20 + 3.2% 1.08
BX(2) .22+ 1.2%  (2.20 + 3.2%) 1.01
cA 1.968 ¢ --- 2.10 + 3.2 0.94
cotif®) 2,08 +(1.8%) 2.2+ 3.5 3.92
€0(2) 2.10 & (1.7%)  (2.12 + 3.5%) 0.99
co(3) 213 + (1.7%) (212 + 3.5%) 1.00
¢6 1.61 + 3.0% 1.66 + 2.9 0.97
c1 1.96 + 1.6 % 1.73 + 3.2% 1.13
¢ 2.14 + -e- 2.30 + 2.7% 0.93
i 2.26 + 3.3% 2.23+ 2.9 1.01
Fluence Scale Adjustment Range (1.13 + 0.87) = .30

(O)Prgpared by activation of the 58Ni(n,p)BCo reaction in the NBS Lavity

U Fission Spectrum.

(bJA11 1aboratories remain anonymous for tho;e intercomparisons, as al¢”
for the PSF-SDMF Te (Table§4"nangsb Sinil conparison of results
for other sensors [*%Fe(n,p) u(n £)F2, ¢37Npln,f)FP, etc.)
will be reported in the future by the LWR Survoil!ancc Dosimetry
Improvement Program participants.

(c)Accuracies differ within various sets becasse of pusitioning uncer-
tainties in foil stacks and flux gradiants. They also differ for
varifous irradiations.

(d)one laboratory reported two values: One for Ga{Li) anu one for Nal
counting.

()Three different groups counted this vuil but did not report fluence
but specific activity on January 29, 1979. bLroup 1 reported 8164
+ 1.7% dps; Group 2 reported 8257 + 1.8% dps; wroup 3 reported 8373
¥ 1.8% dps. Fluence values were derived using 5 102-mb cross sestian.
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TABLE 15
SUMMARY OF THE PROCEDURES AND REQUIREMENTS FOR
RPY EMBRITTLEMENT DOSIMETRY SURVEILLANCE ANAI YSIS
Dos imetry - Physics
1.1 Flux, Fluence, Mit, EFPY from surveillance capsule measurements. (Eys).
1.2 Flux, Fluence, Mit, EFPY for EOL prediction (calculation) from FSAR. (Cys).
1.3 Make (Cy/Eq) comparisons, § = 1, ...n, If 1.30 < C;/€; < 0.70 (30% discrep-
ancies) start over and bring calculations into agreement with measurements
using benchmark ing methodology. [Note: The actual values (0.70 and ln&
will depend on the variable *1* of interest; also see ASTM E706 (11-0).(10))
Calcutate ratios of ¢ > | Mev, dpa [using ASTM £706 (1-D)]. (e ® fluence, n/cmé)
2.1 Accel. surveillance location; vesse) wall surveillance location; vesse)l wall;
1/8 T; 3/4 T; ex-vessel locations (if necessary for support structures and
physics verification),

2.2 Plot and tabulate results of azimuthal ¢ for sccel. surveillance; vessel
wall surveillance; vessel wall; 1/4 T; 3/4 T; ex-vesse! locations.

Plot ¢ > | MeV and dpa vs aRTygr for surveillance capsule, 'l% also appro-
priate Regulatory Guide 1.99.1 and ASTM E706 (I1-F) curves.(2,10)

3.1 Determine acceptable (conservative?) trend curve (for example, Figure 5).

3.2 If plant-specific curve is selected, the errors in aRTypr, # and dpa,
must be sufficiently small so that this curve can be accepted instead of
Regu.1tory Guide 1.99.1 or ASTM E706 (11-F).

¢  8RTypr errors must be resolved using ASTM £706: [-A, 1-C, 1-E, I-F,
[-6, 1-M, I1-F, 111-D, and I11-E (as required).

. ¢ errors must be resolved using ASTM E706: [-A, 1-C, 1-D, 11-A, I1.8,
11-0, 11-E, I11-A<D (as required).
Otherwise, use Regulatory Guide 1.99.1 or ASTM E706 (II-F) curve.
Pevise/update PY wall and 1/4 T aRTypr vs ¢ and dpa curves.

Oraw new WT (minimum pressure-temperature) curve and determine remaining PV safe
Iife. [If it fs less than FSAR predication (e.g., typically 30 to 40 years):

5.1 Consider replacing corner/edge fuel elements.

5.2 Consider annealing vessel.

5.3 Consider other options.

Additiona' data needed in Surveillance Reports in support of Steps 1.0 through 5.0.

6.1 Tabulated, with assigned uncertainties and correlations, spectrum ( fluxes)
from core through surveiliance capsule, vessel wall, 1/8 T 172 T, 3/4 7
and ex-vesse! cavity locations.

6.2 Power-time history for surveillance capsule and cavity positions,

6.3 Furl subassembly power distribution for physics computations.

6.4 Verification of FSAR values by BWR and PWR generic and PCA/PSF (SUMF)-PY mockup
results and update of original FSAR values uumswninmc capsule and cavity
results (f.e., by application of appropriate ASTM E706 Standards, Figure 3).

6.5 Tabulated and verified dimensions and location of surveillance capsules and
pertinent reactor internsls, f.e., during normal Py inspections for flaws.

6.6 Tabulated physica! dimensions, description and layout of surveillance capsule
contents.



IMPROVEMENT OF LWR PRESSURE VESSEL STEEL EMBRITTLEMENT SURVEILLANCE:
PROGRESS REPORT ON BELGIAN ACTIVITIES IN COOPERATION WITH
THE USNRC AND OTHER R&D PROGRAMS

A. Fabry, J. Debrue, Ph, Van Asbroeck, G. and S. DelLeeuw,
G. Minsart, L. Leenders, H. Tourwe
CEN-SCK, Mol. BELGIUM

J. Widart, R. Salkin
S. A. Cockerill, Liege, BELGIUM

SUMMARY

The activities reviewed in this progress report encompass
three major areas: (1) application of fracture mechanics
structural integrity analysis to reactor pressure vessel
beltlines; (2) characterization of material properties; and
(3) neutron and gamma radiation field dosimetry and physics.

After placing these activities in current regulatory
context and indicating their scope, direction and goals,
engineering application of linear-elastic and elastic~-plastic
fracture mechanics is illustrated using as example the BR3
Belgium reactor and assuming a projected saturation at the
threshold of which the 10 CFR 50 Appendix G Section IV.A.2
fracture 1oughness requirements would just be infringed. For
normal criticality operation and upset transient loads
under the hypothetized conditions, ductile tearing and ASME XI
crack initiation considerations indicate that safety margins
are still very substantial, due to an excessively conserva-
tive dimensional vessel design which results in low pressure-
irduced stresses and negligibly small thermal stresses. For
severe postulated accidental loads, crack arrest and
warm-prestressing are not effective, but thermal stress effects
remain unimportant and initiation of hardly detectable shallow
flaws, an overwhelming concern in case of pressurized thermal
shock, appears precluded or very improbable; more work is
necessary to quantify this tentative assessment. The plant
specificity of safety analysis is again and most clearly
evidenced by this BR3 example.

Reviewed next are mechanical and metallurgical properties
for an advanced 508c1.3 steel forging from the integral vessel
of a modern plant, DOEL-IV. Irradiation-induced Charpy-V
transition temperature and upper shelf shifts cbserved at a
neutron fluence (>1 MeV) of 2.6 x 10!? cm™? in the Oak
Ridge PSF Simulated Surveillance Capsule (550°F) are
exceedingly small, and significantly below the USNRC
Regulatory Guide 1.99 rev. 1 predictions. General emphasis
of this steel irradiation program are outlined.

as
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This is followed by a discussion of the PSF start-up
environmental characterization program intended at indicating
the work still useful to draw full advantage of this inter-
national applied dosimetry standardization opportunity
and needed to link its interpretation with the extensive
low level dosimetry and spectrometry experiments in the
mock-up PCA 4/12 SSC and the PCA blind test configurations.

The status of physics and dosimetry activites in progress
to benchmark transport theory calculations of surveillance
capsule lead factors and exposures to ex-vessel support
structures is finally summarized. Introduced here is a PWR
engineering mock-up at the VENUS critical facility, being
assembled for a forthcoming interlaboratory program to
investigete the interface of core management and ex-core
azimuthal fast neutron and gamma heating analytical predictions.

1. INTRODUCTION AND OVERVIEW

The objective of the present Light Water Reactor Pressure Vessel
Surveillance (LWR-PVS) Research and Development work is to contribute
developing a coordinated capability to assist the nuclear industry in
assessing potential failure risks and eventual mitigation strategies
related to the operation of the primary fluid containment and its
suppert structures in PWR power plants. This capability is aimed at
addressing in a timely and efficient manner any safety and licensing
issue susceptible to arise relatively to the accepted and future
regulatory practices which, for pressure vessel beltlines and their
support structures, presently follow the U.S. Code of Federal
Regulations 10 CFR 50 (App. G and H) and 10 CFR 21, respectively.

Extensive work in progress encompasses the activities and topics
summarized by Table 1. A number of recent publicationsl"6 as well as
many related papers at this symposium7'37prov1de detailed insight
into some of these efforts, the direction and current achievements of
which are reviewed herein in the perspective of underlining activities
that currently involve a significant Belgium contribution. This is done
using outlines of a few illustrative example cases, with emphasis on
material not covered in the quoted references.

The work strategy intensely relies upon a selective participation
to dedicated international R&D activities in the considered field.
Particularly successful thus far are direct cooperation exchanges between
Belgium and: the USNRC research branch and its contractors at Hanford
Engineering Development Laboratory, Oak Ridge National Laboratory, the
National Bureau of Standards and the Naval Research Laboratory, the
Electric Power Research Institute, the German program at KFA (Julich)
and the PTB. In the dosimetry and physics activities, these exchanges



















T T — —

52

Table 2. Geometrical Characteristics and Safety Ferformance
Ratio for Current Reactor Vessel Designs

Vessel type Inn?: Ra?ius Flsluiem. On) 13 Periggzzzcea
yp- (typ.) w Basda

ASME 1 54.5" 8.25" 7.11 1.52

ASME VIII 7 10.63" 7.74 1.23

ASME III 110" 10.88" 10.61 0.88

BR3 29.1" 4.37" 7.16 2,07

Reference 96" 8.5" 10.62 16

a
(Limiting pressure relative to reference model, according to the relation

L
i
L

N (év/;)ref

Pref (E /;) .

w

i

bNormalization.

estimation of the upper shelf crack initiation static fracture
toughness K;. are gathered in Table 3 (EOL yield strength estimate
for BR3 plate: 85 ksi).

Approximate illustration of the plant-specificity of requirement (1)
severity is provided by Fig. 2. For ASME I or more conservative
designs (BR3), the older regulatory requirement of USE < 30 ft.1b
does not seem unreasonable. On the other hand, for modern vessels
meeting the ASME III design, it appears most warranted to develop
improved ductile fracture instability criteria valid under extensive
stable crack growth, !

2.2 Requirement (2): RTNDT

For the BR3 vessel design, the critical RTypr value is 400°F, Fig. 3.
Thermal stress effects are very small and elementary hand calcula-
tions"? agree well with a more exact computer analysis.*? The
unirradiated RTypy is 10°F*? but ARTypT versus neutron exposure is
currently very uncertain due to the lack of applicable irradiation
data at a temperature of 500°F and at neutron fluences >1 MeV
exceeding 2.5 x 101 em™?: in particular, there is not a single
observation under these exposure conditions for the considered

"weak link" weld heat and the relevant heat treatment (the importance
of stress relief*" seems to deserve further scrutiny). Consequently

an upper bound trend curve needs to be applied at present.



53

Table 3. Upper Shelf Fracture Toughness Estimates

KIc (Ksivin) Estimated by Correlation
Upper Shelf

Energy b o
USE Rolfe-Novak® Barsom Merkel-Dougan Farisd
(fe.lb o =85 Ksi =
) ™ it ROLEe 5 =85 Ksi o =100 ket /T50
3* 114 113 106 99 104
409 122 125 117 109 116
50 139 147 137 127 138

d

K. \¢
Ic USE
o) = 3|7 - 0.05] where o _ is the uniaxial tensile yield
0 ys
ys ys
strength (Ksi).
e |

g 2 (USE)3/? uhere E' is the effective modulus of elasticity

(30700 Ksi for considered material at 500°F).
cSee ref. 36,
de2
kIc

g [5 /56.25 + 2 USE - 37.5]°.

“Lower bound of J:op experimental resistance curve data obtained by
F. Loss (NRL):°® at 35 ft.lb » Ky, = 113 KsivVin; at 50 ft.1b »
Kic = 131 Ksivin,

The definition of neutron exposure is probably rather conservative.
It is based on transport theory calculations'®s!? which are signifi-
cantly larger than measurements between the core boundary and the
barrel.

® Figure 4 illustrates the considerable safety margin actually left
at steady-state full power operation when point A on Fig. 3 has
been reached. The LEFM crack-opening mode strain-plane stress-
intensity factor Ky has been calculated for hypothetical surface
flaws of variable relative depth a/w (w: vessel thickness) and
for twe flow aspect ratios: (a) the ASME III quarter thickness
reference flaw shape“® (a/t = 1/6); (b) the long axial flaw
(a/t = 0) considered for overcooling accident analysis.“®

This compared to K;. and Ky, traverses for two assumed values of
RTypr-. Point A on Fig. 4 corresponds to point A on Fig. 3. Crack
initiation occurs on the upper shelf for a/w = 0.6 to 0.7: 1{.e.,

in practice, it is ruled out. Because of the large RTypr values,
crack arrest would not be effective, but is irrelevant in this case.
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The example case here involves the characterization of an advanced
steel from the forging shell of the Ceckerill Integral Vessel for a
plant still under construction: DOEL IV. The irradiation program for
this SA508 cl1-3 materjal is well advanced, with 10 complementary
exposures of the base metal completed or nearing completion. Only
one of these 10 capsules has, however, been tested so far.“”7 For the
weld and HAZ metals, two capsules have been unloaded (BR3) but not
tested; a third irradiation under highly controlled temperature condi-
tions is in preparation.

Table 5 presents a condensed documentation pertinent to the
investigated material, as abstracted from the original certificate
files of the voluminous forging (finished size: 4 meter I1.D., 4.1 meter
high, 20 cm thick; weigiat: 80 tons). Magnetic particle and ultrasonic
(4MHz straight beam, 2 MHz at 45° and 60°) examination of the complete
forging have given no recordable indication. The quality and homogeneity
of this material matches the one of advanced laboratory melts. This
has been recently confirmed by further extensive and detailed investiga-
tion of the chemistry, microstructure and mechanical properties, con-
ducted by UKAEA Harwell, the UK Nuclear Installations Inspectorate and
the John Harrison Weld Institute.

The current irradiation and testing results are synthetized by
Table 5, the neutron dosimetry characterization results by Fig. 6. The
corresponding capsule, S8C-1, was exposed at the "simulated surveillance
capsule" lecation of the PSF metallurigal expetimentl at the Oak Ridge
Research Reactor (ORR). A second similar capsule, SSC-2, has been
unlcaded after a fluevce of “4 x 10'% cm=?. Three capsules within the
pressure vessel simulator will soon be unioaded after an “2-year
irradiation at {luences of 1, 2, and 4.10'? cm™?, and a HSST capsule,
left hand-side on Fig. 6,7 containing also the considered steel, is
furthermore available for testing. The other 550°F irradiations which
have been completed encompass the following fluences (>1 MeV) and
environments:

BR3 LF: » 1.6 x 101% cm~?
HF: ~ 1.3 x 1020 light water PWR

FRJ-2 Core: ~ 2.6 x 10'7 o

Reflactors ~ & x 1019 heavy water (Julich) test reactor

This set of experiments is expected to provide a complete "trend curve"

for the material and, at least in an engineering perspective, some insight

into the effect of different neutron flux levels and neutron spectra for

a highly stable (Table 6), advanced steel, as compared to their effect

on more radiation-sensitive heats.

Analysis of the ¢, data as reported in Table 6 has been performed
by a non-linear optimization technique"“® incorporating the hyperbolic
tangent formulation developed for EPRI.*® This is documented in detail
elsewhere. 5’
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1. integral C/E's at deep penetration and high neutron energy: this
is traced to iron cross section inadequacies in current nuclear
data files®»"

2. differences between fission chamber and SSTR?! measurement results:
further benchmark-field referencing work is expected to largely
resolve them.

3. neutron spectrometry versus integral measurements and calculations:
comparison of current transport theory with the envelope (Fig. 8)
of all *Li(n,a) energy-dependent flux spectrum attenuations as
function of steel penetration (PCA 8/7 and 12/13, 1/4T versus 1/2T
and 1/2T versus 3/4T ratios) displays overall trends compatible with
the ones under Fig. 9, but inconsistencies are claimed at the level
of more detailed confrontations.?

Figure 9 has been prepared to illustrate the tranferability of
neutronic benchmark observations to power reactor environments. From an
applied RPV engineering viewpoint, the primary program goals have been
reached; R&D improvement of the current PCA blind test results is not
considered a priority, but may be useful for: (a) the analysis of
pressurized thermal shock insofar as more accurate dpa steel traverses
would ensue (the critical crack arrest depth after initiation of shallow
flaws is relatively sensitive to these traverses, but a host of other
uncertainties are more critical at present); and (b) the interpretacion
of ex-vessel physics and dosimetgg. especially in the context of assessing
support structure embrittlement.”

The benchmarking of azimuthal nuetron flux spectrum gradieat predic-
tions is addressed in the VENUS zero-power engineering mock-up of PWR
core-baffle-barrel-thermal shield configuration (Fig. 10). These
predictions depend on:

® correct and detailed estimate of source distributions in the last
core fuel! irows relative ro the plant power output

® correct modeling of core boundary heterogeneity effects.

The first aspect is a particularly important focus for investigation
because usual core management considerations do not call fcr an accuracy
as large as needed for in-vessel RPV surveillarce projections. Current
lead factor uncertainties are therefore likely to be dominated by source
uncertainties and are likely to be the most significant in plants dis-
playing large azimuthal effects (Westinghouse, Conbustion Engineering);
these effects are little or not sensitive to fuel burn-up," which
enhances the value of a zero-power benchmark. On another hand, in-vessel
azimuthal gradients are attenuated and distorted by scattering within

the vessel and the ex-core components and their measurement is very
relevant to the support structure issue but not so clearly to the RPV
one, except in plants with very large cavities; nevertheless the VENUS
and NESDIP programs are expected to jointly contribute to the development
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SURVEILLANCE DOSIMETRY: ACHIEVEMENTS AND DISAPPOINTMENTS

J. J. Wagschal
Racah Institute of Physics, Hebrew University, Jerusalem, Israel

R. E. Maerker and B. L. Broadhead
Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA

ABSTRACT

A metnodology has been developed for reducing the uncer-
tainties in estimates of neutron fluence spectra within the
pressure vessel of a PWR from dosimetry measurements per-
formed at a surveillance location. This new procedure,
named the LEPRICON methodology, has three desirable features
not presently available in other spectral unfolding codes:
1) the derivation of flux covariances at each of the two
locations; 2) the correlations of these two matrices to one
another (i.e.,, the translation problem); and 3) the develop~-
ment of a flexible data base which can be expanded as more
dosimetry measurements become available and are analyzed.
The technique is applied to the PCA, where reductions in the
uncertainties of the estimated fluxes in the pressure vessel
of the order of a factor of two are demonstrated.

INTRODUCTION

The lifetime of a PWR is usually determined by the embrittlement of
the pressure vessel caused by neutron-induced displacements of the atoms
constituting the steel. Updated estimates of the lifetime are based on
analysis of sequential extraction of metallurgical specimens and passive
dosimeter foils from an easily accessible position in the water gap be-
tween thermal shield and the pressure vessel or in the reactor cavity
behind the pressure vessel. The information concerning the fluence and
spectrum at these surveillance locations must then be extrapolated or
interpolated to the pressure vessel, both in space and in time, in order
for a judgment to be made as to when to shut down the reactor. The reac-
tor is then either to be decommissioned or subjected to some form of
annealing process. Recent concerns of pressure vessel integrity to ther-
mal shock transients would also involve the interpretation of similar
data,

This paper describes and analyzes recent results obtained by
emploving a methodology that can be eventually packaged into a computer
code which can be used to reduce significantly the uncertainties linking
the surveillance reaction rate measurements with the estimation of the

*This work was sponsored by the Electric Power Research Institute under
research project 1399-1, under Union Carbide Corporation contract
W=7405-eng=26 with U.S. Dep. r.ment of Energy.,
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fluence and spectrum at points within the pressure vessel. The success-
ful implementation of this methodology would then leave as the only
remaining major uncertainty the one involved in the prediction of
pressure vessel damage from a given fluence and spectrum. The use of
metallurgical specimens from the same melt as the pressure vessel can
significantly reduce this latter uncertainty because it can establish a
meaningful trend curve for the pressure vessel steel under similar tem-
perature conditions when exposed in an accelerated position such as the
water gap between the thermal shield and pressure vessel,

Specific calculational uncertainties addressed in this paper involve
those pertaining to the nuclear data hase used in the transport calcula-
tions, to method approximations such as geometric modeling, and to the
choice of transport method parameters such as group structures and angu-
lar quadratures., For the nuclear data base, uncertainties in the fission
spectra, the cross sections involved in the neutron transport, and the
dosimeter cross sections themselves need to be estimated.

The first step in this methodology for variance reduction is the ana-
lysis of integral measurements in benchmark fields (i.e., neutron
environments in which the spectrum is well characterized and perhaps the
absolute flux as well). The most important outcome of this analysis is a
reduced uncertainty in the driving fission spectrum and the dosimeter
cross sections. These better established parameters are then used in the
analysis of more complex fields which allows for the adjustment and
reduced uncertainty of other parameters which affect the calculations,
such as the cross sections involved in the neutron transport and bias
factors introduced by transport method approximations. The methodology
is convergent in the sense that the more integral measurements that are
used (provided the uncertainties in both the measurements and calcula-
tions are well understood) the more universal are the adjustments made
and the smaller the uncertainties become.

The methodology is being applied in this paper to the Oak Ridge
Poolside Critical Assembly (PCA) Pressure Vessel simulator experiment.
This unique experiment plays a two-fold role. The flux at the T/4 loca-
tion of the pressure vessel is estimated using the above mentioned method-
ology utilizing dosimetry measurements at the surveillance position.

These fluxes can then be used to calculate the reaction rates of dosim-
eters placed at the T/4 position. For the PCA such dosimetry measurements
have actually been performed and these calculations can not only be
directly compared to their experimental counterparts, but they can also
enter directly into the data combination process.

Numerical results describing these procedures will be discussed
paying special attention to the reduction of all uncertainties concerned.,
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THEORY OF THE LEAST-SQUARES ADJUSTMENT PROCEDURE

Introduction

We define a data combination as one in which various types of data
used to define a data base are altered in such a fashion as to produce a
more consistent data base. The general types of data involved in our
present application may be integral measurements, r = (rg), 1 =1, 2, ..0
I, (e.g., reaction rates, spectrum averaged cross sections or their
ratios) or differential data, a = (ag)y £ = 1, 2, sou, N, (e.g., cross
sections, fission spectra, and calculational method bias factors). Any
or all of these data types may be used to define the data base. The com=
bination procedure must make use of calculations of the integral experi-
ments using the differential data including any method corrections,

r - (ryla)), must have some criterion which defines “consistency” in a
mathematical sense, and must operate within the framework of estimated
uncertainties of the data. Depending on the particular direction of
emphasis, the data combination used in our present application can also
be described as a few-channel spectral unfolding process, or an adjust-
ment procedure.

The consistency criterion is expressed mathematically as minimizing
the quadratic loss function of the data base subject to the relationships
between the differential and the integral data. The problem to be solved
is: gilven a series of dosimetry measurements performed at an accessible
(i.e., the "surveillance") location of a power reactor, together with a
calculation of these measurements and of the absolute spectrum at another
location (for example in the pressure vessel), what are the "best” esti-
mates of this absolute spectrum and what are the “"best” estimates of the
uncertainties in this spectrum?

The well established generalized least squares adjustment
procedure?»?»*»5 will not be rederived here. Only a few key expressions
that will be used in our discussion will be written explicitly in this
section. The nncertainty in calculated responses r due to propagated
uncertainties in the parameters a is given by

%
Crr = Sy Caadr » (D

where the covariance matrices of the parameters Caa® and of the calcu-

lated responses Ggy, are linked by the sensitivity watrix 8 = (3r1/3qn).
In particular, the 2 priori uncertainty in the calculated flux (or
fluence) ¢ at a given location in the pressure vessel is given by

1
Cop = S4Caa’® * (2)

where SQ 2 (301/80n).
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Using the modified parameter data base, a', based on the data com=-
bination process utilizing the dosimetry measurements, the "best” esti-
mate of the same flux, considered as a deactivated response, is given by

-1
¢' = ¢ + SQ(CGI - CGQS;)Cdd d . (3)

The rectangular matrix C,. represents possible cross covariances between
“active"” (i.e., participating in the ad justment) responses, T, and the
parameters, a. The covariance of d = (d4) =r -r, the discrepancies bet-
ween measured and calculated active responses, is denoted by Cy4:

t |
Cad * SeCaaSr * Crr - S¢Car = CraSr » (4)

where C. . is the covariance matrix of the measured responses.
The uncertainty of the flux calculated with a' is reduced to

Core® = Cop = s¢[<cG,-caas;)c;g<c,a-stcau>1s;. (5)

A measure of the quality of the modified data base (N parameters and
1 responses) is given by

2 =da'czs 4, (6)
and x2/1 < 1 indicates that the data base is a consistent one.

The consistency of a particular response measurement with the para-
meter data base ("individual x2") is given by

x = (;1'r1)2/(Crr+srcaosl'srcat'crasl)* (7

which is just the square of the discrepancy between the calculated and
corresponding measured quantity expressed in units of their combined
variance.

Data Necessary for the Normal Unfolding Procedure

The following is a general description of the information that is
needed to serve as input to the differential parameter adjustment and
spectral unfolding procedure as applied to the PCA dosimetry problem
based on surveillance measurements only. The specifics of the calcula-
tions necessary to obtain most of this information are presented in
detail elsewhere.®

l. Calculated and measured values of all the dosimeter responses at
the surveillance location in the PCA 12/13 configuration! and in all
other fields to be simultaneously analyzed. In the present case, these
other benchmark fields are the Intermediate Energy Standard Neutron Field
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(ISNF)7»8 at the National Bureau of Standards (NBS), and the standard
252¢f flelds at NBS?*!0 and the Physikalisch-Technische Bundesamstalt
(PTB) facility in Braunschweig, FRG,!1012

2. Covariances of all the integral experiments used in the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>