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Executive Summary

Reactor pressure vessel (RPV) materials undergo a transition in fracture behavior from
brittle to ductile as the test temperature of the material is increased. Charpy V-notch tests are
conducted in the nuclear industry to monitor changes in the fracture behavior during irradiation.
Neutron irradiation to fluences above -5 x 10" n/cm'auses an upward shift in the Charpy curve
and in the ductile-to-brittle transition temperature (DBTT). In order to ensure safe operation ofa
nuclear power plant during heatup, cooldown, and leakage/hydrotest conditions, it is necessary to
conservatively calculate allowable stress loadings for the ferritic RPV materials. These
allowable loadings can be conveniently presented as a plot ofmeasured coolant pressure versus
measured coolant temperature (P-T curves). Appendix G to 10CFR50 and Appendix G to
Section IIIof the American Society ofMechanical Engineers (ASME) Boiler and Pressure
Vessel Code present a procedure for obtaining the allowable loadings for ferritic pressure-
retaining materials in Class 1 components. Neutron damage within the RPV during plant
operation is accounted for in the allowable pressure loading by calculating an adjusted reference
temperature (ART). Regulatory Guide 1.99, Revision 2 (RG1.99(2)) defines the ART as the sum
of the initial unirradiated nil-ductilityreference temperature (RTNDY) plus the RTNDT irradiation
induced shift (hRTNDT) plus a margin term. Within the nuclear industry, the hRTNDT is
determined from the Charpy transition curve shift indexed at 30 ft-lbs ofabsorbed energy.

Previous P-T limits forNine MilePoint Unit 1 (NMP-1) were calculated up to 18
~

~

~

~effective fullpower years (EFPY) [1-1]. At the time the previous P-T limits were calculated,
three plate surveillance data points were available. In March, 1997, the 210 degree surveillance
capsule (Capsule B) was withdrawn and tested [3-13]. As a result of this work, a fourth plate
surveillance data point has become available. These data have been used to re-evaluate the ART
values for the vessel beltline materials and to update and extend the operating pressure-
temperature (P-T) limitcurves using projected vessel fluence levels. A Technical Specification
Amendment Application has been prepared to extend the valid operating period to 28 EFPY.
This report documents the calculations and analyses performed in support of the Technical
Specification Amendment.





1.0 Introduction

To ensure safe operation ofa nuclear power plant during heatup, cooldown, and leakage/

hydrostatic testing conditions, it is necessary to conservatively calculate allowable stress

loadings for the ferritic reactor pressure vessel (RPV) materials. These allowable loadings are

presented as a plot ofmeasured coolant pressure versus measured coolant temperature (P-T
curves). The P-T curves currently in use at Nine MilePoint Unit 1 (NMP-1) are valid for up to
18 EFPY [1-1] which is expected to be reached in December, 1998. Therefore, a Technical

Specification Amendment Application has been prepared to extend the valid operating period to
28 EFPY. In addition to the leak/hydro test curve for 28 EFPY, leak/hydro test curves have

been prepared for exposures up to 20 EFP Y and up to 24 EFPY to shorten outage time for
startups conducted prior to these exposures.

This report documents the methods used to obtain the revised P-T curves. Section 2.0

presents the methodology used for P-T curve calculation. Section 3.0 presents the results of
neutron transport calculations which were preformed to more accurately determine the Capsule B
exposure and to calculate the peak flux at the vessel ID surface. Section 4.0 presents the plant
data used in the calculations and the resulting P-T curves. Section 5.0 briefly summarizes key
features of the new P-T curves.

a te eee ce

[1-1] Manahan, M. P., "Pressure-Temperature Operating Curves for Nine MilePoint Unit 1",

Report Number NMEL-90002, January, 1991.





2.0 Calculative Procedure
T

The regulations governing the calculation ofP-T limits for the reactor coolant pressure
boundary are found in the Code ofFederal Regulations (CFR), the ASME Boiler and Pressure
Vessel Code, and Regulatory Guides. As stated in Reference [2-1], the following are the
regulations requiring P-T limits:

"Paragraph 50.55a of 10 CFR Part 50, "Codes and Standards," requires that
structures, systems, and components be designed, fabricated, erected, constructed,
tested, and inspected to quality standards commensurate with the importance of
the safety function to be performed. In addition, General Design Criterion 1 of
Appendix A of 10 CFR Part 50, "Quality Standards and Records," requires that
the codes and standards used to assure quality products in keeping with the safety
function be identified and evaluated to determine their adequacy.

General Design Criterion 14 ofAppendix A of 10 CFR Part 50, "Reactor Coolant
Pressure Boundary," requires that the reactor coolant pressure boundary be
designed, fabricated, erected, and tested in order to have an extremely low
probability ofabnormal leakage, ofrapid failure, and ofgross rupture. Likewise,
General Design Criterion 31, "Fracture Prevention ofReactor Coolant Pressure
Boundary," requires, in part, that the reactor coolant pressure boundary be
designed with sufficient margin to assure that when stressed under operating,
maintenance and testing, the boundary behaves in a nonbrittle manner and the
probability of rapidly propagating fracture is minimized. Further, in order to
assess the structural integrity of the reactor vessel, General Design Criterion 32,
"Inspection ofReactor Coolant Pressure Boundary," requires, in part, an
appropriate materials surveillance program for the reactor vessel beltline region."

The fracture toughness requirements for the reactor pressure vessel (RPV) for testing and
operational conditions are specified in Section IVof 10CFR50, Appendix G. This appendix
requires implementation ofthe acceptance and performance criteria ofAppendix G to Section III
of the ASME code. The basis for the technical requirements of the ASME code are discussed in
Reference [2-2]. Appendix G to 10CFR50 requires that the effects ofneutron irradiation on the
RTNDr ofthe beltline materials must be included in the P-T curve calculations. The guidance
provided in the latest revision to Regulatory Guide 1.99 may be used for this purpose.

The calculations performed for NMP-1 fullysatisfy the requirements of 10CFR50
Appendix G and Appendix G to Section IIIof the ASME Code. The two key models used in the
calculation, the BRTNDT model and the P-T limitmodel, are briefly summarized in the report
sections which follow.
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Neutron damage within the RPV during plant operation is accounted for in the allowable

pressure loading by calculating an adjusted reference temperature (ART). Regulatory Guide

1.99, Revision 2 [2-3] (RG1.99(2)) defines the ART as the sum of the initial unirradiated nil-
ductility reference temperature (RTNDr) plus the RTNDT irradiation induced shift (hRTNDT) plus a

margin term. Within the nuclear industry, the hRTNDT is determined &om the Charpy transition
curve shift indexed at 30 ft-lbs ofabsorbed energy. The ART for the vessel beltline region enters

the P-T calculations directly via the ASME reference stress intensity factor relation (KiR).
Therefore, it is necessary to provide reasonable and conservative estimates of the shift in nil-
ductility reference temperature for the period oftime over which the P-T curves willbe used.

The ERTNDT for NMP-1 was calculated using the guidance given in Revision 2 to Regulatory
Guide 1.99 [2-3]. The functional form for the RG1.99(2) model is as follows:

b,RT =(CF) P '"«
where,

CF chemistry factor: based on Cu and Ni content in the RG1.99(2) Tables, or
on the fitted surveillance data under Regulatory Position 2.1

fast fluence (E > 1 MeV) in units of 10" n/cm

The beltline material with the limitingARThas been determined using the RG1.99 (2)
CF for the non-surveillance beltline materials. Following the guidance given in RG1.99 (2) and

[2-4], the CF for the G-8-1 surveillance plate was calculated using the Tables and this CF was

compared to the CF determined from the surveillance data. Since the surveillance CF is more
conservative than the Table CF for NMP-1, the surveillance CF has been used for this material.
The result ofthis analysis was to show that plate G-307-4/5 has the limitingART. Further
details are provided in Section 4.0.

.2 e- e ertue e evel e

Appendix G [2-5] of the ASME Boiler and Pressure Vessel Code presents a procedure for
obtaining the allowable loadings for ferriticpressure-retaining materials in Class 1 components.
This procedure is based on the principles of linear elastic &acture mechanics. The calculative
method used to determine the NMP-1 P-T curves satisfies the requirements of the ASME
procedure.

The model uses the followinggoverning relation for calculation ofheatup and cooldown
curves for the reactor vessel:

KiR> 2 KM+Krr (2-1)





The Code requires that a semi-elliptical, axially oriented 1/4 thickness (T) reference flaw
be postulated at the inside (1/4 T) and the outside (3/4 T) surfaces of the vessel to calculate the

applied stress intensity factors. As a result of this assumption, equation (2-1) can be re-written as

follows:

KiR > 2 M 0+ M, hT

where,

KM
KiR
M
M,
hT

vessel hoop stress (ksi)
stress intensity factor produced by a radial thermal gradient across the wall
(ksiVin)
stress intensity factor corresponding to membrane tension (ksiVin )
reference stress intensity factor (ksiVin )
stress intensity index for membrane stress (/in )
stress intensity index for thermal stress (ksiVin /F)
temperature difference through the vessel wall during heatup and

cooldown (F).
It

The reference stress intensity factor, KiR, is calculated using the relationship given in
Paragraph G-2110 ofAppendix G which is:

K~ = 26.777+ 1.223 exp (0.0145 (T-RTNDY+ 160))

where,

T = vessel metal temperature (F)
RTNDT = nil-ductilityreference temperature of the limitingRPV material.

This analytical approximation for KiR is based on the lower bound ofstatic, dynamic, and crack-
arrest critical stress intensity values measured as a function oftemperature on specimens of
SA533B and SA508 steel.

For leak/hydro test, the Code allows reduction of the membrane stress intensity safety
factor &om 2 to 1.5. The thermal stress intensity factor is eliminated by ensuring the thermal
gradient is negligible prior to pressurization for testing. The leak/hydro equation for the case
where the core is not critical is therefore given by:

K >15K (2-4)
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For the case ofvessel heatup, two conditions are analyzed: the stresses at the 1/4
thickness (1/4 T) location; and the 3/4 thickness (3/4 T) location. At the 1/4 T position, the
thermal stresses on heatup are compressive and the membrane stresses are tensile. Therefore, the
most highly stressed condition is when the thermal stresses equal zero at an isothermal condition.
Thus, the hypothetical case ofan isothermal heatup, 0 F/hr, is considered and applied to the
heatup curves for conservatism.

For a postulated outside surface flaw with a crack tip at the 3/4 T position, the thermal
stresses and membrane stresses are tensile and therefore additive. As a result, the maximum
thermal stresses for a particular heating rate are superimposed on the pressure stresses in order to
develop conservative heatup curves. Therefore, at the 3/4 T position, a total of6 cases are

considered: 0 F/hr; 20 F/hr; 40 F/hr; 60 F/hr; 80 F/hr; and 100 F/hr. The most limitingof the 1/4

T and 3/4 T (i.e., inside or outside) conditions is used to form the heatup curve.

~ For the case ofcooldown, the pressure calculations need only be performed for an inside
surface flaw at the 1/4 T location since the membrane and thermal stresses are tensile and
additive. Th" 3/4 T location ( i.e., outside surface) willalways be stressed to a lesser or equal
value and thus need not be considered. Therefore, at the 1/4 T position, a total of six cases are
considered for cooldown: 0 F/hr; 20 F/hr; 40 F/hr; 60 F/hr; 80 F/hr; and 100 F/hr.

For leakage and hydrostatic testing, the ASME rules allow elimination of the thermal
gradient term since it is assumed that the vessel willbe thermally equilibrated at the time the test
pressure is applied. Therefore, the limiting loading condition is the membrane stress at the 1/4 T
(i.e., inside surface) position.

er I nal i

The temperature gradients in the pressure vessel wall at several heating and cooling rates
are determined by performing transient thermal analyses using the Livermore multi-dimensional
transient temperature distribution code (TRUMP) [2-6] computer program. The transient
conditions result in a temperature difference through the vessel wall and a temperature difference
from the inner diameter (ID) surface to the 1/4 T and 3/4 T positions. Thermal conductivity data
for American Society for Testing and Materials (ASTM)A533 Grade B low alloy steel is taken
from Appendix I ofSection IIIofthe ASME Code [2-7] and specific heat data are obtained from
the thermophysical properties ofmatter data series (TRPC) Data Series [2-8].
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The ASME stress intensity indices (M and Mg are calculated using the procedures of
Appendix G of the ASME Code [2-5]. Use of the thermal stress intensity factor, M„provided in
Appendix G of the ASME Code is appropriate provided the temperature change starts at a steady
state condition, has a rate ofchange of less than 100F/hr, and the shape ofthe thermal gradient is
approximately as given in Figure G-2214-3 of the ASME Code. The former conditions were
satisfied as described above and the latter condition was satisfied by comparison of the thermal
transient output with the ASME thermal gradient profile.

4 ll wa e lant em erature nd ur

It is essential that the pressure and temperature variables plotted be consistent with the
readings taken in the control room during operation. Based on discussions with plant personnel,
the most useful plot is reactor vessel top dome pressure versus beltline downcomer water
temperature. During plant operation, the temperature is measured in the recirculation pump
suction line. This temperature is conservative as compared with the beltline downcomer water
temperature since the actual reactor beltline temperature willbe higher due to gamma heating
effects and coolant fictional flowheating. Also, the instrument error must be included in a
conservative manner. Therefore, we have:

Tc =
TMEASURED -

TERROR (2-5)

where,

Tc
TMEASURED

TERROR

. downcomer coolant temperature
coolant temperature measured in the recirculation pump suction
line
temperature measurement instrument error

The pressure, since it is measured in the vessel steam region, must be corrected to the
pressure at the bottom of the vessel. This can be done by adding the head ofwater Rom the top
ofthe vessel to the bottom of the downcomer. Thus the pressure drop is conservatively
estimated so that the pressure can be measured anywhere in the steam region ofthe vessel. Also,
the pressure measurement error must be included in a conservative manner:

RV MEASURED HEAD ERROR (2-6)

where,

PRV

P MEASURED

PHEA

P ERROR

core pressure at the bottom of the beltline region.
the core pressure measured in the top dome.
head of&om the top of the vessel to the bottom of the downcomer.
pressure measurement instrument error.
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3.0 Neutron Flux Calculation

ntr ducti n

The neutron exposure ofsurveillance capsule material specimens is determined by a
combination ofcalculation and measurement. To monitor the exposure, radiometric monitors
such as iron, nickel, and copper dosimeter wires are placed in the capsule and analyzed at the
time ofcapsule removal to provide a measurement of the integrated fluence rate. To interpret the
measurements, a calculated neutron spectrum at the capsule location is necessary, together with
the operating power history of the reactor. The calculated neutron spectrum is determined by a
neutron transport calculation.

The neutron transport calculation also evaluates the fluence at all points of interest in the
reactor geometry, so that property changes in the vessel can be related to the capsule
measurements. The calculation determines the distribution ofneutrons ofall energies from their
source &om fission in the core region to their eventual absorption or leakage &om the system.
The calculation uses a model of the reactor geometry that includes the significant structures and
geometrical details as necessary to define the neutron environment at locations of interest.

3.2 cut ra rt del

The transport calculations for NMP-1 were carried out in R-6 and R-Z geometry using
the DORT two-dimensional discrete ordinates code [3-1] and the BUGLE-96 cross-section
library [3-2]. The DORT code is an update ofthe DOT code which has been in use for this type
ofproblem for many years. The BUGLE-96 library is a 47 energy group ENDF/B-VIbased data
set produced specifically for light water reactor applications (an update ofthe earlier SAILOR
library). This library contains cross-sections collapsed using a BWR core spectrum which were
used for the core region. Outside the core region, cross sections collapsed using PWR
downcomer and PWR vessel spectra were used. The difference between BWR and PWR
collapsing in these regions is not significant. In these analyses, anisotropic scattering was treated
with a P, expansion of the scattering cross-sections, and the angular discretization was modeled
with an S< order ofangular quadrature. These procedures are in accordance with ASTM Standard
E-482 [3-3].

The R-6 layout is shown in Figure 3-1. In this figure all structures outside the core were
modeled with a cylindrical symmetry except for the inclusion ofa surveillance capsule centered
at 30'. The R-6 model included 142 mesh points in the radial direction covering the range from
the center of the core to the outside of the reactor vessel. Regions outside the reactor vessel were
not included in the model. In the azimuthal direction, 33 mesh points were used to model a
single octant of the reactor. Inspection ofthe fuel loading patterns indicated that only minor
deviations from an octant symmetry were present. In the discussion below, all angles are
referred to in the first octant (i.e relative to the nearest cardinal axis) and thus the capsule at 210'





(Capsule B) is centered at 30'. The mesh spacing was chosen to limit the changes in flux
between mesh points to values significantly less than a factor of2. For example, typical fast flux
changes between radial mesh points in the vessel were about 20%.

The capsule was modeled with 3 mesh points in the radial direction and 3 mesh points in
the azimuthal direction. Since the dosimetry was located at the center of the capsule (both
radially and azimuthally, the capsule center mesh point best represents the neutron flux spectrum
for the dosimetry analysis. The GE capsules are arranged with the dosimetry wires on the top of
the Charpy specimens (the capsules are one Charpy bar thick). The three packets are stacked
adjacent to one another which results in the dosimeters being axially separated by - 2 inches.
Therefore, since the axial variation over this distance is small, the core midplane calculations are
applicable for interpretation of the dosimetry data.

The core region used a homogenized material distribution which includes the fuel, fuel
cladding, and the water. The water region in the fuel contains both liquid water and steam. The
&action occupied by steam is known as the void &action and varies by assembly and axial
position within the fuel. Values ofvoid fraction for Cycle 12 were supplied by Niagara
Mohawk for each of the outer assemblies at axial midplane [3-4]. Inspection of these values
indicated that significant variation in the void fraction occurred, but that some groups of
neighboring assemblies had close to the same void &action. To model the void &action
variation, the outer rows ofassemblies were divided into six regions ofapproximately uniform
water material density, and the average water density for the assemblies in each ofthese regions
was calculated by multiplying the base water density (46.0415 lb/ft')by 1.0 minus the void
fraction, The assemblies in each ofthese regions are indicated by the region numbers defined in
Figure 3-1. The average region void fractions at midplane varied &om about 2% to about 35%
and are tabulated in Figure 3-1. Water density in the bypass region was taken to be the same as

, in the core except with zero void fraction. The downcomer water density was calculated for a
temperature of530 'F and a pressure of 1050 psia.

Neutron transport calculations were performed for two fuel cycles (cycles 7 and 12). The
last cycle of irradiation for Capsule B was Cycle 12, and detailed information on this cycle was
used to define the core model. The average power generated by each assembly was determined
by the cycle burnup ofeach assembly supplied in Reference [3-4]. The power of the outer
assemblies was then increased by the ratio of the power at axial midplane to the average
assembly power determined &om the calculated axial power profile at the midpoint of the cycle.
The average ofthis ratio was 1.17. The individual pin powers were not used because NMPC
chose to provide bundle average powers only. The power profile was assumed to be flat over
each assembly. Neglect of the fall-offin pin power near the edge ofthe core willresult in a
slight increase in calculated flux.

The second fuel cycle that was used as input for the calculations was Cycle 7. This cycle
was chosen because it had been previously calculated for the analysis ofthe 300 degree capsule
[3-5]. Cycle 7 also is fairly typical of fuel cycles 1 through 11, whereas Cycle 12 has lower
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power generation at the periphery of the core. Thus the Cycle 7 calculation can be used to

estimate the effect on the flux magnitude ofchanging the fuel loading pattern, which affects the

analysis of the dosimetry measurements. Examination of the three corner assemblies nearest the

capsule indicates that the average relative power generation from these assemblies at midplane at

mid-cycle is 0.42 for the first 11 cycles and is 0.39 for Cycle 7. However, for these particular
assemblies, the Cycle 12 average is only slightly lower, 0.38. Thus, the effect of the lower
peripheral power on the capsule flux level was not expected to be large.

For the Cycle 7 R-6 calculations, the same transport model was used as for Cycle 12,

however, the relative assembly power generation and the void fraction data were changed as

appropriate. A previous calculation by GE of the axial fluxprofile for Cycle 7 [3-6] used void
&actions at midplane that are significantly higher than for Cycle 12. These higher void fractions
were used for the Cycle 7 R-6 calculation.

4

The DOTSOR code (available as part of the LEPRICON code package [3-7]), was used

to convert the cycle power distributions from x,y to R,6 coordinates and place the source in each

mesh cell. The source per group was defined by an average fission spectrum calculated for a

fission breakdown by isotope determined for the average burnup ofthe outer assemblies in Cycle
12. This is a good approximation to the fission spectrum because the outer assemblies were all
burned assemblies and the fission spectrum only slowly varies with burnup. The average burnup
was also used to determine the average value of the neutrons per fission and the average energy
per fission.

A second transport calculation was performed for the Cycle 12 fuel pattern in R-.Z

geometry. For this calculation, the core was divided into 4 radial regions. Three of these regions
consisted ofeach of the outer three rows ofassemblies averaged over the octant. The fourth
region consisted of the inner part of the core. Each radial region was divided into axial regions
according to variation in void fraction. Both the power distribution and void fraction were given
for each of the outer 4 rows ofassemblies in 24 axial nodes [3-8]. Except for nodes near the
bottom ofthe core which had zero void fraction, each node was modeled as a separate region.
For convenience, cross sections were calculated for each region with void &actions rounded off
to the nearest percent. This resulted in a total of56 regions in the core with 42 distinct cross
section sets. For the R-Z model, the core radius was taken to be that which gave the equivalent
core volume. Regions above and below the core were not modeled exactly but consisted ofa
one-foot high water reflector with vacuum boundaries at the top and bottom ofthe model. The
model had 142 mesh points in the radial direction as in the R-6 model except with slightly
different boundaries near the core edge. In the axial direction, the model had 68 mesh points
with 38 in the core region.

eutr an t e t

Selected flux results from the Nine Mile Point Unit 1 Cycles 7 and 12 neutron transport
analyses are provided in Figures 3-2 and 3-3 and Tables 3-1 through 3-3. Figure 3-2 shows the

10





azimuthal variation of the flux above 1 MeV at the vessel inner radius (clad/base metal interface)
at axial midplane for the two cycles. It is seen that at small angles, the Cycle 12 flux level is

calculated to be about 19% lower than that ofCycle 7, while at larger angles there is less

difference. This effect is due to the difference in power from the outer fuel assemblies that is
pronounced in the assemblies nearer zero degrees. At the 30 degree capsule location, the
difference is about 11%. Included in these differences is the effect of the difference in void
fraction which contributes about 4% to 6% out of the 11% or 19% previously mentioned.

Tables 3-1 through 3-3 give the calculated fast neutron flux (E > 1 MeV) and (E > 0.1

MeV) and displacements per atom (dpa) per second for key points in the reactor vessel and at the
center ofthe capsule at axial midplane. Allvalues are normalized to the fullpower of 1850 MW
thermal. These points include the vessel base metal surface, one quarter of the way through the
vessel (1/4 g, halfway through the vessel (1/2 T), and 3/4 ofthe way through the vessel (3/4
T). In the tables, IR stands for the inner radius of the vessel base metal (i.e., at the clad-base

metal interface). The maximum flux at the vessel was found to occur near 17'. Values offlux at

0, 30, and 45 degrees are also included. The value at 30's behind the capsule. The flux at this
angle in octants without a capsule present willbe higher since shielding by the capsule willbe
absent.

Table 3-4 gives the absolute calculated neutron flux spectrum at the center of the capsule
for cycles 7 and 12. There is a bias in magnitude between the two, but little difference in
spectrum shape. Except for the 4 highest energy groups, all the group fluxes are within about 1%
of the values that would be determined by taking the ratio offluxabove 1 MeV. The Cycle 12

spectrum was used for the Capsule B dosimetry analysis described in Section 3.4.

Comparisons were also made between the calculations reported here and the previous
neutron spectrum calculations performed by Battelle for Cycle 7 which were made when the 300
degree capsule was first analyzed [3-5]. Because ofchanges in transport cross sections and the
fission spectrum, some relative group fluxes differed by significant amounts between the two
cases. However, in the most important energy range between 0.1 and 10 MeV, the differences
were small. The spectral averaged dosimeter reaction cross sections for the iron, nickel, and
copper reactions above 1 MeV were found to differby about 4%. The newer calculation thus
should produce measured fluence values that are 4% higher.

Figure 3-3 shows the result of the R-Z calculation. The axial fluxprofile is calculated to
peak between 35 and 40 inches above midplane. The flux level at this point is indicated to be
45% higher than at midplane. This is considerably more than the value obtained by GE in the
earlier Cycle 7 calculation ofabout 13% [3-6]. The cause ofthis difference is the differences
between the axial power profiles for the two cycles.

Figure 3Q shows the position of the beltline plates in the NMP-1 vessel for comparison
to the axial fluxprofile. The axial position of the beltline plates, in relation to the core midplane,
has been used to determine the peak fast neutron fluence in the lower shell course beltline plates.

11





Beltline plate G-8-1 is the surveillance plate. The determination of the flux to the lower shell
course materials was calculated to confirm that plate G-8-1 is not the limitingmaterial (i.e., plate
G-8-1 does not have the highest ART). Further discussion concerning analysis of the beltline
materials to determine the material with the limitingART is provided later in this report.

3.4 nal i osimet ata

4. a ule nal i

The dosimetry from Capsule B consisted of three sets ofCu, Fe, and Ni wires. This
dosimetry was counted to determine the fast neutron reactions as shown in Table'3-5. This table
also gives the nuclear constants used to determine the reaction rates. These data are taken &om
the appropriate ASTM standards [3-9, 3-10, 3-11, 3-12]. The dosimetry results are tabulated in
Table 3-6. The dosimeter measurements are presented in units ofdisintegrations per second
(dps) adjusted to the end-of-irradiation (March 3, 1997 at 23:02). Using the power history, the
ratio ofreaction rate to dps was calculated, and the results are also in Table 3-6. The units of
reaction rate are reactions per second per target nucleus. Since the dosimetry is all located at the
center of the capsule in the radial and azimuthal directions, and close to the axial midplane of the
reactor, no dosimeter gradient corrections are necessary.

'apsuleB was irradiated from reactor start-up to March 1997 for a total of 16.76
effective fullpower years at 1850 MWt. The power history was supplied as the thermal
generation per month over this period. The use ofmonthly power history data is not expected to
introduce any significant error in the results, even for the relatively short-lived nickel reaction.
However, there can be differences in fuel cycles which can introduce differences in flux to the
capsule for the same power generation. In the earlier analysis of the Capsule B dosimetry [3-13],

.these differences were not included. In particular, the measured flux calculations were
performed by assuming a constant ratio offlux to power. The only available transport data at the
time the [3-13] work was performed was the previous Cycle 7 transport results, and these data
were used to estimate the Cycle 12 measured fluxes.

In the current work, the measured fluxes were calculated by taking into account the
change in flux to power ratio. In effect, the transport calculations for both Cycles 7 and 12 were
used to interpret the dosimetry measurements to obtain a better interpretation of the
measurements than that reported in [3-13]. To achieve this objective, it was assumed that the
Cycle 7 calculated flux in the capsule is typical ofcycles 1 to 11. As shown in Table 3-1, the
Cycle 12 calculated flux is 11% lower than the calculated Cycle 12 flux. When the difference in
cycle flux is accounted for, the ratio ofcopper reaction rate to wire count (dps/mg) increased by
7%.

In summary, using the Cycle 12 calculated neutron spectrum at the center of the capsule
(Table 3-4), together with reaction cross sections in 47 groups, along with the Cycle 7 flux, and
power history, the flux above 1 MeV was determined for each dosimeter wire. The flux is given
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by the measured reaction rate divided by the spectral averaged cross section above 1 MeV. The
flux determined in this way for each dosimeter, and the average for each of the three dosimeter
types, is given in Table 3-6. The results indicate that a consistent difference is observed between
the three monitors, while the individual monitors of the same type are in good agreement. The
dosimeter material differences are indicative ofdifferences in flux level in the capsule at full
power, both within Cycle 12 and between cycles, and these difFerences result &om effects that
have not been included in the calculations. The most important ofthese effects are differences in
magnitude of the void &action in the outer assemblies and changes in the axial power profile and
void fraction during the cycle.

.42 ari n f an ule

Comparison of the Capsule B dosimetry results may be made with earlier results from the
capsule at 300 degrees presented in Reference [3-5]. In the earlier case, good agreement was
observed among the different dosimeter reactions. Thus, the Capsule B dosimeter result
differences are not typical ofearlier capsules. Since the dosimeter data and transport calculations
indicate that the fast fluxat the midplane has decreased since the end ofCycle 7, it is
recommended that only the copper reaction be used for Capsule B exposure determination, since
only this reaction is sensitive to fluence from any but the last cycle or two. Therefore, the
recommended average flux for Capsule B (average copper value &om Table 3-6) is 1.895E09
n/cm'/s (averaged over all 12 cycles). The recommended value &om the 300 degree capsule was
1.90E09 n/cm'/s, which is in good agreement. Because the data indicate the Cycle 12 flux to be
lower than that for Cycle 7, the average flux for Capsule B should be slightly lower than the
earlier value. Recommended values for exposure for Capsule B based on the average of the
copper measurements are given in Table 3-7.

The dosimetry difference between the nickel and iron reactions cannot be resolved by
cycle differences in relative exposure. However, there may be effects within Cycle 12 that can
explain the observations. In contrast to Cycle 7, the cycle 12 axial fluxprofile is peaked above
midplane in the outer assemblies, which is probably due to previous burnup to higher levels in
the bottom halfofthe assemblies. Further power shifts upward might lower the midplane power
value and drop the capsule flux as the cycle progresses. This is exactly what the relatively short
half-lifenickel monitor indicates.

Even with the cycle power adjustment using the Cycle 7 to Cycle 12 calculated flux
difference, the iron and copper monitors do not agree, although the correction did eliminate a
substantial part ofthe discrepancy. The iron monitor mainly responds to the last cycle and the
copper monitor to the last 4 cycles. The lower nickel result indicates that the iron monitor
response should also be biased low due to greater radioactive decay for activation at the
beginning of the cycle. Also, the representation ofcycles 8-11 using the cycle 7 power
distribution and void &action data may not be accurately representing the capsule flux
differences.
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Although the power history effects are the most likely cause of the differing monitor
response, uncertainty in the calculated neutron spectrum is also a possible contributor. The
calculations do not predict any significant change in spectrum. Although spectrum uncertainties
can affect the evaluation of the relative response of the iron and copper monitors, the iron and
nickel response is so similar that no realistic spectrum error can resolve the differences observed.
Thus the analysis here has assumed that the three dosimeter reactions do not provide any data to
indicate that the calculated neutron spectrum shape should be adjusted.

Comparisons of the "measured" fluxvalues for the 210 and 300 degree capsules, with the
absolute calculations reported in the preceding section, indicates that the 300 degree capsule flux
measurement is higher than the Cycle 7 calculation by 9%, and the 210 degree capsule
measurement is higher than the Cycle 12 calculation by 21%. Ifthe iron Capsule B dosimetry
result (which is mostly sensitive to the Cycle 12 flux level) is factored into the comparison with
the Cycle 12 calculation, the agreement would be closer. In fact, by correcting for the earlier
cycle contributions at higher flux levels, the bias is found to be about 10%, showing the
consistency between the two capsules as already discussed above. For conservatism, the 9-10%
bias was used for fluence evaluation in the vessel (see Section 3.5).

.4 e ue ce ncertain nal i

An uncertainty estimate was made for the Capsule B fluence determination. The main
sources ofuncertainty are the calculated neutron flux spectrum in the capsule, and the deviation
in fluxhistory after cycle 7. Use of the copper monitor alone provides only a normalization of
the calculated fluence and.no check on the accuracy of the calculated neutron spectrum. Based
on experience with other capsules (Reference [3-14]), the flux (E > 1 MeV) uncertainty due to
the neutron spectrum uncertainty is conservatively estimated to be 12%. An estimate of the

"power history uncertainty effect was derived from the changes necessary to allow the copper and
iron reactions to be in agreement. This change affected the copper reaction rate by 7%. The 7%
value was chosen to be an estimate of the 1o uncertainty &om this source. Combining the two
uncertainties in quadrature results in an overall uncertainty of 14%.

'I

Other uncertainties are present but are not significant contributors to the overall
uncertainty. The downcomer water temperature has an uncertainty of+ 5'F which results in
about a 2.8% uncertainty in calculated capsule flux. Bigger uncertainties in calculated flux arise
&om uncertainty in the void &action in the outer assemblies. However, these factors do not have
any appreciable effect on the neutron spectrum, and so do not affect the fluxderived &om the
dosimetry. Uncertainties in water densities and variation in these densities with time can affect
the relative flux at the capsule and the ratio offlux at the vessel to the capsule. These
uncertainties are included in the vessel analysis in the following section ofthis report.
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3.5 Ve e1 luence valuati n and r ecti n

R- ran ort esult

In order to calculate P-T curves, it is necessary to determine the vessel exposure at the

maximum point. From the R-8 calculation results, the maximum point occurs at an azimuthal

angle of 17 degrees. The maximum point in the axial direction is determined by the axial power

profile and the axial variation of the void fraction in the outer assemblies. A previous calculation

of the axial flux shape for Cycle 7 [3-6] indicated that the location ofthe maximum was at 100

inches from the bottom of the core and the position of this maximum did not change significantly

during the cycle. The ratio ofvessel flux at the maximum position to that at the axial midplane

was calculated by GE to be 1.138. This value was taken to be typical ofcycles 1-11. For Cycle

12, an R-Z calculation was performed using a significantly different power shape. This resulted

in a value of the axial peak fluxwhich is 44.6% higher than the value offlux at midplane at a

location 107 to 112 inches above the bottom of the core.

The vessel fluence and dpa were evaluated for the end ofCycle 12 (16.76 EFPY) and for
28 EFPY. These exposure data are given in Table 3-8. To derive the values at the maximum

point on the vessel inner radius, the exposure through the end ofCycle 11 was calculated by
increasing the Cycle 7 calculated fluxmagnitude by the axial peaking factor relative to midplane

(1.138) and by a bias factor of 1.09. As discussed earlier, the bias factor was determined by
comparing the 300 degree and 210 degree capsule measured and calculated data. For Cycle 12

and projections into the future, the Cycle 12 flux magnitude was used with the axial peaking
factor of 1.446 and a capsule bias factor of 1.10. While these factors increase the flux at the

maximum point relative to previous cycles, the lower calculated capsule flux for Cycle 12, and

the lower azimuthal peak relative to the capsule, largely offset the increase. The end result of the

lower calculated midplane vessel fluence at 17 degrees relative to the capsule, and the higher
axial peaking factor, was an increase ofthe fluxat the peak vessel point of3% relative to the

Cycle 7 value. The extrapolation for future exposure assumes that future fuel cycles willbe

similar to Cycle 12, which is conservative since the Cycle 12 flux is higher. The conservative

assumption is also made that the peak vessel flux is at the same point in all cycles,

2 -ve el eak ence a c I

To evaluate the effect ofexposure within the vessel, RG1.99(2) requires the use ofthe

more conservative dpa attenuation applied to fluence (E > 1 MeV). Values of fluence above 1

MeV using this attenuation are given in Table 3-9. These values are derived using two methods:

(1) from the plant-specific calculated dpa attenuation given in Table 3-8; and (2), using the

RG1.99(2) attenuation factor (attenuation ofexp(-.24x), with x the. depth into the vessel in
inches). Ifthe generic RG1.99(2) formula is used in place ofthe plant-specific dpa results, the

fluence would be -3% lower at the 1/4 T position, but -20% higher at the 3/4 T depth. Since

RG1.99(2) allows either the use ofthe dpa attenuation formula or plant-specific data, and since

the effect of the difference on the leak/hydrotest curve is negligible when either is used, the
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generic RG1.99(2) dpa attenuation has been used in the P-T curves.
t

As d!scussed in Chapter 4, determination of the limitingbeltline plate was performed
using a lower fluence for beltline plates located below the core midplane. These fluences were
calculated using the R-Z transport results referenced to the peak position above the core
midplane. These data are given in Table 3-10. As shown in the table for Cycle 12, lower shell
course plates which are located 42.19 inches below the core midplane, experience a fluence
which is 0.4 times the peak fluence of the upper shell course. In Cycle 7, the lower shell course
plates experienced a fluxwhich is 0.67 times the peak fluence ofthe upper shell course plates [3-
6]. In order to ensure conservative, but accurate results, the 0.67 factor was applied to cycles 1

„ through 11 and the 0.4 factor was applied to cycles 12 through 28. Thus, the maximum fluence
in the lower shell course for 28 EFPY is 0.545 times the peak fluence in the upper shell course
based on the time weighted flux values.

V se uence e ain n 1

Uncertainties in the vessel fluence are larger than for the capsule fluence because of the
additional extrapolation Rom the dosimetry measurement points. Because of the closeness of the
capsule to the vessel, this extrapolation is small near the capsule angle, but larger error can be

present in the extrapolation axially and azimuthally to the maximum fluxpoint. This error was
investigated by varying the void fraction in the calculations, and by looking at the axial and
azimuthal flux shape differences between Cycle 7 and Cycle 12. Estimated uncertainty in the
peaking factors was also included. Combining these uncertainties results in an estimated
extrapolation uncertainty of 11%. The total uncertainty in the peak vessel fluxdetermination is
found by combining in quadrature the capsule fluence uncertainty of 14% and the extrapolation
uncertainty. This results in a total uncertainty of 18% for the peak vessel fluence.
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Table 3-1 Calculated Core Midplane Flux (E'> 1.0 MeV) (n/cm'-s) at Selected
Locations

Location

Vessel IR

Vessel 1/4 T

Vessel i/~ T

Vessel 3/4 T

Capsule

Location
"

Vessel IR

Vessel 1/4 T

Vessel 1!2 T

Vessel 3/4 T

Capsule

po

1A6e+09

9.37e+08

5.25e+08

2.73e+08

00

1.80e+09

1.15e+09

6.47e+08

3.36e+08

Cycle 12 Calculation

17'.92e+09

1.23e+09

6.82e+08

3.53e+08

Cycle 7 Calculation

17'.39e+09

1.52e+09

8.47e+OS

4.37e+08

30o

1.32e+09

8.16e+08

4.57e+08

2.38e+OS

1.56e+09

30'.48e+09

9.15e+08

5.12e+OS

2.67e+08

1.75e+09

45'.60e+08

5.54e+08

3.11e+08

1.62e+08

450

8.68e+08

5.59e+08

3.14e+08

1.64e+08

18





Table 3-2 Calculated Core Midplane Flux (E > 0.1 MeV) (n/cm'-s) at Selected
Locations

Location

Vessel IR

Vessel 1/4 T

Vessel 1/2 T

Vessel 3/4 T

Capsule

Location

Vessel IR

Vessel 1/4 T

Vessel 1/2 T

Vessel 3/4 T

Capsule

p0

2.7Se+09

2.43e+09

1.79e+09

1.15e+09

po

3.43e+09

3.00e+09

2.21e+09

1.42e+09

Cycle 12 Calculation

17'.66e+09

3.17e+09

2.31e+09

1.47e+09

Cycle 7 Calculation

17'.56e+09

3.94e+09

2.87e+09

1.S2e+09

300

2.70e+09

2.26e+09

1.65e+09

1.05e+09

2.83e+09

30'.03e+09

2.54e+09

1.86e+09

1.19e+09

3.17e+09

45'.63e+09

1.43e+09

1.05e+09

6.76e+08

450

1.64e+09

1.44e+09

1.07e+09

6.84e+08

19





Table 3-3 Calculated Core Midplane dpa/s at Selected Locations

Location

Vessel IR

Vessel 1/4 T

Vessel 1/2 T

Vessel 3/4 T

Capsule

Location

Vessel IR

Vessel 1/4 T

Vessel 1/2 T

Vessel 3/4 T

Capsule

00

2.26e-12

1.53e-12

9.41e-13

5.36e-13

00

- 2.78e-12

1.88e-12

1.16e-12

6.61e-13

Cycle 12 Calculation

17'.95e-12

1.98e-12

1.21e-l2

6.87e-13

Cycle 7 Calculation

17'.66e-l2

2.46e-l2

1.51e-12

8.52e-13

30o

2.05e-12

1.35e-12

8.38e-13

4.80e-13

2.38e-12

30'.29e-12

1.52e-12

9.40e-13

5.39e-13

2.67e-12

450

1.34e-12

9.07e-13

5.59e-13

3.19e-13

45'.36e-12

9.16e-13

5.65e-13

3.23e-13
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Table 3-4 Calculated Neutron Flux Spectrum at the Center of Capsule 8

Calculated 47 Group Neutron Spectrum at Capsule Center

Group Energy Cycle 12

n/cm'/s
Cycle 7
n/cm~/s

Group Energy Cycle 12
n/cm'/s

Cycle 7
n/cm'/s

10

12

13

14

15

16

17

18

19

20

21

22

23

24

1.733E+01 1.702e+06 1.858e+06

1.419E+01 4.694 e+06 5.14 8e+06

1.221E+01 1.608e+07 1.772e+07

1.000E+01 2.837e+07 3.136e+07

8.607E+00 4.312e+07 4.784e+07

7.408E+00 1.075 e+08 1.196e+08

6.065 E+00 1.349e+08 1.505e+08

4.966E+00 1.961e+08 2.194 e+08

3.679E+00 1.203 e+08 1.347e+08

3.012E+00 7.932e+07 8.894e+07

2.725E+00 8.437e+07 9.468 e+07

2.466E+00 3.990e+07 4.481e+07

2.365E+00 9.728 e+06 1.094e+07

2.346E+00 4.854e+07 5.454e+07

2.231E+00 1.234e+08 1.3SSe+08

1.920E+00 1.238e+08 1.389e+OS

1.653E+00 1.632e+08 1.832e+08

1.353E+00 2.345e+08 2.633e+08

1.0 03E+00 1.442e+08 1.620e+08

8.208E-01 7.579e+07 8.507e+07

7.427E-01 1.862e+08 2.093e+08

6.081E-01 1.405e+08 1.580e+08

4.979E-01 1.660e+08 1.870e+08

3.688E-01 1.43 le+08 1.609e+08
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25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

2.972E-01 2.026e+08 2.286e+08

1.832E-01 1.790e+OS 2.020e+08

1.111E-OI 1.373e+08 1.548e+08

6.738E-02 1.074e+OS 1.213e+08

4.0S7E-02 4.242e+07 4.805e+07

3.183 E-02 2.812e+07 3.180e+07

2.606E-02 3.194e+07 3.604e+07

2.418E-02 2.004e+07 2.259e+07

2.188E-02 6.498e+07 7.329e+07

1.503 E-02 1.107e+08 1.248e+08

7.102E-03 1.305e+08 1.472e+OS

3.355E-03 1.15 le+08 1.298e+08

1.585E-03 1.809e+08 2.040e+08

4.540E-04 1.073e+OS 1.209e+08

2.145E-04 1.068e+08 1.204e+08

1.013E-04 1.401e+08 1.579e+08

3.727E-05 1.699e+08 1.917e+08

1.068E-05 9.910e+07 1.118e+08

5.044E-06 1.294e+08 1.457e+08

1.855E-06 9.508e+07 1.069e+08

8.764E-07 8.140e+07 9.114e+07

4.140E-07 1.248e+08 1.388e+08

1.000E-07 1.107e+09 1.222e+09





Table 3-5 Nuclear'Parameters Used in the Evaluation ofNeutron Sensors

Monitor
Material

Reaction
of

Interest
Target

Fraction

Approx.
Response
Threshold

Product
Half-Life

Copper Cu~(n,a)Co~ 0.6917 5 MeV 5.271 yrs

Iron

'Nickel

Fe~(n,p)Mn"

Niss(n, )Coss

0.0580

0.6827

2'MeV

2 MeV

312.5 days

70.78 da s

Table 3-6 Tabulation ofCapsule B Dosimetry Results

Wire

Cu-1

CQ-2

Cu-3

Avg

Fe-1

Fe-2

Fe-3

Avg

Ni-1

Ni-2

Ni-3

Avg

dps/mg

20.66

20.81

19.43

20.30

149.4

138.6

135.7

141.2

1725

1636

1592

1651

Reaction Rate

4.947e-18

4.983 e-18

4.653 e-18

4.861e-18

2.958e-16

2.745 e-16

2.687e-16

2.797e-16

2.979e-16

2.825e-16

2.749e-16

2.851e-16

Flux(E> 1)
(n/cm'/s)

1.928e+09

1.942e+09

1.813e+09

1.895e+09

1.734 e+09

1.609e+09

1.575e+09

1.639e+09

1.363 e+09

1.293 e+09

1.258 e+09

1.305 e+09
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Table 3-7 Recommended Exposure Values for Capsule B

Flux ( E> 1.0 MeV)

Flux (E> 0.1 MeV)

dpa/s

1.895e+09

3.43e+09

2.89e-l2

n/cm'/s

n/cm'/s

/s

Fluence (E > 1.0 MeV)

Fluence (E > 0.1 MeV)

dpa

1.00e+18

1.81e+18

0.00153

n/cm2

n/cm'able

3-8 Estimated Maximum Exposure in the Reactor Vessel Wall of the Nine Mile
Point Unit 1 Reactor

Fluence
(E>1 MeV) n/cm~

Fluence
(E>0.1 MeV) n/cm2

dpa

Maximum Vessel Exposure at end ofCycle 12 (March 1997)

IR

1/4 T

1.57e+18

1.00e+18

2.99e+18

2.59e+18

2.41e-03

1.62e-03

1/2 T

3/4 T

5.56e+17

2.87e+17

1.89e+18

1.20e+18

9.88e-04

5.59e-04

Maximum Vessel Exposure at 28 EFPY

IR

1/4 T

1/2 T

3/4 T

2.64e+18

1.69e+18

9.39e+17

4.85e+17

5.05e+18

4.37e+18

3.19e+18

2.02e+18

4.06e-03

2.73e-03

1.67e-03

9.45e-04
Note: The data in this table arc based on the assumption that the cycle 7 flux applies through the cnd ofcycle 11 and the cycle 12
flux applies afler cycle 11. As discussed in Section 4, the P-T curve calculations werc performed using the cycle 12 flux from
reactor startup which is conservative.

23





Table 3-9 Maximum Vessel Fluence (E > 1 MeV) Using dpa Attenuation

16.76 EFPY Fluence (n/cm2) 28 EFPY Fluence (n/cm')

Position Calculated dpa RG1.99(2) Calculated
dpa

RG1.99(2)

IR 1.57e+18 1.57e+18 2.64e+18 2.64e+18

1/4 T

3/4 T

1.05e+18

6.43e+17

3.64e+17

1.02e+18

6.66e+17

4.34e+17

1.78e+18

1.09e+18

6.15e+17

1.72e+18

1.12e+18

7.33e+17

Note: The data in this table arc based on the assumption that the cycle 7 flux applies through the cnd ofcycle 11 and the cycle 12

flux applies after cycle 11. As discussed in Section 4, the P-T curve calculations were performed using thc cycle 12 flux from
reactor startup which is conservative.
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Table 3-10 Cycle 12 Relative Axial Flux (E > 1.0 MeV) Variation in the Core Region

Distance from
Midplane (in)

-71.85

-71.45

-70.85

-70.12

-69.38

-68.25

-66.75

-64.50

-61.50

-57.00

-51.00

-45.00

-39.00

-33.00

-27.00

-21.00

-15.00

-9.00

-3.00

Relative
Flux (E > 1.0 MeV)

0.132

0.136

0.143

0.152

0.161

0.174

0.192

0.218

0.253

0.299

0.347

0.385

0.420

0.453

0.487

0.524

0.565

0.611

0.663

Distance from
Midplane (in)

3.00

9.00

15.00

21.00

27.00

33.00

39.00

45.00

51.00

57.00

61.50

64.50

66.75

68.25

69.38

70.12

70.85

71.45

71.85

Relative
Flux (E > 1.0 MeV)

0.721

0.783

0.847

0.909

0.961

0.995

1.000

0.965

0.883

0.758

0.636

0.545

0.480

0.434

0.403

0.381

0.360

0.343

0.332
Note: The axial flux profile has been calculated relative to the peak fluxposition.
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Figure 3-1 Nine MilePoint Unit 1 R-0 Geometp Used in the DORT Calculations
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Figure 3-2 Calculated Azimuthal Flux (E > 1.0 MeV) Variation at the Reactor Vessel
Inner Radius for Cycle 7 and Cycle 12
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4.0 Pressure-Temperature Curve Analysis

P-T curves for up to 28 effective fullpower years (EFPY) were calculated for NMP-1. In
addition, leak/hydro test curves were calculated at 20 EFPY and at 24 EFPY. These additional
leak/hydro test curves were calculated in an effort to minimize outage time since heatup to the
leak/hydro test temperature is slow in a BWR.

This section ofthe report contains a briefreview of the data development necessary to
calculate the P-T curves as well as the P-T curves themselves.

eut ue ce e e
inat'wo

dimensional discrete ordinates transport calculations for NMP-1 were reported in
Section 3.0. The cycle 12 peak ID fast (E > 1 MeV) flux was determined to'be 3.054 x 109

n/cm'/sec. This flux, which is 3% higher than the peak cycle 7 flux, was assumed to represent
the exposure from plant startup through 28 EFPY for the upper shell course plates. Therefore, at
28 EFPY, the peak ID surface fast fluence willbe 2.70 x 10" n/cm'.

Using the Reference [4-1] attenuation factor with a vessel wall thickness x = 7 1/8 in
(base metal), the 1/4 T fluence is:

Qt«47 = [2.70x10" nlcm ] exp [-0.24 '

= 1.759x10 n/cm

and the 3/4 T fluence is:

Qf>4 T
= [2.70x10 nlcm ] exp [-0.24 (7.125) — ]

4
= 7.479x10'lcm

4.2 urve a ce ta e me t

The method ofRG1.99(2) was used to evaluate the surveillance plate data. Three data
points are available for plate G-8-1, and the results are presented in Table 4-1 [3-13]. In the
application of these data to the NMP-1 vessel, the weight given to them depends on the
credibility ofthe surveillance data as judged by the five criteria given in the regulatory guide.
Based on the copper and nickel content ofthe vessel beltline plates, the surveillance plate is not
the limitingmaterial since plate G-307-4 has higher copper and nickel content and a higher initial
RTNDr. Therefore, the surveillance plate materials do not meet the first criterion that the
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materials in the capsule should be judged to be controlling with regard to radiation
embrittlement. Despite this fact, Position 2.1 of the regulatory guide was used to calculate the

plate ART value.

The three surveillance plates were fitted according to the RG 1.99(2) procedure to the

following equation:

(Shlft3o*FF3o+Shlft2,o*FF2,o+Shlff3oo*FF3oo)CF—
2 2 2
so+ 2io+ soo)

where,
Shift; = Charpy 30 Mb shift for capsule i
FF; = RG 1.99(2) fluence factor for capsule i

The resulting least-squares fitfor the surveillance CF (221.26 F) is larger than the Table

CF (153.95) for this material. Criterion 3 evaluates the scatter about the mean CF value and

scatter from the mean for the base metal should be within 17 F for credible data. As shown in
Table 4-1, one data point (300 degree capsule point) exceeds the predicted value by 21.19 F.

Therefore, Criterion 3 is not satisfied for the G-8-1 surveillance plate material and the full 34 F

margin term must be used. The CF + 34 F prediction bounds all the surveillance data points.

The applicability of the RG1.99(2) Table CF for analysis of the beltline materials was

assessed by comparing the measured plate G-8-1 data to the RG1.99(2) model plus 34 F bound.

The results are shown in Table 4-2. Only one surveillance data point falls outside ofthe RG

1.99(2) model (Table CF) plus 2 sigma margin for plate G-8-1, and this point exceeds the 2

sigma limitby only 6.5 F. The other two surveillance points are comfortably bounded by the

RG1.99(2) model. Based on this comparison, it was concluded that application of the RG1.99(2)
model using the Table CF + 34 F margin is appropriate for the other beltline plates.

4. r imit ate i

P-T curve calculations are performed using mechanical property data for the RPV
material which is limitingover the operating period for which the P-T curves are valid. Using
the RG1.99(2) procedure, the beltline plate with the largest ART is limitingfor the beltline
region. The initial RTNDT data for the beltline materials is summarized in Table 4-3.

The procedure for ART calculation described in RG1.99(2) was used to determine the

ART of the beltline materials. The ART at 28 EFPY is given by:

ART = RTNDr+ ERTNDr+ Margin
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The mean d RTNDT is calculated using:

b,RTNDr = CF x FF ('F)

where,
CF

.FF
f
Margin
O~

0)

RG1.99(2) chemistry factor (F), either &om the Tables or
from the surveillance data fittingprocedure
RG1.99(2) fluence factor —f(0.28-0.l log Q

fast neutron fluence in units of
10'/cm'(

o 2+ o 2)0.5

28 F for welds and 17 F for plates
standard deviation for initial RTND~

The results of the ART calculation are given in Table 4-4. Since plates G-8-1 and G-8-
3/4 lie 42 inches below the core midplane, and the cycle average peak fluxoccurs -27 inches or
more above core midplane, the upper bound flux for plates G-8-1 and G-8-3/4 determined &om
the Cycle 7 and Cycle 12 neutron transport analysis was used in the ART calculation. Table 44
show that the limitingmaterial is plate G-307-4/5.

With regard to the non-beltline materials, the NMP-1 FSAR states that the RTNDr (L-T
orientation) does not exceed 40'F for any ofthe non-beltline steels. Therefore, conservatively
assuming a 30'F LT to TL additive conversion, the RTNDYof the non-beltline material is below
70'F which is significantly below any beltline material. Therefore, plate G-307-4 is the limiting
vessel material.

4.4 a ient al i

The temperature gradients in the pressure vessel wall at several „heating and cooling rates
were determined by transient thermal analyses using the TRUMP [4-3] computer program which
has been integrated into the PT Curve Version 1.0 computer program [4-4]. The pressure vessel
wall was modeled as a cylinder having an internal radius of 106.34 inches and a wall thickness of
7.28 inches to conservatively include the effects ofthe clad. The pressure vessel wall was
divided into 17 nodal elements. The inner nodal element was thermally coupled with a high
thermal coefficient to a boundary node whose temperature change was controlled at the desired
heating or cooling rates. The outer surface ofthe outer nodal element and the ends ofall nodal
elements were modeled as adiabatic surfaces, i.e., no heat flowthrough these surfaces. Six
heating and cooling rates were evaluated, These included 0, 20, 40, 60, 80, and 100'F per hour.
For each ofthe heating studies, the model was set at a uniform temperature of70 F and heated
up to 550'F. For each of the cooling studies, the model was initiallyset at a uniform
temperature of550'F and cooled at a constant rate to 70'F. The temperature difference through
the RPV wall and the temperature difference between the ID surface and the 1/4 T and 3/4 T
positions were calculated every 1'F of the thermal transient ramp for each heatup and cooldown
rate. These data were provided as input to the P-T curve calculations.
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inimum em erature r ritical re erati n

Appendix G to 10CFR50 requires that when the core is critical the RPV temperature must
exceed the minimum permissible temperature (TcIUY) for in-service system hydrostatic pressure
test. Using the ASME reference stress intensity factor relation, the minimum metal temperatures
for core critical operation are:

CRIT

TCRIT

= 248'F
1I4 T

= 217'F
I4 T

During cooldown, the 1/4 T position is limitingbecause the membrane and tensile
stresses are additive and higher than those at the 3/4 T, The coolant temperature (T,) which
corresponds to Tc1uT can be calculated as follows:

T, (cooldown) = cRIT - ET„47+ T
114 T

T, (cooldown) = 260 'F

During heatup, the 3/4 T limits at 100'F/hr. We have:

T, (heatup) = cRIT + 'hT,/4'p+ T
4 T

T, (heatup) = 278 'F

The limitfor core operation is then determined by drawing a vertical line on the pressure
temperature curve, intersecting a curve 40'F higher than the non-critical P-T limitcurve for
heatup and cooldown operations in accordance with 10CFR50, Appendix G.

4 ant gram eter

There are several key plant parameters which are used in P-T curve calculations. These
parameters are summarized in Table 4-5. The instrumentation used to measure reactor vessel
pressure during plant heatup, cooldown, and leak/hydro testing are documented in [4-5].
For heatup/cooldown, the pressure measurement uncertainty used in the P-T calculations is +52.2
psig and the temperature measurement uncertainty is +12.2'F. For leak/hydro test, the pressure
measurement uncertainty used in the P-T calculations is +10.0 psig and the temperature
measurement uncertainty is +4.0'F. These uncertainties have been included in the P-T curves
and Tables.
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O ~4. urves

The P-T curve equations have been incorporated into the MPM Technologies, Inc.
computer code called PT Curve [4-4]. The results of the analyses are provided in Figures 4-1
through 4-7 and in Tables 4-6 through 4-12.

The leak/hydro test curve was calculated in accordance with 10CFR50, Appendix G
which specifies that there should be no thermal gradient load applied during hydrotest.
Therefore, during leak/hydro test, the non-critical heatup curve should be used to achieve the
desired temperature, and then, after the appropriate soak time, the leak/hydro test curve may be
used to pressurize the vessel to the desired test pressure. After the test is completed, the
heatup/cooldown curves must be used since a temperature change is anticipated.

As described in Section 2.0, heating rates up to 100'F per hour have been analyzed to
obtain the most limitingconditions. Lower bound curves from heating/cooling rates up to
100'F/hr, in conjunction with the specifications of 10CFR50 Appendix G, were used to obtain
the P-T curve shown'in Figures 4-1 through 4-5. In accordance with the guidance provided in
10CFR50 Appendix G, a total offive P-T curves have been prepared which are valid through 28
EFPY: heatup and cooldown for non-critical operations; heatup and cooldown for critical
operations; and non-critical leakage/hydrotest. In addition, leak/hydro test curves have been
prepared at exposures of20 EFPY and 24 EFP Y. These curves have been developed to
minimize outage time associated with the slow heatup rate to the test temperature which is
inherent in a BWR plant.

4. ate 4 eeece
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Table 4-1 Surveillance Data Credibility Assessment for Plate G-8-1

Capsule
Identification

30'10'00'luence

(n/cm')

3.60 x 10"

1.00 x 10"

4.78 x 10"

Fluence
Factor

0.244

0.417

0.286

Measured
ERTNgz

54.0

77.7

84.4

Prcdictcd
BRTant
(Surveillance
CF)

53.98

92.24

63.20

Measured
~RTNDr
Minus
Predicted ~TND>
(F)

0.02

-14.54

21.19
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Table 4-2 RG1.99(2) Table CF ApplicabilityAnalysis for Plate G-8-1

Capsule
Identification

30'10'00'luence
(n/cm')

3.60 x 10"

1.00 x 10"

4.78 x 10'v

Fluence
Factor

0.244

0.417

0.286

Measured

AT~~

54.0

77.7

84.4

Predicted
BRTNpy + 34 F
(RG1.99(2) Table
CF)
(F)

71.56

98.18

77.98

Measured hRT~r
Minus
Predicted
hRT~+ 34 F

-17.56

-20.48

6.42

37





Table 4-3 Summary ofBeltline InitialRTNz Data |4-6]

e'
RTND~ (TL)

0

plate G-8-3/G-8-4
plate G-8-1

plate G-307-3
plate G-307-4
plate G-307-10

weld W5214/SG13F
weld 86054B/4ESF
weld 1248/4KI3F
weld 1248/4M2F

-3

36
28
40
20

-50
-50
-50
-50

38





Table 4-4 Analysis ofNNP-1 Beltline Materials at 28 EFPY to Identify LimitingART

Material
ID

1/4 T
Fluence
(n/cm')

RG1.99
Fluence
Factor (FF)

Cu
Content

(wt%)

Ni
Content
(wt%)

RG 1.99

Chemistry
Factor (CF)
(F)

RG 1.99
Source
of
CF

Initial
RTmr (TL)
(F)

BRT~r
(F)

Margin
(F)

ART
(F)

Plate
G-3074/5

Plate
G-307-3

Plate
G-307-10

Plate
G-8-1

'late

G-8-3/4

'eld

Seam
2 564 A/Cb

Weld Seam
2-564 D/F ~

Weld Seam
3-564 ~

1.76 x 10" 0 539

1.76 x 10" 0.539

1.76 x 10" 0.539

9.60 x 10n 0 409

9.60 x 10n 0 409

1.76 x 10" 0 539

1.76 x 10" 0 539

1.76 x 10" 0.539

0.27

0.20

0.22

0.23

0.18

0.22

0.22

0.22

0.53

0.48

0.51

0.51

0.56

0.20

0.20

0.20

173.85

134.60

148.85

221.26

130.20

112.0

112.0

112.0

Table

Table

Table

Surveillance
Data

Table

Table

Table

Table

40

28

20

36

-3

-50

-50

-50

93.7

72.6

80.3

90.5

53.3

60.4

60.4

60.4

34

34

34

34

34

56

56

56

167.7

134.6

134.3

160.5

84.3

66.4

66.4

66.4
'The fluencc to the lower shell course plates is lower than that of the upper shell plates because the axial flux peak is above thc core midpiane.
'The Cu and Ni content of the beltline welds is from [4-6J, and the resulting CF value is bounding for these materials.

39





Table 4-5 Summary OfNine MilePoint Unit I Parameters Used In P-T Curve
Calculations

arameter Value eference

vessel base metal inner radius

vessel base metal outer radius

wall thickness (base metal)

vessel clad thickness
C

peak wall ID surface fast flux
(E> 1 Mev)

RTNDr for limitingmaterial

pre-operational hydrotest

106.5 in

113.625 in

7 1/8 in

5/32 in

3.05 x 10~

n/cm'/sec

40'F

1800 psig

FSAR Table V-1

FSAR Table V-1

FSAR Table V-1

FSAR Table V-1

This Report

Reference [4-6]

Technical
Specification
Bases for 2.2.1

RTNDr ofnon-beltline materials 40'F Technical
Specification
Bases for 3.2.2 and
4.2.2

system operating pressure 1030 psig Technical
Specification
Bases for 2.2.1

yield strength of limitingmaterial

temperature instrument error

69.4 ksi Reference [4-6]

4.0'F (leak/hydro) Reference [4-5]
12.2'F (heatup/cooldown)

pressure instrument error 10.0 psig (leak/hydro) References [4-5]
52.2 psig (heatup/cooldown)

standard deviation for the initial
RTNDr

O' Reference [4-6]

RG1.99(2) o~ Reference [4-1]
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Table 4-6 Minimum Beltline Downcomer Water Temperature for Pressurization
During Heat-Up (Core Not Critical) (Heating Rate s 100'F/Hr) For Up To
28 Effective Full Power Years of Operation

197
197
197
197
199
205
213
225
239
257
279
304
334
369
410
458
513
577
651
737
835
949
1079

100
110
120
130
140
150
160
170
180

190
200
210
220
230
240
250
260
270
280
290
300
310
320

Reactor Vessel Beltline Downcomer Water Temperature is Measured at Recirculation Loop Suction
Instrument Uncertainties Have Been Included in this Table
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Table 4-7 Minimum Bcltlinc Downcomcr Water Temperature For Pressurization
"During Cooldown (Core Not Critical) (Cooling Rate s 100'F/Hr) For Up To
28 Effective Full Power Years of Operation

160
171

184
199
216
235
258
284
315
350
391
438
493
556
630
708
786
866
957
1062

100
110
120

130
140
150
160
170
180

190
200
210
220
230
240
250
260
270
280
290

Reactor Vessel Beltline Downcomer Water Temperature is Measured at Recirculation Loop Suction
Instrument Uncertainties Have Been Included in this Table
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Table 4-8 Minimum Beltline Downcomer Water Temperature For Pressurization
During Heatup (Core Critical) (Heating Rate s 100 F/Hr) For Vp To 28
Effective Full Power Years of Operation

W

197

197
197
197
197
197
197
197
199
205
213
225
239
257
279
304
334
360
360

'60

402
410
458
513
577
651
737
835
949
1079

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
268
270
277
278*

280
290
300
310
320
330
340
350
360

Water Level Must be in Range for Power Operation ifCore is Critical Below 278 F

Reactor Vessel Beltline Downcomer Water Temperature is Measured at Recirculation Loop Suction
Instrument Uncertainties Have Been Included in this Table
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Table 4-9 Minimum Beltline Downcomer Water Temperature For Pressurization
During Cooldown (Core Critical) (Cooling Rate s 100 F/Hr) For Up To 28
Effective Full Power Years of Operation

130
136
143

151

160
171

184
199
216
235
258
284
315
350
360
360
360
360 .

493
556
630
708
786
866
957
1062

100

110

120
130
140
150

160
170
180
190
200
210
220
230
233
240
250
259

260'70

280
290
300
310
320
330

Water Level Must be in Range for Power Operation ifCore is Critical Below 260'F

Reactor Vessel Beltline Downcomer Water Temperature is Measured at Recirculation Loop Suction
Instrument Uncertainties Have Been Included in this Table





Table 4-10 Minimum Beltline Downcomer Water Temperature For Pressurization
During In-Service Hydrostatic Testing and Leak Testing (Core Not Critical)
For Up To 28 Effective Full Power Years of Operation

360
360
360
360
569
590
614
642
675
712
755
805
862
929
1005
1032
1093
1195

100

110

120

130

140

150

160

170

180

190

200
210
220
230
240
243
250
260

Reactor Vessel Beltline Downcomer Water Temperature is Measured at Recirculation Loop Suction
Instrument Uncertainties Have Been Included in this Table
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Table 4-11 Minimum Beltline Downcomer Water Temperature For Pressurization
During In-Service Hydrostatic Testing and Leak Testing (Core Not Critical)
For Up To 20 Effective Full Power Years of Operation

T RV
W

360
360
360
360
597
622
652
685
724
769
821

881
951
1031

1123
1229

100

110
120

130
140
150
160
170
180

190
200
210
220
230
240
250

Reactor Vessel Beltline Downcomer Water Temperature is Measured at Recirculation Loop Suction
Instrument Uncertainties Have Been Included in this Table
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Table 4-12 Minimum Beltline Downcomer Water Temperature For Pressurization
During In-Service Hydrostatic Testing and Leak Testing (Core Not Critical)
For Up To 24 Effective Full Power Years of Operation

W

360
360
360
360
582
604
631

661
697
737
785
839
902
974
1033
1058
1154

100

110

120

130
140

150

160

170
180
190
200
210
220
230
237
240
250

Reactor Vessel Beltline Downcomer Water Temperature is Measured at Recirculation Loop Suction
Instrument Uncertainties Have Been Included in this Table
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HEATUP - CORE NOT CRITICAL
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Instrument Uncertainties Have Been Included in this Figure

Figure 4-1 Minimum Beltline Downcomer Water Temperature for Pressurization
During Heatup (Core Not Critical) (Heating Rate s 100'F/Hr) For Up To 28
Effective Full Power Years ofOperation
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COOLDOWN - CORE NOT CRlTICAL
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Figure 4-2 Minimum Beltline Downcomer Water Temperature for Pressurization
During Cooldown (Core Not Critical) (Cooling Rate s 100 F/Hr) For Up To
28 Effective Full Power Years of Operation
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HEATUP - CORE CRITICAL
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Figure 4-3 Minimum Beltline Downcomer Water Temperature for Pressurization
During Heatup (Core Critical) (Heating Rate z 100'F/Hr) For Up To 28
Effective Full Power Years ofOperation
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COOLDOWN - CORE CRITICAL
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Figure 4A Minimum Beltline Downcomer Water Temperature for Pressurization
During Cooldown (Core Critical) (Cooling Rate s 100'F/Hr) For Up To 28
Effective Full Power Years ofOperation
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LEAK/HYDROTEST - CORE NOT CRITICAL
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Figure 4-5 Minimum Beltline Downcomer Water Temperature for Pressurization
During In-Service Hydrostatic Testing and Leak Testing (Core Not Critical)
For Up To 2S Effective Full Power Years ofOperation
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LEAK/HYDROTEST — CORE NOT CRITICAL
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Figure 4-6 MinimumBeltline Downcomer Water Temperature for Pressurization
During In-Service Hydrostatic Testing and Leak Testing (Core Not Critical)
For Up To 20 Effective Full Power Years of Operation
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LEAK/HYDROTEST - CORE NOT CRtTtCAL
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Figure 4-7 Minimum Beltline Downcomer Water Temperature for Pressurization
During In-Service Hydrostatic Testing and Leak Testing (Core Not Critical)
For Up To 24 Effective Full Power Years ofOperation
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P-T operating curves for NMP-1 have been calculated for up to 28 EFPY ofoperation.
These new P-T cur ves satisfy the requirements of 10CFR50, Appendix G. Operation ofNMP-1
in accordance with the revised P-T operating limits willpreclude brittle fracture of the RPV
materials. Safety margins for brittle fracture are in accordance with those specified in 10CFR50,
Appendix G and Appendix G to Section IIIof the ASME Code. Therefore, the revised P-T
limits do not involve a significant increase in the probability or consequences ofan accident
previously evaluated, do not introduce the possibility ofa new or different kind ofaccident, and
do not significantly reduce existing margins ofsafety.

The current P-T curves, which are valid up to 18 EFPY, require a minimum temperature
for leak testing at 1030 psig of216 F. The revised minimum leak test temperature for up to 28
EFPY is 243 F. In order to minimize outage time, minimum leak test temperatures were
calculated for exposures of20 EFPY and 24 EFPY. The minimum leak test temperatures at
these two additional exposures are: 20 EFP Y - 230 F; and 24 EFPY - 237 F.
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6.0 Nomenclature

ART
ASME
ASTM
BWR
CFR
EFPY
F,'F
EOL
FSAR
ID
IG

NMP-1
NMPC
NRC
p,
P-T
PR-EDB
PTCurve
RG1.99(2)
RPU
~RTNDT

RTNDT

OI

og
oy
T
ET,O
Tc

TCRIT

TRPC
TRUMP
EUSE

adjusted reference temperature
American Society ofMechanical Engineers
American Society for Testing and Materials
boiling water reactor
Code ofFederal Regulations
effective fullpower years
degrees Fahrenheit
end-of-license
Final Safety Analysis Report
inner diameter
intergranular
ASME reference stress intensity factor curve
Nine Mile Point Unit 1

Niagara Mohawk Power Corporation
Nuclear Regulatory Commission
operating pressure
pressure-temperature
Power Reactor Embrittlement Data Base
MPM Technologies, Inc. allowable RPV pressure-temperature code package
Regulatory Guide 1.99 (Revision 2)
reactor pressure vessel
neutron induced shift in RTNDT
nil-ductilityreference temperature
standard deviation for the initial RTNDT
standard deviation for hRTNDT
material yield strength
vessel wall thickness
Charpy curve shift indexed at the 30 Mb
downcomer coolant temperature
minimum temperature for plant operation using nuclear heat with the core critical
thermophysical properties ofmatter data series
Livermore multi-dimensional transient temperature distribution code
drop in the upper shelf energy
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