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1.0, INTRODUCTION

Radiation embrittlement of reactor pressure vessel (RPV) materials causes a decrease in fracture

- toughness. Nuclear Regulatory Commission (NRC) Regulatory Guide 1.99, Revision 2 (RG1.99)
describes general procedures to evaluate the effects of neutron irradiation embrittlement on the alloy
steel used in RPV’s. In order to perform this evaluation, RG1.99 requires calculation of Adjusted
Reference Temperature (ART) and Reference Temperature Shift (ARTnpr) values {1]. The ART values
are then used to determine the local fracture toughness of the RPV wall, according to ASME Code,
Section XI, Non-mandatory Appendix G [2] evaluations.

The purpose of this calculation is to develop ART and ARTnpr values for the Monticello Nuclear
Generation Plant (MNGP). In accordance with RG1.99, the ART and ARTnpr values are developed for
all Reactor Pressure Vessel (RPV) plates, welds and nozzles exposed to fluence levels greater than
1.0x10'"7 n/ecm? [1]. This value is considered a lower bound, below which material effects due to
irradiation are negligible, based on 10CFR50 Appendix H, Section III.A [3]. Based on updated fluence
calculations, ART and ARTxpr values are provided at 36, 40, and 54 effective full power years (EFPY).
The reported valued for 54 EFPY are applicable until the end of MNGP’s extended operation period (60
years). The intermediate values at 36 and 40 EFPY are provided due to operational challenges presented
by the leak test temperature at 54 EFPY.

The application of assumptions is indicated throughout the document using a set of braces containing the
appropriate reference number; for example, Assumption #3 would be indicated as {3, Section 4.0}.

2.0 METHODOLOGY

When surveillance data is limited or not available, RGl 99 [1] specifies that ART is calculated with the
. following equation:

ART = InitialRT\,; + ART,;,, + Margin n

The “Initial RTypr” term refers to the reference temperature of nil ductility transition for the non-
irradiated material.

- The reference temperature shift, ARTnpr, is defined in RG1.99 [1] as the shift in the reference
temperature resulting from neutron irradiation. ARTnpr is calculated from the product of the chemistry
factor (CF) and fluence factor (FF) as follows:

ART,,, =CF-FF . @)

The CF is a function of the weight percent copper (Cu) and weight percent nickel (Ni) of the weld and
base metal (plate or forging) materials. Tables 1 and 2 of RG1.99 [1] prov1de the standard CF values
used in this calculation.
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The FF is based on the accumulated fast neutron exposure (E > 1 MeV), and is typically corrected by the
thickness at the location of interest. The FF can be read.directly from Figure 1 of RG1.99, or calculated
using the following equation [1]: '

FF = fq 28-0 10log(/) ) ’ (3)

Due to attenuation effects, the fluence decreases with distance into the RPV wall. Per RG1.99.[1], the
calculated or measured fluence from the inside surface of the RPV is attenuated using the following
formula: ' :

f=Foy €™ ~ C)
Where: = fast neutron fluence (10'° n/cm?, E > 1 MeV)
forr = fast neutron fluence at the RPV inside surface
(i.e., at base metal / cladding interface, same units as f)
X = . depth into the RPV wall from the inside surface (inches)

For ASME Code, Section XI, non-mandatory Appendix G [2] evaluations, the “x” value is taken at one-
quarter of the base metal thickness (1/4t). The fast neutron fluence can be attenuated through the
stainless steel cladding on the inside surface of the RPV. By design, however, the cladding is treated
purely as a lining, and not as a load-bearing member. Thus, for the purposes of this evaluation, the
inside surface neutron fluence is considered to be at the base metal / cladding interface.

Margin (M), a conservative term defined in RG1.99 [1], accounts for uncertainty-in the initial reference
temperature and for variance in ARTnpr. The margin is calculated using the following formula:

Margin=2-\|c? +0c,’ v | %)

the standard deviation for the initial RTnpr (°F)
-the standard deviation for ARTxpr (°F) -

I

Where: o
Ca

RG1.99 [1] states that the standard value of 6, is 28 °F for welds and 17 °F for base metal (plates or
forgings), and o, need not exceed 0.5 times the mean reference temperature shift (0.5* ARTxpr).

The oy term, which is related to the uncertainty in the precision of the Initial RTxpr, is applied for values
that are determined by measurement and also when generic or default values are used. For MNGP
components where a oy value is not explicitly identified, o; i$ assumed to be equal to 0 °F {1, Section
4.0}. :

File No.: 1000847.301 : ' Page 4 of 13
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When surveillance data exists (e.g., the ISP Representative Material or other Supplemental Surveillance
Program (SSP) material) containing an identical match for the heat number of the vessel beltline
material being evaluated, a separate procedure is used to evaluate the ART. This procedure first
determines the credibility of the data and, using best estimate chemistry values, calculates a fitted CF.
The fitted CF is then compared to the Table CF (defined above in Equation 2), and the greater of the two
is used in subsequent ART calculations. If the surveillance data is credible, the margin (c4) may be cut
in half, as specified in RG1.99 [1]. Detailed procedures to evaluate surveillance data in the manner
described above can be found in Section 3 of Reference [4].

3.0 DESIGN INPUT

The fluence values obtained from Reference [5] for 54 EFPY account for extended power uprate (EPU)
operation at 2004 MWT from Cycle 22 on. Specific fluence values for RPV beltline components (i.e.

. shell plates, welds, and nozzles) are not prov1ded as the table in Section 4.0 of Reference [5] merely
lists the peak fluence value of 6.43x10'® n/cm? at the inner surface of the RPV. Location specific-
fluence values for all EFPY must be calculated, along with peak fluence values for 36 and 40 EFPY.
The required input into these calculations is the flux and axial distribution of relative flux for both pre-
EPU and post-EPU operation. The pre-EPU input is obtained from Reference [17] and the post-EPU
input is obtained from Reference [5]. The fluence values are calculated in Appendix A, and summarized
in Table A-1. Note that although references [5 and 17] are listed as proprietary in Sect10n7 no
proprietary information for those documents was used herein [20].

' The MNGP RPV is constructed of a series of plates, numbered 10 through 17 from top to bottom [7].
Two plates are joined at each elevation via circumferential and vertical welds. According to Sectlon 4.0
of Reference [5], at 54 EFPY the upper elevation of the RG1.99 fluence threshold (1.0x10'7 n/cm’ ) is
168.7 inches above the bottom of active fuel (BAF). Reference [19] specifies that the BAF is at an
elevation of 207.5 inches in the RPV, so the top of the beltline at 54 EFPY is at an elevation of 376.2
inches. Reference [7] specifies that the weld separating the lower intermediate shell plates (14 and 15)
from the upper intermediate shell plates (12 and 13) is located at an elevation of 366.125 inches.
Therefore, the upper intermediate plates must be included in the ART evaluation.

The chemical composition of the MNGP RPV plates is obtained from several sources. The nickel
content of the lower plates (C2193-1 and A0946-1) and upper intermediate plates (C2613-1 and C2089-
1) is obtained from Reference [8]. The copper content of the lower plates is obtained from Table 4-1 of
Reference [9]. Copper content is not available for the upper-intermediate plates; for conservatism, the
bounding value of 0.35% copper specified in Section 1.1 of RG1.99 [1] is applied to these components-
{2, Section 4.0}.
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Reference [10] specifies updated copper and nickel values for the lower intermediate plates (C2220-1
and C2220-2); these values supersede any prior information for these components. Reference [10] also
specifies [H]], which exceeds the default chemistry factor specified in
the tables of Reference [1]. According to the discussion in the Attachment to Reference [10], '
hﬂ Therefore, the 55 margin

term is cut in half for the lower intermediate plates.

Initial RTypr values for the MNGP RPV plates are obtained from Table 5-1 of Reference [11]. In
certain cases, multiple values are provided, based on different evaluation methods that are equally
relevant. In such cases, it is assumed that selecting the minimum reported value is applicable for the
ART calculations {3, Section 4.0}.

The vertical and circumferential welds that join the RPV plates must also be considered during the ART
evaluation. Information on specific welds is not available; rather, Reference [12] provides parameters
for a bounding beltline weld. Chemical composition information for the beltline weld is provided in

~Table 4-1 of Reference [12]. As described in Sections 3.1 and 3.2 of the same document, the Initial
RTnpr value for the bounding beltline weld is calculated from 45 tests performed on a sample specimen.
The average calculated value is -65.6 °F, with a standard deviation of 12.7 °F. For the ART evaluation,
these values are applied as the Initial RTnpr and oy, respectively.

According to the drawing in Reference [7], the centerline N-2 recirculation inlet nozzles in the MNGP
RPV are located at an elevation of 186 inches above the bottom of the reactor vessel. According to
Section 4.0 of Reference [5], at 54 EFPY the lower elevation of the 1.0x10'” n/cm? fluence threshold
will be 19.2 inches below the bottom of active fuel (BAF). This corresponds to an RPV elevation of
188.3 inches. However, the elevation of the uppermost blend radius of the N-2 nozzle is 204.3 inches,
as shown in Reference [19]. Therefore, the N-2 nozzles must be included in the ART evaluation.

Similar to the upper intermediate shell plates, documentation of the copper content of the N-2 nozzles is
not available. Section 3.2 of Reference [13] provides a conservative estimate of copper content based on
a statistical evaluation of beltline nozzles in other BWR plants {4, Section 4.0}. Note that although
Reference [13] is an EPRI proprietary document, EPRI does not consider the copper content of the N-2
nozzles proprietary [21]. Nickel content for each nozzle is identified in the RPV test reports in -
Reference [14]. The average of the reported values is 0.86%; this value, the best-estimate nickel
content, is used to determine an N-2 ART value. The Initial RTnpr value is obtained from Table 5-2 of
Reference [11], where a value of 40 °F is common to all of the N-2 nozzles.

Based on the boundary of the extended beltline [5,19] and examination of the RPV drawing [7], the N-2
nozzle is the only forged nozzle in the extended beltline at 54 EFPY. There are no instrument nozzles in
the extended beltline at 54 EFPY.

The design inputs desbcribed above are replicated in the ART calculation results in Table 1 for 36 EFPY, ‘
Table 2 for 40 EFPY, and Table 3 for 54 EFPY.

File No.: 1000847.301 ' Page 6 of 13
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4.0

ASSUMPTIONS

The assumptions made in order to define the evaluation approach and perform the analysis are
summarized in the following list. The application of these assumptions is indicated throughout the
document using a set of braces containing the appropriate reference number; for example, Assumption
#3 would be indicated as {3, Section 4.0}. '

1.

According to RG1.99, the o term is equal to the standard deviation of the Initial RTnpr when
that quantity is estimated from physical measurements [1]. However, for the MNGP evaluation,
a number of components do not have a measured Initial RTnpt; rather, a bounding value is
estimated via alternative means. Values calculated by this method include substantial
conservatism, rendering it unnecessary to create additional conservatism via the c; term.
Consequently, for MNGP ART calculations, o is set equal to zero unless the Initial RTnpr for
the component in question is estimated directly from measured data.

The copper content of the MNGP upper intermediate RPV shell plates is not documented.
RG1.99 states that in cases where chemical composition is unknown, a conservative value of
0.35% copper may be used [1]. This approach is used herem to evaluate the ART values for the
upper intermediate plates.

The Initial RTypt values llsted in Tables 5-1 and 5-2 of Reference [11] are calculated by one of
four different methods, as described in the footnotes accompanying the tables. In many cases,
the values reported in Reference [11] have been conservatively increased from the estimated
value. Additionally, multiple evaluation methods are often applicable for a particular RPV
component. All of the methods are valid, so it is assumed that the minimum initial RTypT value
reported for each component may be used for the ART evaluation. The values obtained by
application of this assumption are consistent with those in MNGP’s licensing basis documents.

Documentation of the copper content of the MNGP N-2 nozzles in unavailable. However, this

information is available for beltline nozzles at other BWR plants. Section 3.2 of Reference [13]
offers an estimate of the copper content in nozzle forgings by means of statistical evaluation of -
available industry forging data. It is assumed that this approach is conservative and therefore
applicable for the purposes of MNGP ART calculations.

MNGP intends to implement EPU after the Spring 2011 refueling outage. In order to calculate
future fluence values, it is necessary to calculate the EFPY for which the RPV is exposed to pre-
EPU flux. Based on MNGP’s operational history [15], an 81% cumulative load factor is
assumed from MNGP startup up to April of 2011 (approximate end of the next refueling outage).
Thus, the EFPY corresponding to the end of the next refueling outage (41.25 years from
December 1970 to April 2011) is 33.4 (see Appendix A).

Intermedlate fluence Values are calculated for 36 and 40 EFPY. Reference [5] adds a 30% factor
on the flux to account for unknown future operation. In projecting the fluence at 36 and 40
EFPY, this factor is removed from pre-EPU fluence calculations. Past operation is assumed to
be bounded by pre-EPU flux without the 1.3 bounding factor.
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5.0 CALCULATIONS

The methodology in Section 2.0 is used to evaluate the ART and ARTnpr values for MNGP, based on
the design inputs in Section 3.0 and consistent with the assumptions in Section 4.0. The fluence
estimates calculated in Appendix A and presented in Table A-1 are applied where appropriate. The
design inputs, intermediate calculations, and resultant ART values are provided for 36 EFPY in Table 1,
40 EFPY in Table 2, and 54 EFPY in Table 3.

6.0 CONCLUSIONS

This document contains ART and ARTnpt values calculated in accordance with RG1.99 [1] for all
MNGP plates, welds, and forgings exposed to fluence greater than 1.0x10'” n/cm?. Design inputs are
collected from a variety of sources, as discussed in Section 3.0. The calculated ART and ARTxpr values
are provided for 36 EFPY in Table 1, 40 EFPY in Table 2, and 54 EFPY in Table 3.

The bounding ART value for the RPV plates and welds is 147.4 °F at 36 EFPY, 156.0 °F at 40 EFPY,
and 186.6 °F at 54 EFPY. The ART value for the N-2 nozzles is 106.1 °F at 36 EFPY, 110.0 °F at 40
EFPY, and 125.2 °F at 54 EFPY.
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Table 1: ART Values for MNGP RPV Components at 36 EFPY

Upper/int Shell H12 : C2089-1 . .
Upper/Int Shell K13 C2613-1 N/A 27.0 0.49 198.25 279 | 139 0.0 82.7
.= Lower/int Sheli |14 C2220-1=| - : 27,0 T I i jij|. 1034 85 | 0.0 | 1474
co.cLower/intShell 1145 == | C€2220-2 o s - po. 210 ) | If ji1| 1034.| 85 | 0.0~ | 147.4
Lower Shell F16° A0946-1 N/A 27.0 0.14 0.56 98.20 473 17.0 0.0 108.3
Lower Shell 117 C2193-1

"E8018N-

Plate 116 /1117 |

& (n/ctm ki (n/cm
Uppet/Int Shell F12 " 5063 1.266 1.97E+17 0.738 1454E+17 T 0.141
Upper/int Shell 13 5.063 1.266 . 1.97E+17 0.738 1.454E+17 0.141
Lower/Int Shell F14 5.063 1.266 2.77E+18 0.738 2.044E+18 0.575
Lower/Int Shell 15 5.063 1.266 2.77E+18 0.738 i © 2.044E+18 | 0.575
Lower Shell H16 5063 . . 1.266 1.85E+18 0.738 : 1.365E+18 ~ 0.482
LowerShell 17 5.063 '1.266 1.85E+18 0.738 1.365E+18 0.482
Limiting Weld - Beltiine 5.063 1.266 2.77E+18 0.738 2 044E+18 0.575
Bounding N-2 Nozzle 5063 1.266 427E+17 0.738 . 3151E+17 0.226
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' - Table 2;: ART Values for MNGP RPV Components at 40 EFPY

’ Cu(wf"/n) Ni (w

Margin Terms |/

o5 (°F)

0; (°F)

Upper/int Sheli 12
Upper/Int Shell F13

C2089-1

C2613-1

0.35
0.35

198.25

155
154

0.0
0.0

swer/Int Shelll-14
_ower/int Shell 115" |

,'T'VVCVZZZO.-"I o
:C2220-2 -

Lower Shell F16
Lower Shell F17

A0946-1

C2193-1

T

i i

85
-85

- 0.0

0.0

98.20
118.50

17.0
_17.0

0.0
0.0

: Che‘ﬁ;is‘try

Cu(wt%

justments For 1/¢

010

- Plate 16 /117

(nicm’

Upper/int Shell F12

1.266

2.30E+17

1 698E+17

Upper/Int-Shell F13 5.063 1.266 2.30E+17 0.738 1.698E+17 0.155
Lower/Int Shell 14 5.063 1.266 3.36E+18 0.738 2.48E+18 0.622-
Lower/Int Shell F15 5.063 1.266 3.36E+18 0.738 2.48E+18 0.622
Lower Shell 16 5.063 1.266 2.28E+18 0.738 1.683E+18 0.529
Lower Shell H17 5.063 1.266 2.2BE+18 0.738 1.683E+18 0.529
Limiting Weld - Beltline 5.063 1.266 3.36E+18 0.738 2.48E+18 0.622
Bounding N-2 Nozzle 5.063 1.266 5.23E+17 0.738 3.86E+17 0.254
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Table 3: ART Values for MNGP RPV Components at 54 EFPY

“ pper/lnim H;I
Upper/int Shell H13

C2089-1

C2613-1

Lower/Int.She 4=

LoWéf/int:Sﬁ'é 11

. ©22201 |-
C2220-2. .

Lower Shell 16
Lower Shell K17

A0946-1
C2193-1

(ni/c

(nfc
2.996E+17

Upper/int Shell F12 -

4.06E+17

Upper/int Shell F13 5.063 1.266 4.08E+17 0.738 2.996E+17 0.219
Lower/Int Shell H14 5.063 1.266 6.43E+18 0.738 4.746E+18 0.792
Lower/Int Shell F15 5.063 1.266 6.43E+18 0.738 4.746E+18 0.792
Lower Shell 16 5.063 1.266 4.46E+18 0.738 3.292E+18 0.694
Lower Shell k17 . 5.063 1.266 4.4BE+18 0.738 3.292E+18 0.694
Limiting Weld - Beltline 5.063 1.266 6.43E+18 0.738 4.746E+18 0.792
Bounding N-2 Nozzle 5.063 1.266 1.01E+18 0.738 7 454E+17 0.361
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Appendix A:

FLUENCE CALCULATION
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METHODOLOGY

Reference [5] presents the peak fluence at the RPV inside surface for 54 EFPY, which is applicable until
the end of MNGP’s extended operation period (60 years). This peak fluence value is calculated using
both the pre-EPU and post-EPU flux, with EPU implementation conservatively modeled at 28.82 EFPY
[5]. Therefore, a linear interpolation of intermediate fluence values (i.e. 36 EFPY and 40 EFPY) based
-on 0 EFPY and 54 EFPY is overly conservative. Additionally, Reference [5] does not report specific
fluence values for the RPV beltline components (i.e. shell plates, welds, and nozzles). The peak fluence
at 54 EFPY is overly conservative for locations with an accumulated fluence nearer to the lower bound
value of 1.0x10'” n/cm? in Reference [1]. Therefore, elevation-specific fluence values are calculated at
36 EFPY, 40 EFPY, and 54 EFPY in this Appendix. Note that the flux values in Reference [5] are
calculated in accordance with NRC Regulatory Guide 1.190 [16].

The calculated peak fluence values at the RPV inner surface [5, 17] include an additional factor (F) of
1.3 to account for potential variation in future operation. In reproducing the 54 EFPY fluence values
below, this factor is conservatively applied to both pre-EPU and post-EPU operation, consistent with
Reference [5]. However, for the intermediate fluence calculations at 36 EFPY and 40 EFPY, this factor
is only applied to the post-EPU fluence calculation (i.e. future operation). Past operation is assumed to
be bounded by the pre-EPU flux {6, Section 4.0}.

The fluence calculations for MNGP follow these steps:
1. Benchmark the 54 EFPY peak fluence value calculated in Reference [5].
2. Calculate peak fluence for intermediate EFPY
3. Calculate location specific fluence for intermediate EFPY

DESIGN INPUT

The following inputs are required to calculate the intermediate fluence values:

o Current availability: MNGP’s cumulative load factor was 80.6% at the end of 2009 [15]. A
cumulative load factor of 81% is assumed up to the next scheduled refueling outage {5, Section
4.0}. Based on a total of 41.25 years of operation (December 1970 to April 201 1) the EFPY at
the next scheduled refueling outage is taken as 33.4.

e Pre-EPU peak flux at RPV inner surface = 2.26x10° n/em>s [17, Section 3.1].
¢ Post-EPU peak flux at RPV inner surface = 3.70x10° n/cm®-s [5, Section 3.1].
e Pre-EPU axial distribution of relative flux at RPV inner surface at peak azimuth [17, Table A-2].
e Post-EPU axial distribution of relative flux at RPV inner surface at peak azimuth [5, Table 'A'-2].

¢ The bounding elevations of various RPV components are obtained by selecting the location of
highest fluence for a particular component. Elevation is given relative to bottom of active fuel
(BAF) using RPV geometry information in Reference [7] and elevations given in Reference [19].
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Elevations:

@]

o O O O

Upper Intermediate Shell Plates = 158.6 inches

Lower Intermediate Shell Plate (elevation not required, this component receives peak flux)
Bounding Weld (elevation not required, this component receives peak flux)

Lower Shell Plate = 27.1 inches ‘

N-2 Nozzles = -3.2 inches

'CALCULATIONS

The following equation, which is consistent with the methodology of References [5 and 17], is used to
- calculate the fluence: _

Fluence =| (flux- EFPY-F-R,,,)

Where:

flux

+(flux- EFPY - F -R ux)pw_EPU](365.24-24-602)

pre—EPU

= peak flux for either pre-EPU or post-EPU

EFPY = EFPY for either pre-EPU or post-EPU

F

Rﬂ ux

= factor to account for potential variation in operation
= relative flux, based on axial elevation above BAF

For 54 EFPY, the following values are used in the equation above:

pre-EPU:

Flux = 2.26x10° n/cm®-s
EFPY =28.82 years
F=1.3 -
post-EPU

Flux = 3.70x10° n/cm?-s
EFPY = 25.18 years
F=13

The Rpu term is dependent on both axial elevation above BAF and operating condition (i.e. pre-EPU or
post-EPU). Therefore, fluence values are calculated for a range of elevations. A peak fluence value of
6.436x10'® n/cm? is obtained at an elevation of 80.95 inches above BAF, which compares well to the
value of 6.43x10'® n/em? calculated in Reference [5]. In order to maintain consistency with the peak
end-of-life fluence, the elevation-specific fluence calculations at 54 EFPY use the inputs given above.
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For 36 EFPY, the process above is repeated using the following:

pre-EPU |
Flux = 2:26x10° n/cm®-s
EFPY =334 years
F=1

post-EPU
Flux = 3.7OXIO9 n/cm?-s
EFPY = 2.6 years
F=13

For 40 EFPY, the process is identical except that the post-EPU EFPY is 6.6 years.

The results of the fluence calculations are presented in Table A-1. Calculation details are provided in
the Excel spreadsheet 1000847.301.R1 Supporting File.xls, which is included w1th the electronic

supporting files for this calculation package.

Table A-1: Fluence Values for RPV Components

Component Fluence

36 EFPY

N-2 Nozzles

| RPV Com“ponent | 4() EFPY
- ' o wem | wen® | nien
Upper Intermediate
Shell Plates 1.97x10"7 | 2.30x10'7 | 4.06x10"
(I-12 and 1-13)
Lower Intermediate ’
Shell Plates 2.77x10" | 3.36x10" | 6.43x10" |
(I-14 and I-15) -
L‘g‘_"fgiizlllil%es " 1.85x10'® | 2.28x10'® | 4.46x10'8
Limiting Weld 2.77x10" | 3.36x10" | 6.43x10'®
427x10" | 5.23x10"7 | 1.01x10'®
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