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VALIDATION OF NEV™RON TRANSPORT METHODOLLX

The neutron transport methodology used by Westinghouse in t e e"'x‘;L'.f::;:')z'i
of the fast neutron exposure e’zx;z‘:x':wltd by reactor ;',xr--:.::;in vessels has
A a . ,
l been designed to be consistent with ASTM

xlards E482, "¢ mLmi f‘;ui:iv
for Application ¢ Nva;t_v"')r; Transport W'J\‘: for Reactor Ves se

Surveillance" and F853, "Standard Practice for Analysis and I

1§
>

r
of Light-Water Reactor Survelllance Results", Ir‘; keepliry th_‘*
recoammendations set forth in those standards, e meth .dology has been
validated by axm;-.\.: 1son with measurements f.'ju..ur(-d am a series o
facilities exhibiting various degrees of camplexit. n particular

C Arisons of arnl‘,'tud'. predictions with :.'uu'ur,r(mtf have been carried
the PCA benchmark experiments carried out at ORNL and for a variety of
elllance capsule and reactor cavity data sets abtained fram power
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FCA benchmark experiments, documented in References 1, 2, and 3
‘ovide an oppertunity to test basic transport methodology in a wel
characterized envirome The PCA replica is a slab configurati

designed to model a ther shleld - pressure vessel geametry in a po-:r‘v

1

o type reactor. The core source st.rv_'r:t“ and spatial distribution as well
as material campositions and dimensions were well characterized and
supplied to the analyst. Therefore, any uncertainties relating to the
detarmination of the core neutron source or the reactor geametry were
eliminated and "'xe test of the methodology was limited to basic

: cross-section input and other code un’)r*‘.\um“m\s such as mesh size, order
of angular qm:z:*.:stt;m/ cross-sectlon expansion, enargy group structu
and convergence criteria.

'

phase of the benchmarking studies used in the evaluation of the
Westinghouse methodology was based on the analysis of tlie PCA 12/13
exXperimental configuration. A schematic Jes:::upt of this configuration

el

1s provided in Figures 1 and 2 A plan view of t:\e x‘?A reactor and
p:*» Ssure vesse ] simulator showing materials character 1c of the core
ax

-»1\ Al

xlal midplane 1s shown in Figwe 1; whereas, a section view through the

r of the mockup is shown 1n "‘.‘.‘;\me 2,

13 configuration was chosen for this evaluation due to the
tric similarity of irticular mockup to the thermal shield -
downcomer - pressure vVesse gns that are typical of many pressurized
water reactors. Of part ;:qlar note in regard to the areas of similarity
are the 12 oam. water gap on the core side of the thermal shield, the 13

{ +
v")

cm, water gap between the thermal shield and the pressure v vess 1, the €
cam, thick stainless steel thermal shield, the 22.5 cm. thick low alloy
1l pressure vessel, and the simulated reactor cavity (void box

oned behind the pressure vessel mockup.




ATTACHMENT A

Fram the viewpoint of fast neutron attemuation, the 12/13 configuration
‘results in a reduction factor for fast neutron flux (E > 1.0 MeV) of
approximately 1000 between the reactor core and the inner wall of the
pressure vessel; and a corresponding reduction factor of about 30 from the
inner surface to the outer surface of the pressure vessel wall., These
similarities in both geametry and the neutron attemuating properties of
the configuration provide confidence that judgements made regarding
analytical /experimental ~omparisons in the benchmark mockup can be related
to analyses performed for operating pressurized water reactors.

During the FCA experiments, measurements were taken at several locations

within the mockup to provide traverse data extending from the reactor core
outward through the pressure vesscl simulator, The roecific measurement

locations applicable to the 12/13 configuration are listed in Table 1. It
should 2 noted that all of the measurements were abtained on the lateral
centerline of the mockup at the axial midplane elevation.

Data from locations A4, AS, and A6 internal to the pressure vessel
simulator establis’: the means for verification of calculated neutron flux
magnitudes and enposure gradients within the pressure vessel wall itself.
Since measurements at operating pover reactors can at best provide data in
the downcamer region intericr to the vessel wall or in the reactor cavity
exterior to the vessel wall, these FCA data points establish a key set of
comparisons to aid in the accurate determimation of embrittlement
gradients within the pressure vessel of uperating power plants; and
provide valuable information to be used in extrapolating power reactor
surveillance capsule and cavity dosimetry measurements to positions within
the pressure vessel wall.

Comparison of analytical predictions with measurements at the A4, AS, and
A6 locations of the 12/13 configuration are provided in Table 2. These
comparisons are provided on two levels. The first compariscn relates
predicted reaction rates for the Ni-58 (n,p), U~238 (n,f), and Np-237
(n, £f) reactions directly with t. @ individual foil measurements. The
secand comparison relates the ca. “Uated flux (E > 1.0 MeV) with the
recamended flux values derived frua a least squares adjustment of the
measured foil data.

From Table 2 it is noted that agreement among the varicus predictions and
measurements is axcellent. The agreement for the individual foil
reactions ranged from 2.5 - 10.6 percent, while the camparison with the
derived fast neutron flux ranged frum 3.4 =7.7 percent. It should be
noted that this level of agreement is consistent with the 1 sigma
uncertainties associated with the measurements “hemselves.

From these comparisons it is concluded that, given an accurate
representation of the core neutron source and the reactor geametry, the
basic transpart methodology cuwrrently in use at Westinghouse will produce
accurate representations of neutron flux magnitude, energy spectrum, and
axposure gradients within light water rsactor pressure vessels.
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ATTACHMENT A
FIGURE 2

PCA 12/13 QONFIGURATION = Y,Z GECMETRY
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SUMMARY OF MEASUREMENT LOCATIONS WITHIN
THE PCA 12/13 QONFIGURATION

—LOCH D, (am)
Core Center AD -20.50
Thermal Shield Front Al 11.98
Thermal Shield Back A2 22.80
Pressure Vessel Front Al 29.71
wmsure Vessel 1/47 A4 39.51
Pressure Vessel 1/2T AS 44.67
Pressure Vesse! 3/4T A6 50.13
Void Box A7 59,13

Note:

Y dimensions are referenced to the ¢
of the alumimm window (see Figure 1)




ATTACHMENT A

TABLE 2

COMPARISON OF CALQULATED AND MEASURED SENSOR REACTION RATES
WITHIN THE PCA 12,13 PRESSURE VESSEL SIMULATOR

Ni=58 (n,p) REACTION RATE (rps/mucleus)
~LOCATION ~CALCULATED ~MEASURED ?Cé%.

A4 5.52E-09 5.69E-09
AS 2.18E-09 2.25E-09 0.969
A6 8.45E-10 7.99E-10 1.058

U-238 (n,f) REACTION RATE (rps/nucleus)
~LOCATION ~SALCULATED MEASURED —i'Q%'

A4 1.73E-08 1.69E-08
AS 7.56E~09 7.36E~09 1.027
A6 3.22E-09 3.11E-09 1.035

Np=237 (n,f) REACTION RATE (rps/nucleus)
_mnm_ ~CALLL 0. ED _MEASURED M

AS 6.72E~08 6.17E-08 1.089
A6 3,65E-08 3.30E-08 1.106

COMPARISON OF CALCULATED AND MEASURED FAST NEUTRON FIUX (E > 1.0 MeV)
WITHIN THE PCA 12/13 PRESSURE VESSEL SIMULATOR

NEUTRON FIUX _(n/cme-sec)
mmu_ CALOULATED -MEASURED - -
4.51E-08 v .36E-08 1.034
AS 2.18E-08 <.08E-08 1.048

A6 1.01E-08 9.39E-09 1.077



SURVEILLANCE CAPSULE COMPARISONS

Over the course of the operating lifetime of power reactors, survelllance
capsules are periodically withdrawn to provide materials data as well as
neutron dosimetry applicable to the specific reactor. These dosimetrs

‘ results afford the opportunity for power reactor benchmarking against for
I o points located interior to the reactor vessel wall., The following 1s a

18-

sunmary of comparisons of plant specific caloulaticns with capsule
measurements for a variety of Westinghouse reactors.

Nt"l’ ron Flux (n

w0 D) el
s X

PLANT/CAPSULE UJ LATED ,?‘IIJ'“"‘?:,, CM
Al 2SE+10 1.01E+11 ). 916
Bl ‘..WI‘ll 1.34E+1] 5
Cl ‘,4 25E+10 1.06E+11]

D1 .‘mi +10 1.01E+1]

1 9.441_'1( -+ 05E+11]
Fl 1.07E+11 1,24E+11 .
Gl 9.23E+10 9.47E+10 0.97¢
Hl 9.51E+10 1.09E+]1] 0.872
Il 9.51E+10 1,09E+11 0.87%
Jl 9.32E+10 1.30E+11 0.717
Je 8.9-1[‘}'1(’ 1.01E+1] 0.88¢%
Kl «33E+10 1.04E+11 0.801
2 ‘.‘xf"u’ 1.10E+11 0.837
1l 9.52E+10 1.16E+11 0.841
L2 8.34E+10 9.05E+10 0.922
Ml 1.10E+11 1.43E+11] 0.769
M2 6.64E+10 8.56E+1C 0.776
M3 1.10E+11 1.46F+11] 0,753
N1 1.31E+11 1l.0lE+1] 0.814
P 1.19E+1] 1.42E+1] 0.838
N3 7.66E+10 8.27E+10 0.926
0l 6.15E+10 6.92E+10 0.889
Q2 6.77E+10 7.30E+10 0.927
Q3 5.94E+1C 6.28E+1( 0.946
Pl 5.64E+10 6.47E+10 0.87%
P2 5.96E+10 6.84E+10 0.87]
P3 5.41E+10 4.99E+10 1.084
Ql 6.45E+10 7.47E+10 0.863
Q2 7.04E+10 8.43E+1C 0.83:
Q3 7.268+10 7.12E+10 1.02
04 6.33E" .0 5.78E+1( 1.09¢

AVERAGE C/M RATIO FOR 31 SURVEILIANCE DATA POINTS

PR D AN VO

>
m
o
o

. - STANDARD DEVIATION OF THE DATA BASE o
1 SIGMA STANDARD DEVIATION OF THE DATA BASE ). 08¢

Fram this surveillance capsule data base, 1t is seen that at the capsule

o,

locations calculated values using the cuwrrent radiation transport
methodelogy

tard to be low relative to measurement by about 12 %.



ATTACHMENT A

Over the course of the last decade many utilities either because of a need
for very accurate fluence evaluations for tory concerms or as a mode
of data aquisition to establish a life extension data base have installed
neutron dosimetry in the annular space between the outer radius of the
reactor vessel and the inner radius of the primary biological shield.
Programs have been in place since 1983 and camparisons of calculations
with measured data from these programs provide an additional means to
benchmar’ analytical capability against data abtained directly from power
reactor facilities. The following is a sumary of comparisons of plant
specific calculations with cavity dosimetry measurements from a variety of
Westinghouse reactors.

Neutron Flux (n/cm2-sec)

PLANT/DATA POINT ~CALCULATED | MEASURED | e
Rl 6.86E+08 8.13E+08 0.844
R2 6.14E+08 6.75E+08 0.910
R2 4.01E+08 3.78E+08 1.061
R4 2.75E+08 2.99E+08 0.920
RS 5.65E+08 6.49E+08 0.871
R6 5.25E+08 6.37E+08 0.824
R7 2.97E+08 3.28E+08 0.905
n8 2.40E+08 3.17E+08 0.757
sl 6.62E+08 8.22E+08 0.805
82 6.44E+08 6.37E+08 1.011
83 6.60E+08 6.99E+08 0.944
54 4.92E+08 5.41E+08 0.909
85 5.07E+08 6.65E+08 0.7€2
86 4.64E+08 5.82E+08 0.797
87 4.23E+08 4.02E+08 1.052
S8 3.39E+08 3.70E+08 0.916
T1 5.36E+08 5.51E+08 0.973
T2 4.44E+08 4,57E+08 0.972
T3 3.33E+08 3.58E+08 0.930
T4 2.04E+08 2.34E+08 0.872
s 5.25E+08 6.39E+08 0.822
T6 4.44E+08 5.10E+08 0.871
7 3.83E+08 4.34E+08 0.882
T8 2.56E+08 2.79E+08 0.918
Ul 4.76E+08 5.53E+08 0.861
U2 4.16E+08 5.12E+08 0.813
u3 3.70E+08 4.3SE+08 0.843
U4 2.40E+08 2.94E+08 0.816
i 1.73E+09 1.87E+09 0.925
Ve 1.45E+09 1.69E+09 0.858
3 1.12E+09 1.23E+09 0.911
V4 9.28E+08 1.10E+09 0.844

AVERAGE C/M RATIO FOR 32 CAVITY DATA FOINTS 0.887
1 SIGMA STANDARD DEVIATION OF THE DATA BASE 0.073



ATTACHMENT A

From this cavity dosimetry data base, it is seen that at the cavity sensor
locations calculated values using the current radiation

methodology tend to be low relative to measurement by about 11 &. This
abservation is fully consistent with the previous conparisons from the
swrveillance capsule data base.

Cumbining the 31 sample capsule data base and the 32 sample cavity data
base yields an overall average C/M ratio of 0.884 with a 1 sigma standard
deviation of 0.079., That is the calculations tend to be biased low by a
factor of 0.884 and the uncertainty an that bias factor is approximately
9 percent, This abserved bias may be removed from the calculation by
multiplying the analytical results by a factor of (1.0)/(0.884) = 1.13.

The implication of the data base evaluation is that, having applied the
bias factor to the analytical results, further camparison with plant
specific measurements either from surveillance capsules or reactor cavity
shauld result in observed (/M ratios of 1.00 + 0.09, where 0.09 represents
a 1 sigma standard deviation in the final ratio.

It should be noted that, since the surveillance capsule and cavity
dosimetry data bases were abtained fram a number of different reactors,
the abserved variations in C/M ratics include not only the effect of cycle
to cycle variations at a given facility, but also the effects of varying
reactor gecmetries and operational characteristics from reactor to
reactor. Therefore, the application of this multiple facility bias factor
to the Yankee-Rowe fluence calculations is a reasonable approach to yield
minimm uncertainty proiections for the reactor vessel. The resultant
flue.e levels after ap>lication of the 1.13 bias factor should have an
associaircd 1 sigma uncertainty within the + 20% limit specified in our
recent teleqhone conversation.

REFERENCES

1 - McElioy, W. N. et al, "LWR Pressure Vessel Surveillance Dusimetry
Improvement Program: PCA Experiments and Blind Test", NUREG/CR-1861,
July 1981.

2 - McElroy, W. N. et al, "IWR Pressure Vessel Surveillance Dosimetry
Improvement Program: PCA Experiments, Blind Test, and Physics-
Dosimetry Support for the PSF experiments", NUREG/CR-3318, Sept. 1984.

3 = McElroy, W. N. et al, "IKR Pressure Vessel Surveillance Dosimet™y
Improvement Program: 1986 HEDL “ummary Arrwal Report, NUREG/CR-4307,
Jamiary 1987,
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Corrections for water temperature variations over plant life would of
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TAHLE 3

FAST NEUTRON FLI'X (E > 1.0 MaV) AS A FUNCTION OF RADIAL

FOSTTION AUING A 14.5 DEGREE AZIMUTHAL TRAVERSE
(DATA TAKEN FROM THE 5C0 F FORWARD DOT CALCULATION)
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ATTACHMENT B
lable 2
Mean Delta RTNDT Distribution for Beltline Materials
Peak Fluence at End of Cycle 21 2.58 ¢19 n/emd
AZINMUTHAL VARITIATION Axial Welds

0 toS 5 to10 10 to 15 15 to 20 20 to 25 25 to 30 30 to 35 35 to 40 40 to 45 40 to &5

Upper Plate
10 te 20 114 1?7 " 14 107 §7 86 7 72 167
20 to 30 205 208 210 206 197 185 169 152 143 238
30 to 40 3 236 238 234 227 216 202 188| 179 267
40 to 50 22 s 26 22 234 22 an 197 189 275

% of Neight 50 to 60 5 28 250 26 238 227 214 201 192 278
60 to 70 245 248 250 26 238 227 214 201 192 278
70 to 80 7 250 252 28| 239 229 216 203 194 280
80 to 90 246 249 251 246 238 228 215 201 193 i
90 to 100 25 248 250| 246 238 227 214 201 192 278

Cire weld 32 326 327 324 317 306 293 280 i

Lower Plate 35 to 40
0 to 10 319 322 324 320 32 302 289 274 266 mﬂ

% of Weight 10 to 20 304 307 308 305 298 287 an 256 a7 265
20 to 30 268 14 b 16 ] 269 259 26 230 2% 205 230
30 to 40 154 156 157 155 150 144 138 133 M 137

Note: To determine the reference temperature, an initial temperature of 307 for plates
ardd 10F for welds must be added to these mean reference temperatures.
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Table 3
Fluence Distribution for Beltline Materials
Poak fluence at Eno of Cycle 22 2.76 19 n/em2
AZIMNMUTHAL VARIATION Axial Welds
DtoS5 5 to10 10 to 15 15 to 20 20 to 25 25 to 30 39 2o 35 35 to 40 40 to 45 40 to 45
Upper Plate
10 to 20 0.384 0.402 0.411 0.387 0.343 0.289 0,23 0,190 0.169 0.169
20 to 30 1.319 1.37%9 1.411 1.329 L ATE 0.992 0.804 0,653 o.saor 0.580
30 to 40 2.080 2.17% 2.225 2.096 1.856 1.564 1.268 1.030 0.914 0.914
40 to 50 2.372 2.479] 2.537 2.3%0) 2.116 1,784 1.4ké 1,175 1.043 1.043
% of Height S0 to 60 2.493 2.605 2.666 2.5 2.223 1.874 1.520 1,234 1.096 1.096
60 to 70 2.493 2.605 2.666 2o 2.223 1.874 1.520 1.234 1 096 1.096
70 to 80 2.562 2.677 2.740 2.581 2.285 1.926 1.562 1.269 1.126 1.126
80 to 9C 2.516 2.629 2.6Mm 2.535 2.244 1.892 1.534 1.246 1.106 1.106
90 to 100 2.493 2.605 2.666 2.511 2.223 1,874 1,520 1,234 1.096 1,096
Cire weld 2.280] 2.383 2.439 2.297 2.034 1.7 1.3% 1.129 1.002
Lower Plate - 35 to 40
0 to 10 2.280] 2.383 2.439 2.297 Qv 1.714 1.39%0 1.129 1.002 1.129
% of Height 10 to 20 1.793 1.874 1.918 1.807 1.600 1.348 1.093 0.888 0.788 0.888
20 to 30 1.03% 1.081 1.107 1.043 0.923 0.778 .63 0.513 0.455 0.513
30 to 40 0.179 0.187 0.192 0.181 0.160 0.135 0.109 0.089 0.079 0.089
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