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ABSTRACT

I'he H B. Robinson Unit 2 Pressure Vessel Benchmark (HBR-2 benchmark) is described and
analyzed in this report. Analysis of the HBR-2 benchmark can be used as partial fulfillment of the
requirements for the qualification of the methodology for calculating neutron fluence in pressure
vessels, as required by the US Nuclear Regulatory Commission Regulatory Guide DG-1053
Calculational and Dosimetry Methods for Determining Pressure Vessel Neutron Fluerce

Section | of thus report describes the HBR-2 benchmark and provides all the dimensions, material
compositions, and neutron source data necessary for the analysis The measured quantities, to be
compared with the calculated values, are the specific activities at the end of fuel cycle 9. The
charactenstic feature of the HBR-2 benchmark is that it provides measurements on both sides of the
pressure vessel in the surveillance capsule attached to the thermal shield and in the reactor cavity

In Section 2, the analysis of the HBR-2 benchmark is described Calculations with the computer code
DORT, based on the discrete-ordinates method, were performed with three multigroup libraries based
on ENDF/B-VI BUGLE-93, SAILOR-95 and BUGLE-96. The average ratio of the calculated-to-
measured specific activities (C/M) for the six dosimeters in the surveillance capsule was 0 90 + 0.04
for all three libraries. The average C/Ms for the cavity dosimeters (without neptunium dosimeter)

were 0.89 % 010,091 £ 0.10, and 0.90 = 0.09 for the BUGLE-93, SAILOR-95 and BUGLE-96
libranies, respectively

It is expected that the agreement of the calculations with the measurements, similar to the agreement

obtained in this research, should typically be observed when the discrete-ordinates method and
ENDF/B-VI libraries are used for the HBR-2 benchmark analysis
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I BENCHMARK DEFINITION

L1 INTRODUCTION

This section defines the benchmark for analysis of a power reactor pressure vessel surveillance
dosimetry based on data from the H B. Robinson Unit 2 (HBR-2) power plant. This benchmark will
be referred to as the HBR-2 benchmark Analysis of the HBR-2 benchmark can be used as partial
fulfillment of the requirements for tiie qualification of the methodology for calculating neutron fluence

in pressure vessels, as required by the U S Nuclear Regulatory Commission Regulatory Guide
DG-1053 7

The scope of the HBR-2 benchmark is to validate the capabilities of the calculational methodology
to predict the specific activities of the radiometric dosimeters irradiated in a surveillance capsule
location (in-vessel) and in a cavity location (ex-vessel), starting from the data that are typically
available for an analysis of a power reactor pressure vessel surveillance dosimetry

'he input data provided consist of reactor geometry, material composition, core power distribution,
and power hustory for the time of irradiation. The data given in Section | of this document and on the
floppy disk accompanying this report are sufficient for the HBR-2 benchmark analysis ' References
to other documents are provided but are not necessary for the benchmark calculation

Experimental data provided are the measured (M) specific activities of the radiometric monitors at
the end of irradiation. The Josimeters were irradiated during cycle 9 on the midplane of the HBR-2
core in the surveillance capsule and in the cavity location

The principal results required from the benchmark analysis are the calculated (C) specific activities
at the end of the cycle and the C/M ratios, for all the measurements provided The reaction rates as

obtained from the transport calculations should also be given Short descriptions of the method and
model used should accompany the numerical results

The cross-section sets, modeling techniques, and approximations to be used in the HR®.-2 benchmark

analysis will be selected by the analyst, however, they are essential components of the qualified
methodology and must be used in a consistent way

N
1

S. Nuclear Regulatory Commussion, Calculational and Dosimetry Methods for Determining Pressure Vessel
Veutron Fluence, Draft Regulatory Guide DG- 1053, to be published

T'he description of the core power distnbution requires a large amount of data, which are provided on the floppy disk
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1.2 DESCRIPTION

HBR-2 is a 2300-MW (thermal) pressurized light-water reactor (PWR) designed by Westinghouse
and placed in operation in March of 1971 It is owned by Carolina Power and Light Company. The

data presented in this section were obtained from Refs 1 and 2, and from personal
communications ***

The core of the HBR-2 reactor consists of 157 fuel elements and is surrounded by the core baffle,
core barrel thermal shield, pressure vessel, and biological shield Selected general data and
dimensions of the HBR-2 reactor are given in Table 1.1. An octant of the horizontal cross-section
of the reactor is shown schematically in Fig. 1 1, which also shows the locations of the capsule and
cavity dosimeters. Axial geometry and dimensions are given in Fig. 1 2. The core baffle geometry is
further specified in Fig. 1.3 Surveillance capsules are located in the downcomer region and are
attached to the thermal shield The details of the capsule mounting are shown in Fig 1 4

I'he reactor cavity is 17 10 em {(6.73 in ) wide, measured from the pressure vessel outer radius to the
inner radius of the cylindncal biological (concrete) shield A 7.62-cm (3-in.) thick insulation 1s
installed in the cavity, leaving a 1 31-cm (0.52-in) air gap between the pressure vessel and the
insulation and an 8 18-cm (3.22-in ) air gap between the insulation and the concrete shield. The
insulation consists of three steel sheets and eight steel foils with air gaps between them. The total
thickness of the insulation steel sheets and foils 1s 0.2286 cm (0.090 in.). There are two relatively
wide (38 cm, or 15 in ) and deep (80.645 cm, or 2 ft, 7.75 in ) detector wells at 0° and 45° azamuthal
locations. In each well 1s a vertical cylinder with a 19 05-cm (7 5-in ) outer diameter and 0.635-cm
(0 25-in )-thick steel wall. The vertical axis of the cylinder is at 252.174 cm (8 ft, 3.28125 in.) from
the core center. The concrete surfaces of the detector well are covered with a 0.635-cm (0.25+n.)-
thick steel liner. Other concrate surfaces are bare

T'he matenal composition of the reactor components (e g., pressure vessel, thermal shield, etc ) 1s
given in Table 1 2 Some components (e g , fuel elements), have an elaborate design, but they are
usually approximated as homogenized regions in the transport calculations of the out-of-the-core
neutron field To reduce the amount of data needed for such regions, the volume fractions of the
materials are given in Table | 2 The regions given in Table 1 2 correspond to the ones shown in Figs
1 1 and 12 The core-average water temperature during cycle 9 was ~ 280°C (536°F), and the
temperature of the water in the downcomer was approximately 267°C (512°F) * The pressure was

15513 MPa (2250 psia) The cycle average boron concentration in the coolant was approximately
500 ppm. The corresponding water densities in different regions are also given in Table 1.2. The

communication to | Remec, Oak Ridge National

Robinson Stean

Oak Ridge National Laborato
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densities and chemical compositions of the other matenials are given in Table 1.3 The concrete of the
bio'ogical shielding is assumed to be type 02-B ordinary concrete (Ref 3) with water content reduced

to 4 67% by weight and iron concentration increased to reflect an estimated 0. 7% by volume addition
of rebar (Ref 1)

1.3 CORE POWER DISTRIBUTION AND POWER HISTORY

The fuel assemblies in the core are numbered as shown in Fig. 1.5 These numbers are used in the
description of the core power distribution during cycle 9. The data files referred to in the following
discussion are provided as ASCII files on the floppy disk

For each assembly in the core, the mass of uranium, burnup at the beginning of cycle life (BOL) and
end of cycle life (EOL), burnup increment in cycle 9, and cycle-average relative power are listed in
the data file FILE1 DAT Part of the file is shown in Fig 1 6 These data were taken from the TOTE
output, except for the cycle-average assembly power. It was calculated from the BOL and EOL

assembly-average burnup, taking into account the assembly uranium content. Assembly powers are
normalized to the core-wise average of 1 .00

Cycle-average, assembly-wise axial power distributions are given in FILE2 DAT. Part of
FILE2 DAT is shown in Fig 1.7. Each assembly is divided vertically into 12 equal-length segments
covering the active length of the fuel, with the first segment on the top and the twelfth segment at the
bottom. Cycle-average relative power for each segment is given Assembly seement powers are
normalized to the average value 1 .00 Relative powers of the segments were calculated from the
relative cumulative axial burnup distributions given in the TOTE output for each assembly

The cycle-average assembly-pin-power distributions are given in FILE3 DAT. The content of the file
is illustrated in Fig. 1 8 Distributions are given for the assemblies in the top right quadrant of the core
(e.g, assemblies 2, 3,7, 8,9, 10, .. 79, 80, 81, 82, 83, 84, 85, 86) only. For each assembly, an array
of 15 * 15 relative pin powers is given. Pin powers are normalized so that the average of the fuel-pin
powers (e.g, 204 per assembly) is 1 00. The pin powers are ordered in rows the first value
corresponds to the pin in the top left corner of the assembly, the last value in row 1 to the pin at the
top nght comer of the assembly, and the last value in row 15 to the pin at the bottom right corner of
the assembly. The onentation of the assembly in the core is as shown in Fig. 1 5. The cycle-average
pin powers were obtained by weighting the pin powers which were given at eight core burnup steps
during the cycle The weight assigned to the power distribution at the /-th burnup step was

proportional to the burnup increment from the midpoint of the (/- 1)-th and /-tn burnup step and /-th
and (/+1)-th burnup step

For cycle 9, a low-leakage core loading pattern was used in which 12 previously burned fuel elements
(1.e, elements number 1, 2, 3, 57, 71, 72, 86, 87, 101, 155

2 2 156, and 157) were put on the core
periphery During cycle 9, the relative powers of the outer assemblies change. ‘onificantly. This

eft

ect, which is often referred to as power redistribution, is caused by the fuel burnout and gradual

changes of the boron concentration in the coolant during the cycle The power redistribution affects
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the core neutron leakage and consequently the dosimeter reaction rates. For this reason, the cycle-
average core power distribution data, described previously, are zupplemented by the power
distribution data at several burnup steps during the cycle At the core-average cycle burnups of 147,
417, 1632, 3363, 5257, 7595, 9293, and 10379 megawatt days per metric ton of uranium
(MWdA/MTU) the following information is provided average assembly powers (FILE4 DAT, see
Fig 1.9), assembly burnups (FILES DAT, see Fig 1.10), pin-power distributions for the assemblies
in the upper left quadrant of the core (FILE6 DAT, see Fig. 1.11), and assembly-wise axizl power
distnibutions in 12 axia! segments (FILE7 DAT, see Fig 1. 12)

The core power history for cycle 9 is given in the FILES DAT as is illustrated in Fig. 1.13

Descriptions of the contents and formats of the files are given at the end of each file and are shown

in Figs 16113

1.4 DOSIMETRY

During cycle 9, comprehensive sets of dosimeters were irradiated in the surveillance capsule position
and in several locations in the reactor cavity (Ref 2) For the benchmark, a subset of the
measurements was chosen The selected subset consists of the threshold radiometric monitors from

the surveillance capsule at the azimuthal angle of 20° and from the cavity dosimetry located at the
azimuthal angle of 0

A specially built surveillance capsule containing no metallurgical specimens, but otherwise identical
to a standard Westinghouse capsule, was placed in a previously used holder a: the 20° azimuthal
angle location in the downcomer The region that usually contains metallurgical specimens was filled
with arbon steel, and the dosimeters were installed in the holes dnilled in the steel Specific activities
givet, in Table 1 4 are for the core-midplane set "' Radially, the dosimeters were installed at the

capsule centerline at the radius of 191 15 cm (see Fig 1. 4) The specially built capsule was irradiated
during cycle 9 only

Dosumetry sets were installed in the capsule at the core mudplane and approximately 28 cm (11 1n.) above and below

tne mudplane. The measured activities showed axial vanations of only ~ 3%, which 1s not considered important, and therefore

nly the results for the mudplane set are given
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Specific activities of the cavity dosimeters irradiated at 0° azimuth, on the core midplane,** are also
given in Table 1 4 The dosimeters were irradiated in an aluminum 6061 holder 5 08 cm (2 in.) wide,
| 422 cm (0 56 i) thick, and 15240 cm (6 in ) long Aluminum was selected as the holder matenial
in order to minimize neutron flux perturbations at the dosimeter locations. The holder was supported
by a 0 813-mm (0.032-in )-diam stainless steel gradient wire mounted vertically in the gap between
the .nsulation and the biological shield at a radius of 238 02 cm (93.71 in) The sketch of the 0°
azimuth cavity dosimetry axial locations is given in Fig 1 14

Specific activities listed in Table 1 4 are as-measured with no corrections (e g, for impurities or
photofission) The corrections, which were estimated and used in a previous analysis (Ref 1) are
@iven in the footnotes to Table 1 4, however, their use is left to the analyst. The specific activities are
given for the end of HBR-2 cycle 9 (January 26, 1984 at 12P M)

-
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in the present benchmark, only the mudplane measurements are considered. However, at the 0° azimuth multple
losimeter sets were yrachated at the mudplane and at 213 em ( 7 ft) and 107 em (3.5 ft) above and below the mudplane, and
acuwities of the gradient wire [“Fe(n,p)"*Mn and **Ni(n,p)*Co reactions| were measured at several positions between the
i locations. Adding t measurements to the benchmark would enlarge the scope of the benchmark to include

verification of the calculational methodology for off-mudplane locations
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Table 1.1

po——

Selected general data and dimensious of the H. B, Robinson Unit 2

Plant

Location

Owner

Beginning of operation

South Carolina, Hartsville
Carolina Power and Light
March 1971

Reactor
Vendor
Type
Coolam
Number of loops
Thermal power

Westinghouse
PWR

H.,O

3

2300 MW

Core
Number of fuel

assemblies
Pitch

157

21.504 cm

8 466 In

Fuel Element
Type
Fuel pins per element

e ——

Horizontal cross section
(including gap)
Height of fuel

1S = 15 array of fuel pins
204
rectangular,
21 504 cm >
365.76 cm

21504 cm

Core BafMe’
Dimensions
Thickness

.

See Fig. 1.3
2 858

-

+ 0013 cm

1.12520.005 1n

Core Barrel’
Inner radius
[huckness

+ (0318 cm
+0.107 cm

e ——

66938+ 0.1251n
2+ 0.042 In

Thermal Shield
Inner radius
Thickness

3118 cm

160 cm

0125 1n
0 063 In

Pressure Vessel
Cladding
Inner radius
luckness (minimal)
Base metal
Inner radius®
Thicknes:™
Total thickness

!\\211' . k‘idd\h."l}l )

197 485 % ¢

0556 cm

198 041 cm

-
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Table 1. 1 (continued)

Pressure Vessel Thermal
Insulation
Inner radius 222.964 cm
l'otal insulation thickness 7620 cm
(including voids)
Insulation steel
components
| steel sheet 0.079
| steel sheet 0.046
| steel sheet 0.064
R steel foils 0.008
Total thickness of the steel 0229 ¢

in the insulation

Pressure Vessel Cavity See Fig
Dimensions
Vessel-to-insulation gap 1.31
Insulation 762
Insulation-to-concrete gap | 8.18

' Total width of the 7.10

| cylindrical pait

-

Biological Shield
Dimensions
Inner radius of cylindrical
surtaces

[he taffle unuts are positioned symmetnically about the core center withun 0.025

e (0.010 in.) measured at the
top and bottom former elevations

he annular gap between the core barrel outer radius and the thermal shield inner radius 1s maintaired uniform
within 0 381 em (0. 150 in

Uhe pressure vessel base metal inner radius 1s obtained as the cladding inner radius plus spectiied mimmum
cladding thuckness of 0.556 em (7/32 in

** The pressure vessel thickness 1s based on a single measurement of the lower shell and three measurements of the
intermediate shell (S. L. Anderson, Westinghouse Electric Corporation, personal commumnication to |. Remec
Oak Ridge National Laboratory, 1996)
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Table 1.2 Materials of the components and regions

Region Material* Volume fraction

pr—

UO,, ennched to 2 9% 0.2997
density 10418 g cm ™’

Zircaloy-4 0 1004
Reactor core Inconel-718 0 00281

Stainless steel SS-304 0 00062

Water 0.5886
density 0. 766 g cm *

}.__

Core baffle Stainless steel SS-304 1 00

Bypass region Water See Fig

density 0 776 g cm ™’

Core barrel Stainless steel SS-304 1 .00

Downcomer Water 1.00
region No, | density 0. 787 gem *

Thermal shield Stainless steel SS-304

Surveillance capsule
Mounting Stainless steel SS-304
Content Steel AS33B

Downcomer Water
region No. 2 density 0. 787 gem *

Pressure vessel Stainless Steel SS-304
cladding

Pressure vessel Steel AS33B

Insulation Stainless steel SS-304
Alr

Reactor cavity | Air

[ Biological shield Concrete
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Table 1.2 (continued)

Region

Material

-

Volume Fraction

Core support

Stainless steel SS-304
Water
density 0.787 g cm

0049
0951

Lower core plate

Stainless steel SS5-304
Water
density 0. 787 g cm*

668

-
I

Nozzle legs

Stainless steel S5-304
Water
density 0 787 g cm

|

Bottom nozzle plate

Stainless steel SS-304
Water
density 0.787 g cm*

Water gap No. |

Stainless steel SS-304
Water
density 0. 787 gem™

End plugs

Stainless steel SS-304
Water
density 0.787 g cm™*

Fuel plenum

Stainiess steel SS-304
Water

density 0 745 g cm™’

Water gap No.2

Stainless steel SS-304
Water
density 0.745 g cm™

Top nozzle

Stainless steel SS-304
Water
density 0. 745 g em™’

Formers

Stainless steel SS-304
Water
density 0. 766 g cm °

n concentralion in the

coolant was approximately 5

NUREG/CR-6453




Table 1.3 Densities (gem ) and chemical compositions (wt %) of reactor component

materials
Carbon steel | Stainless steel
AS33B SS-304 Inconel-718 | Zircaloy-4 | Concrete*
Density 783 803 83 6.56 2278
Element
Fe 9790 690 70 050 ig2
Ni 0.55 100 73.0
Cr 190 150
Mn 1.30 20
C 0.25 0.10
T 2.5
Si 2.5 34.09
Zr 9791
Sn 1.59
Ca 440
K 1.31
Al 343
Mg 0.22
Na 1.62
0 50.50
H 051

NUREG/CR-6453
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Table 1.4 Measured specific activities of the dosimeters from the surveillance
capsule and from the cavity, at the end of cycle 9 (1/26/1984). Specific activities
(Bg/mg) are given per mg of Ni, Fe, Ti, and Cu material with naturally occurring

isotopic composition, and per mg of ’Np and **U isotopes

Surveillance capsule Cavity
Dosimeter {core midplane, 20° azimuth, | (core midplane, 0° azimuth,

radius 191.i5 em)’ radius 238.02 cm) '

"Np(n ) 'Cs 3671 % 10° 2236 = 10

MUn N "Cs 5345 x 10 8513 10"

*Ni (n,p) *Co 1.786 » 10" 1.959 x 10

“Fe (n,p) *Mn 9342 x 10% 8711

“Ti (n,p) *Sc 3.500 x 10** 3310

“Cu (n,@)“Co 2646 x 10" 2.645 x 10"

*  Dosimeters in the capsule were irradiated under 0.508 mm (0.020 in.) Gd cover, except where noted
differently. Ref | estimates that in order to compensate for the photofission contribution, the '"'Cs
actvity in ®"Np and **U should be reduced by 2 5% and 5%, respectively, and “Co activity in “*Cu
should be reduced by 2 5% to compensate for the contribution from the *Co(n, ¥)*Co reaction on the
Co impunties in the Cu dosimeter

t  In the cavity, the ®Np, ™U, and Ni dosimeters were ir;adiated under 0.508 mm (0 020 ) Cd cover
Ti and Fe dosimeters were uradiated bare. Activity of the Fe 1s an average of four measurements. The
Cu activity 1s an average of one bare dosimeter and one dosimeter uradiated in Cd cover. Ref |
estmates that in order to compensate for the photofission contribution, the "’Cs activity in *'Np and
%] should be reduced by 5 0% and 10.0%, respectively, and “Co activity in “Cu should be reduced
by 2.5% to compensate for the contribution from the *Co(n, ¥)*Co reaction on the Co impurities 1n

the Cu dosumeter
$ Average of five dosimeters, three inside Gd and two outside.

**  Average of two measurements
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Regions:
reactor corc
core bafTle
bypass region
core barrel
downcomer rcg #1
thermal shicld
downcomer reg #2

£SPO-HO/OTAN

pressure vesscl
cavily (asr)

vessel insulation
biological shield
stecl-wall cylinder
detector well
capsule and cavity
dosimeters locations

HBR-2 reactor. One octant of the core i1s shown

Fig. 1.1 Horizontsl cross section of the
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Fig. 1.2 Schematic sketch of the axial geometry (not to scale). Dimensions are in centimeters
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150 663
193 680

16 698
279 715

322 684

DIMENSION

0036 cm
0.046 cm
0.056 cm
0.066 cm
0.076 cm
0.084 cm

(25.436 2
(59316 =
(76.252 %
(93.188
(110.124 4
(127.041 %

0.0141n)
0018 1n)
0022 1n)
0026 1n.)
0.030 1n.)
0033 1n)

Fig. 1.3 Core baffle geometry. Nominal dimensions are given for the core-side surfaces of the
baffle plates. Deviations from nominal are for the maximum and minimum dimensions (e g , for A the
nominal dimension is 64 607 cm, with the maximum value of 64 643 cm and the minimum value of

64 571 cm)
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RADIUS (cm)
*— 183.212
- 182.742
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MOUNTING
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CONTENT P i

(STEEL A533B)

COOLANT

THERMAL SHIELD

Fig. 1.4 Sketch of the surveillance capsule mounting on the thermal shield (not
to scale). The capsule centerline is at 191 155+ 0.152 cm (75.258 4 0060 in ) (S. L
Anderson, Westinghouse Electric Corporation, personal communication to I. Remec
Oak Ridge National Laboratory, 1996)
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Fig. 1.5 The numbering of the fuel elements in the HBR-2 core
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Legend:
; #

Fig. 1.6 Content and format of the FILE1.DAT. Beginning and end of file are shown




Legend:

Format:

-

Fig. 1.7 Content and format of the FILE2.DAT. Beginning and end of file are shown
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Format:

i Format:
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Fig. 1.8 Content and format of the FILE3.DAT. Beginning and end of file are showr




Fig. 1.9 Content and format of the FILE4.DAT. Beginning a' d ena of file are shown
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Fig. 1.10 Content and format of the FILES.DAT. Beginning and end of file are shown
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Fig. 1.11 Content and format of the FILE6.DAT. Beginming and end of file are sho

NUREG/CR-6453




Legend
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Format
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Fig. 1.12 Content and format of the FILE7.DAT. Beginning and end of file are shown
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YYMMDD BU LF DTG Temp.

MWd/MTY ) MW4 100°F
820801 .0 .0 .0 5,250
820802 .0 .0 0 .000
820803 0 . 0 .0 ,000
820804 .0 0 .0 4,080
820805 .0 .0 .0 5,300
820806 0 .0 .0 3,440

840126 10636.8 34.0 782.2 5.354
840127 10€36.8 .0 .0 5.030
840128 10636.8 .0 .0 ,000
840129 10636.8 0 0 L0800
840130 10636.8 .0 o 1489
840131 10636.8 .0 0 1.170

EOF

Legend:

YYMMDD. . .year,month, day.

BUscsonns core average cycle burnup

in MWA/MTU,

LF.......1lnad factor in percents;
LF=100* (daily average
power/2300MW) .,

DTG......daily thermal generat 'n in MWd.

Temp.....COre average coolant . emperature
in 100°F.(e.g., 5.354 is 535.4°F).

Format: (X,312,F8.1,F7.1,F8,1,F6.3)

Fig. 1.13 Content and format of the FILES.DAT, Beginning and end of file are shown
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Fig. 1.14 Schemaiic drawing of the axial positions of the cavity
dosimeters. At each of the marked locations a multiple dosimeter set
was irradiated Data in Table 1 4 are for the set in the core midplane
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2 BENCHMARK ANALYSIS

2.1 METHODOLOGY

This section describes the analysis of the HBR-2 benchmark The transport calculations were
performed using the DORT computer code (Ref 1) and the flux synthesis method " The synthesis
method, described in more detail in Ref 2 relies on two- and one-dimensional (2-D and 1-D)
transport calculations to obtain an estimation of the neutron fluxes in the three-dimensional (3-D)
geometries. When the method is used to analyze a neutron field in a region outside the core of a
pressurized water reactor, it calls for three transport calculations. One 2-D calculation models the
horizontal cross section of the reactor in the » - @ geometry 1t is used to compute the variations of
the neutron field in the radial direction (which is the main direction of the neutron transport from the
core toward the pressure vessel and beyond) and in the azimuthal direction The second calculation
15 a 2-D calculation in cylindrical » - z geometry, in which a core is modeled as a finite-height cylinder.
The third calculation is made for the 1-D () cylindrical model of the reactor. The r -z and 1-D
r- calculations are combined to obtain the axial variations of the neutron field

Geometry models used in this analysis were almost identical to those used in the previous HBR-2
analysis (Refs 2, 3) The r - @ model covered one octant of the horizontal cross section with 74
azimuthal (@) intervals In the radial direction—which extended from the core axis to the pressure
vessel, the reactor cavity and inside the concrete shield (from a radius of 0 to 345 cm)—-the number
of radial intervals was vanied with azimuthal interval (variable mesh option) and ranged from 93 to
116 intervals The surveillance capsule was included in the model The » - z model used 75 axial
(z-axis) intervals (57 intervals covered the active fuel height of 365 76 cm) and 93 radial intervals
(from the axis of the core to the radius of 335 ecm). The r - z mesh outside the core described the
geometry at the azimuth of 0°, since the benchmark cavity dosimetry is at the 0° azimuth. The one-
dimensional calculation used the same radial mesh as the » - 2 model

For the transport calculations, the cross sections of the macroscopic mixtures were prepared by the
GIP code (Ref 4), using the homogenized zone compositions given in Table 1 2 of this report. The
P, approximation to the angular dependence of the anisotropic scattering cross sections (i e, the P,
to P, Legendre components) were taken into account, and a symmetric S, “directional quadrature set”
(i.e, a set of discrete directions and angular quadratures) were used for all transport calculations.
The benchmark was analyzed with three cross-section libraries based on ENDF/B-V1. BUGLE-93
(Ref 5), SAILOR-95," and BUGLE-96 (Ref 6), which have 47 neutron and 20 gamma energy

groups.

*DORT version 2 12 14, dated December 14, 1994, was used

"Reudmg SAILOR-95, see M . Williams, M. Asgani, and H Manohara, “Letter Report on Generating SAILOR-95
Library,” personal communication to F B K Kam, ORNL, February 1995
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I'he neutron sources for the r - 0, » and one-dimensional calculation were prepared by the

DOTSOR code ' For the r - @ source, the cycle-averaged pin-power distributions in x - y geometry

and cycle-average assembly powers were input into the DOTSOR, which transformed the power
distnbution into the »

¢/ geometry mesh The power-to-neutron-source conversion factor was based
on the average burnup of the peripheral assemblies (i ¢, assemblies 71, 86, and 101) at the middle
of cycle 9, in order to account for the contributions of ““U and “"Pu to the fission neutron source

'he source energy spectrum was taken as the average of “*U and “"Pu fission spectra '

I'he source for the r - z calculation was generated by averaging the cycle-average pin powers of the

top halves of the fuel elements 79 to 86 over the v axis (see Fig ! 1, the v axis is perpendicular to the
" radial direction) and multiplying the average pin-power values by the cycle-average axial power
distnibution of the corresponding fuel assembly The x

z power distnibution obtained was then
transformed into

¢ mesh by the DOTSOR code, which also prepared the source for 1D ¢

calculation by integrating the r - 2 source over the z axis The same source energy spectrum as in the

r « @ calculation way used for the » - 2 and » calculations

From the three transport calculations, the neutron fluxes in the core midplane, in the surveillance

capsule at the azimuth of 20°, and in the cavity at the azimuth of 0° were synthesized Reaction rates

were calculated with the CROSS-95 dosimetry library (Ref 7) The CROSS-95 cross sections were
collapsed from the 640 to 47 energy groups using the FLXPRO code from the LSL-M2 code package

(Ref B) and the reference spectra as calculated in the capsule and cavity location The reaction rates
are listed in Table 2 |

[0 calculate the specific activities at the end of irradiation, which are the measured quantities
provided fo, companson with the calculations, it 1s necessary to take into account the reactor power
changes during irradiation and other changes that may affect the reaction rates As a result of fuel
burnup the power distrnibution in the core changes gradually throughout the fuel cycle, causing
changes in neutron leakage from the core and consequent changes in reaction rates at the dosimetry
locations Since the reaction rates were calculated for one power distribution only (i e
average power distrnibution) approximations

the cycle-
are necessary to account for these gradual changes

‘Regarding DOTSOR Vi | SO Module in the LEP} UN Computer Code Svsiem Jor

epresenting the Neutr ce Distribut [ W7} ) EPRI Research Project 13 Interum Report (December

Wree conversion facton

596 MWAMTU, whue
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Reaction rates at the dosimetry location are affected mostly by the closest fuel assemblies Therefore,
for the cavity-dosimetry location, the following app oximation was used The cycle was divided into
¢ ght time intervals, based on the burnup steps at which the power distributions were provided That
is, the first interval was taken from the beginning of cycle to the core burmup halfway between the
first and ~~cond power distribution provided, the second interval from the end of the first interval to
halfway \ ..ween the second and third power distribution, etc. The average relative power p, of the
three fuel elements on the core flat edge (i e, assemblies 71, 86, and 101) was calculated and
assumed constant during the corresponding interval The average relative powers (p,) were
normalized so that, when integrated over the cycle, they provide the correct total energy produced
(1 e, the average energy produced in the three fuel elements, as given in FILE] DAT) Using the daily
power history, the reaction rate was then approximated as

RI.R"W‘/,’M')'(I)}/PG)‘ (2‘)
where

R, = reaction rate at cavity location duriny j-th day,
K. = reaction rate obtained from transport (DORT) calculations, for nominal core power,
p, = normalized average relative power of the fuel elements 71, 86, and 101
during /-th time interval,
Proxr = average relative power of the fuel elements 71, 86, and 101 used in the transport
calculation (DORT),
P = daily-average reactor core power during day j (Day / is in the time interval /)

/

P, = nominal core power (2300 MW)

The same procedure was used for the calculation of activities of the dosimeters in the surveillance
capsule, however, the fuel assemblies considered were the ones closest to the capsule location— that
15, assemblies 43, 56, and 71

Different approaches can be used to account for the changes of reaction rates during the cycle; for
example, one can (1) simply neglect the effects of redistribution and account only for the core power
variations or (2) use the adjoint scaling techniques described in Ref 2 The impact of different
approaches on the calculated specific activities is further discussed in Appendix A
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2.2 RESULTS AND DISCUSSION

'he reaction rates calculated as described in the previous subsection, for the cycle-average power
distnbution, are given in Table 2 1 The reaction rates obtained from the transport calculations with
the BUGLE-93, SAILOR-95, and BUGLE-96 are practically identical in the surveillance capsule, for
all the reactions considered, the maximum differences are less than 1% In the cavity the reaction rates
btained by BUGLE-96 and SAILOR-95 agree to better than 1% The reaction rates obtained by
BUGLE-93 for the “'Cu(n, @) and *Ti(np) reactions are practically identical to those obtained by the
other two libraries, while BUGLE-93 reaction rates for “Fe(np), *Ni(n.p), **Un/), and *'Np(n /)
are 1%, 2%, 4% and 10% lower, respectively, than reaction rates calculated with the other two
libranies These observations are consistent with the results of the Pool Critical Assembly Pressure
Vessel Facility Benchmark analysis, where good agreement of the reaction rates obtained by all three
iibranes was found for the dosimeters located inside the pressure vessel, while in the void box behind
the pressure vessel (simulating the reactor cavity), the BUGLE-93 predicted lower reaction rates than
the other two libranies, for all the dosimeters except “'Np, for which the BUGLE-93 predicted a
higher reaction rate (Ref 9)

Fable 2.1 Reaction rates calculated for the cycle-average power distribution and core
power of 2300 MW (100% of nominal power), with different cross-section libraries for
transport calculations

erlmn Rate (\ nlum Y

Cross-
Section

“Np(nf) *Uinf) *Ni(n,p) ki ‘le(nm !un/r)
Library

e e - o et e _‘
Capsule

B (.H 03 1|”I 13 d ( § S62E-16

b——————

‘\\ll()}\‘*\ ;"fl 13 : . 3 54 S64E- 16

—— e e e ———— ——

( a\m

|

f —— ——

}Hl(-li | 06 ‘ 2 3 3 5 5 S 62E-16
|

e

“l (n l

SAILOR

| BUGLI
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V/ith the reaction rates from Table 2.1 the specific activities were calculated as described in
subsection 2.1 The calculated specific activities are given in Teble 2.2 Conversion from reaction
rates 10 specific activities does not affect the differences between results obtained by different cross-
section libraries, therefore. for the comparison of specific activities the comments given above for the
reaction rates apply

Table 2.2 Calculated specific activities

Specific activity (Bq/mg)

Cross-

Section | ” P(nJ) Uns) | "™Ninp) | “Fe(np) | “Tinp) | “Culna)
Library . s *Co “Mn “Sc “Co
Tia 30 years | 30 years 71days | 313days | Sddays | 53 years

Capsule

BUGLE-93 | 328E+2 | 4.52E+| 1.70E+4 | 8.68E+2 | 296E+2 | 2.39E+I
SAILOR-9S | 331E+2 | 456E+] 1. 71E+4 8.73E+2 | 29BE+2 2 40E+]
BUGLE-96 | 330E+2 | 454E+| 1.71E+4 BG69E+2 | 296E+2 | 2.39E+]

Cavity

BUGLE-93 | 1.17E+1 6.06E- | 1 88E+2 827 299 247E-1
SAILOR-95 | 1.30E+] 630E-1 1 91E+2 836 300 247E-1
BUGLE-96 | 130E+| 6 28E- 1 1 91E+2 832 299 247E-1

* Reaction product half-hfe

Table 2.3 lists the ratios of the calculated and measured specific activities. Calculated specific
activities are taken from Table 2 2. Measured specific activities are taken from Table 1 4 The average
C/M ratios in the capsule, for BUGLE-93, SAILOR-95, and BUGLE-96, are 090 + 0.04, 090 #
0.04, and 0.90 £ 0.04, respectively If the corrections, discussed in notes to Table 1 4, are applied to
the measured activities of the *"Np, **U, and ®Cu dosimeters, the C/M ratios increase by ~3%, 6%,
and 3% in the capsule, respectively, and by ~6%, 11%, and 3% in the cavity, respectively The C’M
ratios for the corrected measured activities are listed in Table 2 3 in parentheses
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Table 2.3 Ratios of calculated-to-measured (C/M) specific activities®

Cross-
Section | "Np(n/) | ™Uny) | *Nitnp) | “Fer=p) | “Tinp) | “Cuin, a)
Library ‘g "o “Co “Mn “Sc “Co Average'
T, 30 years | 30 years | 7)1 days | 313 days | 84 days | 5.3 years
Capsule
BUGLE-93 089 085 09§ 093 085 0.90 09 + 004
(092) (0.89) (0.93) (091 £004)
SAILOR-95 090 08§ 0 96 093 085 091 090 4004
(092) (0.90) (093) (0,92 +004)
BUGLE-96 090 085 096 093 08§ 090 090 +004
(092) (0.89) (093) (0.91 + 0.04)
Cavity
BUGLE-93 052 071 096 095 090 093 0894010
(0.55) (0.79) (0 96) (091 £007)
SAILOR-95 0S8 074 0.98 0 96 09] 0954 091+£010
(061) (0.82) (0.96) (093 £006)
BUGLE-96 058 074 0.97 096 0.90 093 090+ 009
©061) | (082) (0.96) | (0.92 4 0.06)

' Ratios C/M are given for the as-mensured specific activities The ratios given in parentheses are calculated with
corrections, specified in Table 1 4, applied to *"Np(n /)" "'Cs, ™U(n /)""'Cs, and *Cu(n, @)*Co measured reaction

rates

Average C/M ratio and standard deviaticn For the cavity location averages are calculated without *’Np(n/)'"'Cs

reaction The averages with *"Np(n/)'""'Cs reaction are 083 2 0.18 (0852 0.16), 08520 16 (087 2 0.14), and
085 & 016 (087 £ 0.14), for BUGLE-93, SAILOR-9S5, and BUGLE-96 libranes, respectively. Values in
parentheses are caloulated with corrections applied 10 *'Np, ™ U, and “Cu dosimeters, as disoussed in the
footnote abeve

Reaction product half-life

In the cavity the C/M ratio for the *"Np dosimeter is significantly lower than C/M ratios for other
dosimeters, regardless of the cross-section library used * Therefore, the average C/M values in the
cavity, given in Table 2 3 in the last column on the right, were calculated without the Np dosimeter

"Thus well-known problem of the HBR-2 cycle 9 cavity dosimetry measurements was addressed in several analyses, but
has not been completely explained Currently the most probable explanation appears to be an incorrect measured value

3]
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The average C/M values in the cavity for BUGLE-93, SAILOR-95, and BUGLE-96 are 0 89 + 0 10,
091 4010, and 090 % 0 09, respectively ' The C/M ratios given in parentheses are for the measured
activities of *"Np, U, and “Cu dosimeters, corrected as discussed in notes to Table 1 4. The
average C/M ratios in the cavity are practically identical to those in the capsule, therefore, no
dezrease in the C/M ratios with increasing distance from the core and increasing thickness of steel
penetrated is observed Such decrease was typical for the pre-ENDF/B-V1 cross-section libraries and
is illustrated in Appendix A

The variations of the C/M values for different dosimeters at the same location are small the standard
deviation of the average C/M ratios is ~0 04 in the capsule and ~0 10 in the cavity ' These values
suggest that the shapes of the calculated spectra, in the energy range to which the measured
dosimeters are sensitive, are adequate To further assess the differences between the three libraries
the calculated multigroup neutron specira are tabulated and compared in Appendix B. The tabulated
spectra were used to determine the reaction rates given in Table 2 1 In the capsule the multigroup
fluxes calculated with the BUGLE-93, SAILOR-95, and BUGLE-96 libraries agree to within ~2%,
except at thermal energies where differences are bigger below ~0 1eV SAILOR-95 and BUGLE-93
predicted, respectively, ~2 times lower and 2 7 times higher flux than BUGLE-96 (see Fig B 2)
These differences at the low energies are not important for predicting radiation damage in the steel
specimens and reaction rates of the threshold neutron dosimeters in the capsule

In the cavity, the group fluxes calculated with the SAILOR-95 and BUGLE-96 libranies agree to
better than 1% over the entire energy range while the BUGLE-93 fluxes differ considerably (see Fig
B 4) BUGLE-93 predicted up to two times higher fluxes below 1eV, and, more importantly, lower
fluxes at higher energies, except between ~10keV and 70keV. Between ~0 IMeV and 2MeV,
BUGLE-93 predicted at least 5% lower fluxes than BUGLE-96, with the maximum difference about
18% at ~0 7 MeV This comparison, combined with the observation that the calculations
underpredicted the reaction rates, suggests that neutron flux and spectrum in the cavity are more
accurately predicted by the BUGLE-96 library than by the BUGLE-93 library. Some support for this
suggestion can also be found from the comparison of the calculated and measured specific activities
(see Table 2 3) In the cavity, the BUGLE-93 library gave slightly lower C/M ratios than the other
two libraries for the *Ni dosimeter and in particular for the **U and *"Np dosimeters, which have
lower reaction energy thresholds and are sensitive to the neutrons below ~2MeV. Similar differences,
as observed here between the multigroup fluxes calculated by the BUGLE-93 and BUGLE-9%
libraries, were also found in the analysis of the Pool Critical Assembly Pressure Vessel Facility
(Ref 9)

'If the "Np dosimneter in the cavity is taken into account, the average C/M values are 083 £ 018, 085 £ 016, and
085 0 16, for the BUGLE-93, SAILOR-95, and BUGLE-96 library, respectively

Hf the ™ Np dosimeter in the cavity is taken into account, the standard deviation of the average C/M1s ~0.16
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3 CONCLUSIONS

Section | of this report describes the HBR-2 pressure vessel dosimetry benchmark and provides all
the dimensions, ma‘erial compositions and neutron source data necessary for the analysis The
neutron source data are provided on the floppy disk accompanying this report.

In Section 2, the analysis of the HBR-2 benchmark is presented  The transport calculations with the
computer code DORT, based on the discrete-ordinates method, were performed with three
ENDF/B-VI-based muliigroup libraries BUGLE-93, SAILOR-95, and BUGLE-96 Excellent
agreement of the calculated specific activities with the measurements was obtained For the
dosimeters in the surveillance capsule, the average C/M ratios for BUGLE-93, SAILOR-95, and
BUGLE-96, are 090 + 0.04, 090 + 0.04, and 0 90 # 0 04, respectively. For the dosimeters irradiated
in Uie cavity, the average C/M ratios (excluding *"Np dosimeter) for BUGLE-93, SAILOR-95, and
BUGLE-C6, are 0894 0 10,091 £ 010, ana 0 90 £ 0.09, respectively. The C/M ratios given above
are for the as-measured specific activities (e g , no corrections were applied to the *"Np, **U, and
“Cu dosimeters) No systematic decrease in the C/M ratios with increasing distance from the core
was observed for any of the libraries used

It is expected that the agreements of the calculations with the measurements, similar to those shown
in this report, should typically be obtained when the discrete-ordinates method and the ENDF/B-V1
cross-section libranes are used for the HBR-2 benchmark analysis
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COMPARISON OF APPROXIMATIONS FOR MODELING THE REACTION RATE
VAPIATIONS DUE TO CORE POWER REDISTRIBUTION AND
COMPARILUN OF RESULTS OBTAINED WITH ENDF/B-IV AND ENDF/B-V1

APPENDIX A
CROSS SECTIONS
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In the steady-state neutron field the activities of the dosimeters during irradiation gradually approach
the saturated activities, which are proportional to the reaction rates For a given dosimeter and
reaction rate, the activity of the dosimeter depends only on the time of irradiation The transformation
of the measured specifiz activity into the reaction rate is simple, it does not involve approximations
and it does not introduce uncertainties other than those rela’ »d to the charactenistics of the dosimeter
and reaction product Therefore, the reaction rates deduced from activities measured in a steady-state
neutron field are usually referred to as "measured” reaction rates

However, in a power reactor the neutron field and consequently the reaction rates vary with time
because (1) the power distribution in the core gradually changes with fuel burnup ("power-
redistribution”) and (2) the changes of the reactor power The reaction rates are often calculated for
a given core condition only (e g , nominal thermal power, at certain core burnup), and approximations
are necessary in the calculation of specific activities To approxirate the effect of the changes of the
core power it 15 usually assumed that the reaction rates are proportional to the core power (at all
locations of the dosimeters ) The changes in reaction rates caused by the power redistribution may
vary from negligible to ~30 to 40%. These changes depend primarily on the fuel loading pattern (and,
therefore, vary from cycle to cycle) and may be different for different dosimetry locations Since the
treatment of the power-redistribution effect is less standardized, the effect of a few different
approximations is illustrated on the example of HBR-2 cycle 9 dosimetry analvsis The following
approaches were considered

(a) Changes due to redistribution were approximately accounted for as described
insubsection 2 1 [e g, the reaction rates were taken proportional to the core power
(daily-averaged) and average relative power of the fuel assemblies closest to the
location of the dosimeters)

(b) The redistribution effect was neglected, and reaction rates were taken proportional to
the core power (daily-averaged)

(¢) Reaction rates from the present analys.s were converted into the specific activities by
the conversion factors determined from Ref | In Ref 1 the adjoint scaling technique
was used to determine the reaction retes for eight core power distributions during the
cycle and then the specific activities were calculated by superimposing the power
history This method should be more accurate than the two approaches described
above However, in Ref | the core power distributions from an older analysis were
used, which may affect the reaction-rate-to-activity conversion factors and
consequently the comparison with the results from steps (a) and (b)

Using the reaction rates obtained from the tiansport calculation with the BUGLE-95 library, the
specific activities were calculated according to the three approximations described above The C/M
ratios for the capsule and cavity dosimeters are listed in Table A 1 In the capsule the three
approximations give very similar average C/M ratios and corresponding standard deviations. This
similarity exists because the changes of the power of the peripheral fuel assemblies closest to the
capsule are relatively small, the average power of the elements number 43, 56, and 71 increased only
~20%% from the beginning to the end of cycle However, the average power of the assemblies on the
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flat edge (i ¢, assemblies 71, 86 and 101) increased over 60% from the beginning to the end of the
cycle, and this power increase affects the comparisons in the cavity Approximations (a), (b), and (¢)
gave the average C/M values in the cavity of 0.90 + 009, 083 + 0.08, and 0.84 £ 0 08 respectively
The advantage of approximation (a) over (b) is clearly shown The largest differences n. the C/M
ratios are observed for the reactions with short-lived products, *Ni(n,p)*Co and “Ti(n,p)*Sc, the
C/M for the fission dosimeters, for which the activity of long-lived '*'Cs is measured, are almost
unaffected I'he approximations (b) and (c) give very similar results average C/M and its stand~rd
deviation in the cavity are 0.63 + 008, and 0 84 + 008, respectively, and in the capsule are
088 4 004, and 0 89 + 005, respectively. Therefore, in this case it appears that using the adjoint
scaling technique [i e, approximation (c)] gives little advantage over the simpler approximation
(b),which accounts for core power variations only However, the application of conversion factors,
calculated from results obtained by adjoint scaling in Ref 1, to the reaction rates calculated in the
present analysis, is approximate, as described above

The HBR-2 cycle 9 dosimetry has been analyzed before, see for example Refs | and 2 In Ref 1,
ELXSIR cross sections (Ref 3) based on ENDF/B-1V were used In Ref 2, SAILOR cross sections
(Ref 4) based on ENDF/B-IV with iron, oxygen, and hydrogen cross sections from the ENDF/B-V1
library and ENDF/B-V1 dosimetry cross sections were used To assess the impact of the ENDF/B-V1-
based cross-section library for transport calculations, the analysis was repeated with exactly the same
neutron source (i e, spatial power distribution in the core, and source energy spectrum between ***U
and *Pu ENDF/B-V fission spectra) and modeling approximations that were used in Refs | and 2
For consistency (with Refs | and 2), the time-dependent vanations of reaction rates were
approximated by using the mid-cycle reaction rates to the end-of-cycle activities conversion factors
from Rcf 1, and the measured reaction rates were corrected as described inthe noteto 1 14
The SAILOR-95 (ENDF/B-V1-based) cross sections for transport calculations were us.., and
dosimetry cross sections were taken from CROSS-95 This analysis will be referred to in the
following discussion as the "new" analysis. The C/M ratios for the capsule and cavity dosimeters from
the new anaiysis are compared with th- values from Refs 1 and 2 1n Table A 2

In the cap.ule, the new analysis gave the average C/M of 0 93 £ 0 05, slightly lower than the average
of 0.96 £+ 0.05 from Ref 2 This lower value is present piobably because in the new analysis and in
Ref 2 the reaction rates inside the capsule were determined at slightly different radial locations Both
Ref 2 and the new analysis gave significantly improved C/M values over the values from Ref 1 the
increase in the average C/M in the capsule 1s ~12% for the new analysis and ~16% for the Ref 2

In the cavity location, the new analysis and Ref 2 gave practically identical results, with the average
C/M of 0 88 + 014, while the C/M average for the Ref 1is 0 66 + 004 Therefore, the increase in
the average C/M ratio is ~33% For the *"Np(n,/)""'Cs reaction the C/M ratio in the new analysis and
in Ref 2 is about 0. 61 and differs significantly from the C/M ratios for the other dosimeters, as can
be seen frcm Table A2 The average C/M for the cavity location calculatsd without the

"INp(n/)'"'Cs reaction is 0 93 for the new analysis and Ref 2, and 0 67 for Ref 1, therefore, an
improvement of 39% was obtained
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'he ENDF/B-Vi-based cross sections for transport calculations resulted in improved agreement of
I I |

calculations and measurements, both in the capsule and in the cavity The average C/M in the ¢ apsule

for the six dosimeters used, 1s ~0 93 + 0.05, the ENDF/B-1V-based library gave 0 83 £ 0 03 In the
cavity, the average (excluding “"Np dosimeter) is 0 93 £ 0 .06, and 0 67 £ 0 03 for the ENDF/B-V1
and ENDF/B-IV-based libraries, respectively Therefore

the ENDF/B-Vi-based cross sections
eliminated the decrease of the C/M ratios with increasing distance from the core and Increasing

thickness of the steel penetrated by neutrons
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Table A.1  Ratios of calculated-to-measured (C/M) specific activities obtained with
different approximations for the time-dependent vaniations of reaction rates*

“Npnf) | V) | "Nitnp) | “Fenp) | “Titnp) | “Culn, @)
WCs ey “Co *Mn “Sc “Co Average'
30 years | 30 years | 71 days | 313 days | 84 days | 5.3 years
Capsule
Approx 090 085 096 093 085 09 | 0904004
(a)" (092) | (089) (093) | (0914004)
Approx 090 085 0.90 091 0 80 090 088+ 004
)" (092) | (089) (092) | (0.89 % 0.05)
Approx 086 082 098 091 087 087 089 4 005
(e)" (088) | (U86) (0.89) | (090 # 0.04)
Cavity
Approx 058 074 097 096 090 093 0904009
(a)" (061) | (082) (096) | (092 +0.06)
Approx 057 073 083 090 078 092 083008
()" (060) | (080) (094) | (085007
Approx 055 0.70 090 090 084 088 084 008
(¢)" 057 | 0717 | (091) | (0.86+0.06)

' Ratios CM are given for the as-measured specific activities The ratios given 1n parentheses are caloulated with
corrections, specified i Table | 4, applied 1o *"Np(n)''Cs, ™U(n /)'"'Cs, and *Cu(n, @)*Co measured reaction

rates

' Average C/M ratio and standard deviation. For the cavity location, averages are calculated without *"Np(n/)""'Cs
reaction, The averages wath *"Np(n,/)""'Cs reaction are 08520 16 (0872 0.14), 0792013 (081 £ 0.12), and
0802014 (082 % 013), for methods (a), (1), and (¢), respectively Values in parentheses are caloulated with
correctious applied 1o *Np, ™U and “Cu dosimeters, as disoussed in the footnote above

! Reaction product half-life
See text for the explanation of the approximations (), (b), and (¢)
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Table A2 Comparison of the C/M ratios of specific activities from the present analysis

with the values from the previous analyses (Refs. | and 2)

C/™M ratios
'”N,p(nﬂ U | *Ni(np) | “Felnp) | “Titnp) | “Cu(n, a)| Average CM
WCs "Cs "Co “Mn “Sc “Co +0
poeoee
Capsule
New
wy“.. 09] 089 101 09§ 089 09] 0934008
Analysis
from 08§ 080 087 083 081 083 0834003
Ref 1'
Analysis
from 094 093 1.08 098 092 095 096+ 00§
Ref 2!
Cavity
New 088+014
Amlydl' 062 084 098 097 089 095§ (093 + 0.06)“
Analysis
from 061 | o06s | o066 | oes | oes | 092 | 662004
' (067 0 03)
Ref |
Analysis
from 061 | os6 | 097 | 097 | 090 | o9s | 0882014
p? (0.93 % 0.05)

New analysis, using SAILOR-95 and CROSS-95 cross sections

' Results from Ref 1, using ELXSIR cross sections, based on ENDF/B-1V

! Results from Ref 2, using SAILOR cross sections (based on ENDF/B-1V) with wron, oxygen, and hydrogen

cross sect‘ons from ENDF/B- V1 library and ENDF/B-V] dosimetry cross-sections
CM for neptunium omtted from the average

4]
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APPENDIX B

CALCULATED NEUTRON SPECTRA AT THE DOSIMETRY LOCATIONS

NUREG/CR-6453



Table B.1 Calculated multigroup neutron fluxes in the
surveillance capsule (20° azimuth, core midplane, at the radius of
191 15 em from core vertical axis)

'X 2.1 PR | m~2 .-l
I 1733E+07 B 870E+06 8 870E+06 8 870F+06
2 1419E407 2808E+07  2808E+07 2 808E+07
3 1221E+07  1207E+08  1207E+08 1 207E+08
4 1000E+07 2379E+08  2379E+08 2 379E+08
§  B60TE+06 4113E+08  4.117E+08  4.112E+08
6  7408E+06  9OB4E+08 1 001E+09 9 984E+U8
7 6065E+06 1 48SE+09  1493E+09 1 485E+09
8 4966E+06 2865E+09  2891E+09  2.866E+09
9 3679E+06  2219E+09  2229E+09  2.220E+09
10 3012E+06 1710E+09  1719E+09  1.713E+09
11 2725E+06  1998E+09  2005E+09  2.001E+09
12 2466E+06 9 928E+08  9O9B9E+08  9.963E+08
13 2365E+06 2768E+08 2 786E+08 2 779E+08
14 2346E+06 1 3RIE+09  1392E+09 1 388E+09
1S 2231E+06 3 767E+09 3 7900+09 3 780E+09
16 1920E+06 4382E+09 4427E+09  4411E+09
17 16S3E+06 6 ST6E+09  6664E+09 6 633E+09
18  1353E+06  1190E+10  1207E+10  1.203E+10
19 1003E+06 8 127E+09 8258E+09 8 228E+09
20 B208E+05  408SE+09 4 147E+09 4 136E+09
21 7T427E+05  1150E+10  1.180E+10  1.176E+10
22 6081E+05  9276E+09  9333E+09  9306E+09
23 4979E+05  1001E+10  1040E+10  1035E+10
24 3688E+05  9367E+09  9.430E+09  9.409E+09
25 2972E+05  1284E+10  1319E+10  1316E+10
26 1R32E+05 1 177E+10  1185E+10  1.181E+10
27 L1IEWS  8987E+09  9.102E+09 9 076E+09
28 673BE+04  7444E+09  7496E+09  7473E+09
29 4087E+04  2752E+09  2796E+09 2 790E+09
30 3183E+04 1 316E+09  1432E+09  1429E+09
as NUREG/CR-6453




Table B.1 (continued)

3UGH

3,

Neutron flux

-

LE-93 _SAILOR-95 BUGLE-96

3 .+

eV em_ 8 em " $ cmos
31 2606E+04 255TE+09  2578E+09 2. 571E+09
32 2418E+04 1 S39E+09 1 S52E+09 1 S46E+09
33 2 188E+04 JO6IE+09 4038E+09 4.027E+09
34 1 SO3E+04 7 440E+09 7 S89E+09 7 SS0E+09
35 7102E+03 8 SS6E+09 B 6B6E+09 8 663E+09
36 3 355E+03 T928E+09 S O047E+09 8 024E+09
37 1 S8SE+03 1 302E+10 1.332E+10 1 328E+10
I8 4 S40E+02 7223E+09 7381E+09 7 362E+09
39 2 144E+02 7900E+09  B.0SOE+09 8 031E+09
40 1 013E+02 1 037E+10 1 0S6E+10 1 0S3E+10
41 3727E+01  1265E+10  1288E+10  1.284E+10
42 1 068E+01  7259E+09  7383E+09 7 365E+09
43 SO43E+00 9 ST9E+09 9 360L «\ 9 384E+09
44 | 8SSE+00 7103E+09 6297E+09 6 3IS5TE+09
45 8 764E-01 608BIE+09 4 B93E+09 4 933E+09
46 4 140E-01 | 26BE+10 7 O68E+0S 7 074E+09
47 1 O00E-01 2709E+10 S330E+09 9 B20E+09
1.000E-05"

" Low-energy boundary of the last group
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TABLE B.2 Calcula*ed multigroup neutron fluxes at the location
of cavity dosimeters (0° azimuth, core midplane, at the radius of
238 02 em from core vertical axes)

Group Group upper Neutron flux
umbe! ner, BUGLE-93 SAILOR-95 BUGLE-9¢
oV — om g oy
| 1 733E+07 1 385E+0S 1 386E+05 1 3B6E+05
2 1419E+07 3 917E+05 3 915E+0S 3 91BE+0S
3 1.221E407 | S44E+06 | S44E+06 | S4SE+06
4 1 OOOE+07 2 82RE+06 2 B2TE+06 2 827E+06
S BOOTE+O6 4 247E+06 4 251E+06 4 248E+06
6 7408E+06 B 4B6E+06 B SO0TE+06 8 4BTE+06
7 6. 065E+06 | IRSE+07 1 190E+07 1 185E+07
X 4 966E+06 2 262E+07 2 2B4E+07 2 265E+07
9 3 679E+06 1 910E+07 1. 929E+07 1 918E+07
10 JOI2E+06 1 S72E+07 1. 594E+07 | SBSE+07
1} 2 T25E+06 1.992E407  2.020E+07 2 012E+07
12 2466E+06 1 051E+07 1.075E+07 1 071E+07
13 2365E+06 3 397F406 3 494E+06 3 480E+06
14 2 346E+06 1 736E+07 1 788E+07 | 782E+07
15 2231E+06 4 876E+07 SO11E+07  4996k+07
16 1 920E+06 7 343E+07 7.712E+07 7 683E+07
17 1 653E+06 1 291E+08 1 379E+08 1 373E+08
18 1 353E+06 3 391E+08 3 70SE+08 3 694E+08
19 1 003E+06 3 610E+08 3 967E+08 3 952E+08
20 8 208E+0S 1 607E+08 1 745E+08 | 740E+C3
21 T427E+0S 8 SO0E+08 1 038E+09 1034LC+09
22 6081E+05 S8 319E+08 B 919E+08 8 884E+08
23 4970E+08 825TE‘O8 OB3IOE+08 9 820E+08
24 J688E+0S 1 3S0E+09 1 609E+09 1 604E+09
25 2 972E+08 1 S30E+09 1 692E+09 1 694E+09
26 1 832E+05 1 726E+09 1 870E+09 1 862E+09
27 1. 111E+0S 1 120E+09 1 150E+09 1 14TE+09
28 6 738E+04 B 178E+08 7908E+08 7 871E+08
29 4087E+04 2 591E+08 2 S83E+08 2 ST4E+08
30 2IBIE+04 1 S46E+08 1613E+08 1 607E+08
47
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Table B.2 (continued)

Group  Group upper Neutron flux
umbe: energy i BUGLE-93  SAILOR-95 BUGLE-9¢
eV - -~ -
3l 2 606E+04 S410E+08 S 322E+08 5 319E+08
32 2 418E+04 JA480E+08 3 299E+08 3 2BSE+08
33 2 188E+04 §325E+08 S 17SE+08 5 163E+08
14 1 SO3E+04 6 552E+08 6 657E+08 6 612E+08
35 7102E+03  6656E+08 6 775E+08 6 739E+08
36 33SSE+03  S392E+08 5 SOBE+08 S 480E+08
37 1 S8SE+03 7867E+08 B 201E+08 8 160E+O8
38 4 S40E+02 JO045E+08 4 130E+08 4 112E+08
39 2 144E+02 3872E+08 4 057TE+08 4 041E+08
40 1013E+02 4 742E+08 4 975E+08 4 95STE+08
4] 3. 727E+0] S282E+08 5 S4TE+08 § S20E+08
42 1 O68E+0] 2813E+08 2 95SE+O8 2 946E+08
43 SO43E+00 3 373E+08 3 392E+08 3 3BSE+08
4 | BSSE+00 2 306E+08 2 133E+08 2 13SE+08
45 8 764E-01 | 836E+08 1 692E+08 1 692E+08
46 « 140E-01 J610E+08 2 124E+08 2 123E+08
47 1 00OE-01 8§ 827E+08 4 383E+08 4 397E+08
1 000E-058'

" Low-energy bondary of the last group

NUREG/CR-6453

48



1E12

Tien|
3 1E8

1E6 4

T

164 4

1E2+

Nautron Spectrum (

1E0 — + + + -
14 1E4 1E2 1EC 1E2 164 1E0 1EO
Energy [eV]

Fig. B.1 Multigroup neutron spectrum, calculated with
BUGLE-96 library, in the surveillance capsule (20° azimuth, core
midplane, at the radius of 191 15 ¢m from core vertical axis)
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Fig. B.2 Comparison of multigrovp neutron spectra, calculated
with different cross-section libraries, in the surveillance capsule
(20° azimuth, core midplane, at the radius of 191.15 cm from core
veitical axis)
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Fig. B.3 Multigroup neutron spectrum, calculated with
BUGI E-96 library, at the position of cavity dosimeters
(0*azimuth, core midplane, at the radius of 238 02 em from core
vertical axis)
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Fig. B.4 Comparison of multigroup neutron spectra, calculated
with different cross-section libraries, at the position of cavity
dosimetert (0°azimuth, core midplane, at the radius of 238 02 cm
from core vertical axis)
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