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ABSTRACT

The results of applying a hybrid superposition-synthesis calculational
method to a mockup of a three-dimensional geometry involving a partial
length shield assembly (PLSA) at the VENUS-3 facility in Mol, Belgium, are
described. Compariscns of transport calculations using the m:thod and many
measurements involving nickel, indium, and aluminum dosimeters indicate
agreement generally to within five percent if effects of inaccuracies in the
dosimeter cross sections are minimized and proper orientation of the
coordinate system used in the synthesis procedure is observed. These
conclusions bode well for the success of this method in solving neutron
transport problems involving the use of PLSAs in light water reactors to
reduce core leakage in pressurized thermal shock programs.

A second report describing the experimental details of the measurements will
serve as companion documentation to this one and will be furnished by the
Studiecentrum voor Kernenergie/Centre d’'Etude de 1'Energie Nucléaire, Mol,
Belgium.
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EXECUTIVE SUMMARY

Over the past several years, plant life extension programs have been
implemented in many U.S. plants. One method of pressure vessel (PV)
fluence rate reduction being used in several of the older reactors involves
partial replacement of the oxide fuel with metallic rods in those
peripheral assemblies located at critical azimuths. This substitution
extends axially over a region that depends on the individual plant design,
but covers the most critical PV weld and plate locations which may be
subject to pressurized thermal shock. In order to analyze the resulting PV
dosimetry using these partial length shield assemblies (PLSA), a relatively
simple but accurate method needs to be formulated and qualified that treats

the axislly asymmetric core leakage.

Accordingly, an experiment was devised and performed at the VENUS critical
facility in Mol, Belgium. A modification to the cruciferm shaped core was
made that mocked up a PLSA geometry in one arm, and the resulting
configuration became known as VENUS-3. The outermost five rows in the left
(and right) arms of VENUS-3 contained steel in place of fuel from the
midplane on down; the upper half of these assemblies as well as all the
remaining pins contained fuel without modification.

The method chosen for the calculations is a modification of a flux
synthesis procedure often used in more conventional geometry. By
decomposing the usual synthesis prescription into two components, one
contribution arising from sources lying above the midplane and another from
sources lying bzlow, a superposition-synthesis model may be readily
formulaved which combines the results of four two-dimensional discrete
ordinates calculations and two one-dimensional calculations.

The condition that should be met for validity of the method is that, for
each component, the flux be separable in the axial and cross-width
dimensious over the spatial region where it dominates. In the transport
geometry involving sources lying .bove the midplane, the core periphery is
composed entirely of active fuel pins, while in the geometry involving
sources below the midplane, the outer five rows contain only steel-filled

pins.

To eliminate uncertainties in fission distributions from core-physics
calculations, the sources employed in the calculations were jased on a
measured absolute three-dimensiocnal pin-wise source distributlon having an
estimated uncertainty of about 5%. Saturated activity measurements in
units of reactions-s '-nucleus™’ at full power using **Ni(n,p), **In(n,n'),
and YAl(n,a) dosimeters were performed at many locations and levels
throughout the VENUS-3 configuration with uncertainties estimated at less

than 3%.

xiii




Comparisons of calculated and measured results in terms of equivalent
fission fluxes are more meaningful in the present application than of

saturated activities, however, for they remove some of the dependence of
the calculated reaction rates on the dosimeter cross sections and of the

measured activities on reaction-dependent parameters. Thus these resulting

comparisons tend to become better measures of the accuracy of the
calculational model itself, which was the primary goal of this VENUS-3
progran.

Comparisons of the equivalent fission fluxes involving all the dosimeters
indicate agreement generally to within 5% when proper orientation of the
coordinate system used in the synthesis procedure is observed. The method
is apparently very accurate (i.e., the agreement lies generally within the
measurement uncertainties) for detector locations of greatest concern in
PLSA geovmetries. In particular, the agreement behind the PLSA is
comparable to that behind an unmodified assembly. In conclusion, the
success of the proposed method bodes well for the accuracy of future
analyses of on-line plants using PLSAs.

It is anticipated that a second report describing the experimental details
of the measurements will serve as companion documentation to this one and
will be furnished by the Studiecentrum voor Kernenergie/Centre d'Etude de
1'Energie Nucléaire, Mol, Belgium.
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also provide the results of an analysis of these measurements using some
simplified calculational procedure. Both parties would benefit from a
successful analysis of the VENUS results in that the USNRC could recommend
the procedure to the analyses of H.B. Robinson and other U.S. reactors
employing the PLSA concept and Belgium to DOEL-1 which would also qualify
as a potential PLSA candidate,

The VENUS facility is located at the Studiecentrum voor Kernenergie/Centre
d'Etude de 1'Energie Nucléaire (SCK/CEN) in Mol, Belgium. A meeting was
arranged at Mol between ORNL and SCK/CEN scientists in January 1987 to
discuss modifications to the existing configuration which would allow it to
approximate the PLSA geometry and the planning of the experiment. The
conclusions drawn from this meeting resulted in a proposed design for
VENUS-3 which is characterized by the substitution of steel rods for the
fuel over the complete lower half of the peripheral fuel pins in the
outermost five rows of two diametrically opposite arms of the cross.?:3*
All structural details vere unaltered from those of the earlier VENUS-1 and
VENUS-2 configurations. The core, however, was modified to employ 4%
enriched ***U in steel clad pins in the inner zone and 3.3% enriched 2**U in
Zircaloy-clad pins in the outer zone. Criticality was to be adjusted by
modifying the number and arrangement of the pyrex rods surrounding the core
inner baffle.

The measurements consisted of obtaining a relative pin-by-pin, three-
dimensional spatial distribution of the fission source over the entire core
and then following up with a normalization factor that would link this
relative distribution to the absolute distribution existing during the run
(or runs) involving the dosimetry exposures. Finally, measured values of
the dosimeter reaction rates involving up to four reactions at various
axial levels and several horizontal locations throughout the configuration
were to be provided. As previously mentioned, ORNL was responsible for the
calculations of these reaction rates, and calculated-to-experimental (C/E)
comparisons were to be made available in either a joint or separate
publication by ORNL and SCK/CEN. Previous analyses of both the VENUS-1 and
VENUS-2 experiments concentrated on comparison of the results of several
calculational methods involving fission source generation (i.e.,
predictions of eigenvalues and resulting critical fission source
distributions) with both in-core and ex-core measurements.®® Since the
focus of the VENUS-3 experiment is essentially on providing data to test
transport methods for calculating ex-core fluence rates, the source
description used in the calculations was taken from measurements in order
to reduce this possible source of uncertainty to negligible proportions.




In addition to the absolute source,®® the results of measurements performed
with **Ni(n,p) dosimeters® in March 1988 and some supplemental nickel
measurements gerforned subsequently,? all the **In(n,n’) dosimeter
measurements,®® and the 2741(n,a) dosimeter measurements® were used in the

analysis presented herein. Although these dosimetry results are still

preliminary until final calibration results are available, their accuracy
is believed to be better than 3%.® Only those measurements involving the
neptunium fission chambers are missing, but results of the calculations are
presented in this report so that they may be directly compared with the
measurements when the latter become available.

2. THE VENUS-3 FACILI. AND AVAILABLE MEASURED RESULTS

2.1 GENERAL

The VENUS Critical Facility is a zero-power reactor with a cruciform-shaped
core. Because of its modest dimensions, benchmark experiments that involve
a mock-up of ex-core geometries are limited in their scope to relatively
low attenuations of the core radiation. Since the present application can
be characterized as a study of geometric rather than deep-penetration
effects, the facility is ideally suited to investigate the three-
dimensional effects introduced by PLSA core modification.

2.2 GEOMETRY

The VENUS-3 configuration’ is shown in the plan view in Fig. 1. The core
consists of three types of fuel pins: stainless-steel-clad U0, rods
containing 4% enriched #*°U, Zircaloy-clad U0, rods containing 3.3% enriched
235 and Zircaloy-clad U0, rods containing 3.3% enriched 25y over the upper

S, Leenders, SCK/CEN, Mol, Belgium, personal communications to
F. B. K. Kam and R. E. Maerker, Oak Ridge National Laboratory, Oak Ridge,
Tennessee, August 30, 1988, updated September G, 1988.

bA. Fabry, SCK/CEN, Mol, Belgium, personal communication to
F. B. K. Kam and R. E. Maerker, Oak Ridge National Laboratory, Oak Ridge,
Tennessee, January 13, 1989.

°A. Fabry, SCK/CEN, Mol, Belgium, personal communication to
F. B. K. Kam, Oak Ridge National Laboratory, Oak Ridge, Tennessee,
October 19, 1988.

dp. D'hondt, SCK/CEN, Mol, Belgium, personal communication to
F. B. K. Kam and R. E. Maerker, Oak Ridge National Laboratory, Oak Ridge,
Tennessee, January 19, 1989.

*>  D'hondt, SCK/CEN, Mol, Belgium, personal communication to
F. B. K. Kam and R. E. Maerker, Oak Ridge National Laboratory, Oak Ridge,
Tennessee, February 2, 1989.




half of their height and Zircaloy-clad steel rods over the lower half. The
first two types of fuecl pins are of uniform composition over their complete
height. The 4% enriched rods are positioned in the inner part of the core
and occupy the areas designated by the Roman numerals III, IV, and V; the
3.3% enriched rods are located in the arms of the cross at the cross-
hatched positions indicated by the Roman numeral II; the PLSA-modified rods
are located in two of the arms and are designated by the slanted shading in
Fig. 1 and Roman numeral 1. Poisons in the form of pyrex pins are located
at 44 symmetric locations in the inner core in order to make the reactor
critical. The pin-to-pin pitch for all fuel types is 1.26 cm, which is
typical of the 17 x 17 lattices in existing pressurized water reactor (PWR)
fuel assemblies. In one quadrant of the configuration, a mock-up of the
pressure vessel internals representative of a PWR power plant is placed.
The inner and outer baffles, core barrel, and neutron pad are all composed
of stainless steel, and in addition to the region between the fuel pins,
water surrounds the outer baffle, the region between the neutron pad and
the core barrel, and the central hole inside the inner baffle.

Measurements of the earlier **Ni(n,p) reaction rates were performed at the
19 baffle and core barrel locations indicated in Fig. 1 by white squares,
as well as at four locations in the PLSA indicated by black squares.! This
range of locations covers regions of different sensitivity to the PLSA
geometry, and even includes four locations of virtual zero sensitivity -
the two in the inner baffle and the 68° and 89° locations in the core
barrel - which can be used to check the simpler calculations involving
complete axial symmetry. The locations of the later nickel measurements
included five additional positions not indicated in Fig. 1 and the upper
part of the axial profiles at the three PLSA centerline locations. The
remaining dosimeter measurements introduced no sew locations beyond these,
and were restricted primarily to the core barrel.

An elevation view of the configuration appears in Fig. 2, which shows the
50-cm-high fuel rods at all locations except in the PLSA region where their
effective height is only the 25 cm lying above the reactor midplane. The
earlier ﬁ’Ni(n,p) reaction rate measurements at each location in Fig. 1 were
performed at several axial levels, varying from a minimum of three levels
for most of the baffle and core barrel locations to seven levels below
midplane in the PLSA region to a maximum of 14 levels at five locations in
the core barrel and one location in the outer baffle {see Tables 2 and 3).
The indium, aluminum, and neptunium measurements involved either three
levels or the full 14 levels.

*In actuality, the three PLSA locations indicated in Fig. 1 as lying
two squares above the -X axis were located three squares above, but the
fluxes at these locations are virtually independent of Y.
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2.3 SOURCE DESCRIPTION

As mentioned in Section 1, the VENUS-3 source was determined experimentally,
using a gamma-ray-scanning technique performed on many fuel pins located
throughout the core. These three-dimensional relative distributions were
obtained at fine enough intervals that interpolation between measured values
was estimated to be accurate to within 5% (see Footnote a). The accuracy of
the individual measurements was estimated to be 2% (see Footnote a). Enough
data (both measured and interpolated) were supplied in Footnote & to produce
a complete pin-by-pin radial distribution at two levels: 114.5 cm and 145.5
cm (see Fig. 2), and a complete pin-by-pin radial distribution at all 14
levels between 105 cm and 155 cm for all pin locations in the west-by-
southwest octant of the core lying to the left of the 45° direction
indicated in Fig. 1. Further interpolation had to be performed at times by
ORNL to cover some locations in the left half of the bottom arm and in the
core interior that lie to the right of this direction. It is assumed that
the source distribution in the lower left quadrant of the core is identical
to that in each of the remaining quadrants, i.e., any source perturbations
caused by the core barrel and neutron pad are neglected. This is a
reasonable assumption, especially for reaction rate measurements performed
in the lower left gquadrant. The entries for the source distribution
appearing in Footnote a are expressed in units of fissions per pin per
second, arbitrarily normalized to a core averaged power cf one fission per
second per active fuel pin. Since there are 639 active pins (including
those in the PLSA) in a quadrant of the core, and 2.432 neutrons per thermal
fission (proposed value for ENDF/B-VI), this normalization is equivalent to
639 fissions per second or 1554 neutrons per second summed over a quadrant.

For this normalization,

2.432
pxz(n/em? 's) = 550756 f entry(X,Y,,Z) = 0.03860 f entry(X,Y,,2), (1)
# 2432 z (X,Y 0.03064 £ X,Y,Z,)az 2
pxy(n/cm? '8) = T T 7% . entry(X,Y,Z,)aZ; = 0. . entry(X,Y,2,)a8zZ;, (2)
and
! 2.432 /
px(n/em's) = S5 76 f? entry(X,Y,,Z2,)aZ; = 0.0386 f? entry(X,Y,,Z;)AZ,, (3)

where "entry" in the above equations refers to the actual three-dimensional
tabular data transmitted from Belgium, and the two-dimensional neutron
source densities p have been summed over the third dimension and the one-
dimensional source density has been summed over the remaining two
dimensions. These densities, when calculated for different ranges of Z,
become the source terms to be used in the transport calculations (see

Section 3).



An example of the entries in Footnote a is shown in Table 1, where the
axial source profiles at the center of the peripheral rows at 0° and 90°
are compared. From Fig. 1, the first location corresponds to the left-most
blackened square in the middle of the PLSA region, and the second location
corresponds to the midpoint of the outside row in the lower arm of the
unmodified region.

Table 1. Comparison of source profiles at corresponding
locations in the PLSA and unmodified regions*

PLSA Z level Unmodified
(cm)
0.0 106.5 0.40958
0.0 110.5 0.40750
0.0 114.5 0.51246
0.0 118.5 0.60219
0.0 122.5 0.65354
0.0 125.5 0.70031
0.0 128.5 0.71274
0.50132 131.5 0.71547
0.50221 134.5 0.70114
0.51098 1372.5% 0.67705
0.48107 141.5 0.61180
0.43399 145.5 0.53342
0.36044 149.5 0.42022
0.35777 153.%5 0.40554

*Units are fissions per pin per second. The average pin
powers are 0.22253 and 0.56545, respectively.

It is observed that the absence of fuel below the reactor midplane in the

modified assembly reduces the source above the midplane by between 12% and
30%.




2.4 ABSOLUTE SOURCE NORMALIZATION

The reaction rate ameasurements to be presented next have been normalized to
*100% VENUS-3 power." Preliminary absolute measurements of the core

g 4 " 2351 ' g
fission rates at several locations using “*U miniature fission chambers

vielded a value of 8.845 x 10° 4% as the multiplication factor for
converting the arbitrarily normalized source emploved in the calculations
to the source at 100% power.®

Before presenting the results of the reaction rate measurements, the
coordinate system established by Mol in Fig. 1 to locate all detectors will
be described. The origin of the Cartesian system is located in the inne:
baffle at a point 2.5 pitches (3.5 cm) to the left and 2.5 pitches below
the guometric center of the core. The southwest quadrant of the core is
thus defined by the ranges -27 < X < +2 and -27 < Y < 42, where the limits
represent cell center-to-center distances in units of pitches. Positions
exterior to the core may also be located by extending the grid to include
the outer baffle, core barrel, and intervening water. (Note, however, that
the baffles are 2.268 pitches thick.)

2.5 RESUITS OF THE EQUIVALENT FISSION FLUX MEASUREMENTS

Tables 2 and 3 present the earlier measured *®Ni(n,p) reaction rates in
units of nickel equivalent fission flux at 100% core powe: The innex
baffle (I1.B.), PLSA, and outer baffle (O0.B data appear in Table 2 and the
core barrel (C.B.) data in Table 3 Table 4 presents the results of the
supplementary nickel measurements. It is to be observed that one of the
new locations is in the water gap about halfway between the core barrel and
the outer baffle at 0°. The locations and results for the indium
measurements appear in Table 5 and for aluminum in Table 6 The remaining
dosimeters for which data are not yet available and the locations at which
the measurements were made or are anticipated are indicated in Table

The locations of the ?°°U fission chamber measurements are included only

for completeness, as they will not be analyzed by ORNL

8A value of 5.652 x 10'? fissions per second per core gquadrant was
quoted in Footnote b as corresponding to 100% power Dividing by 639
fissions per second assumed for the arbitrary normalization pe: quadrant
results in the factor above
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Table 2.

Measured nickel equivalent fission fluxes
at all locations except the core barrel

at 1002 power

Axial Axial
Location level Flux Location level Flux
(em) (cm)
1.8, ~1/+2 114.5 1.23349% 1.5, ~1/+1 114.5 1.47449
131.45  1.74349 131.45  2.08649
131,55  1.76049 131.55  2.09749
145.5 1.248+9 145.5 1.52349
PLSA -27/+3 106.5 1.648+8 PLSA -25/43 106.5 2.713+8
110.5 2.29648 110.5 3.84348
114.5 2.94748 114,5 4.89648
118.5 3.548+8 118.5 5.899+8
122.5 4.275+8 122.5 6.9474+8
125.5 5,062+8 125.5 7.980+8
128.5 6.75248 128.5 1.025+9
PLSA -23/+3 106.5 5.11548 PLSA -27/-9 106.5 1.141+8 J
110.5 7.16148 110.5 1.48048
114.5 9.113+8 114.5 1.793+8 ‘
118.5 1.094+9 118.5 2.21248
122.5 1.26449 122.5 2.64648 ‘
125.5 1.40049 125.5 3.204+8 |
128.5 1.624+49 128.5 1.460+8 |
J
0.5, ~20/42 106. & s 80be? 0.B, -29/-2 14,5 1.63648 4
131.5 4.639+8 |
110.5 1.3604+8 128 3 g |
114.5 1.750+8 ¢ ¢ i
o g AR o0 10 0.B. -29/-7 116.5  1.36248 |
125.5  3.085+8 $akS - eS
145.5 3,7764+8
128.5 3.880+8 .
igz'g g‘ggizg 0.B. -29/-12 114.5  9.002¢7
197 8 s 78148 131.5 2.21148
. 145.5 2.15748
141,5 5.54448 .
izg'g :.gg;ws 0.B. -27/-14 114.5 1.059+8
; o 131.5  2.39548 ‘
153.5 2.912+8 A4 .
145.5 2.22048 |
0.B, -22/-14 114.5 3.080+8
131.5 5.194+8
145.5 4.34148
0.8, ~17/-14 114.5 6.242+8
131.5 9.238+8
145.5 7.1064+8

*Read as 1.233 x 109 n/cm?+s,
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Table 3. Measured nickel equivalent fission fluxes at 100% power
at the corc barrel locations

Axial Axial
Angle Location level Flux Angle Location level Flux

(cm) (em)
0° C.B. =37/+42 106.5 1.694+7% 21° C.B. -35/-12 106.5 1.41547
110.5 2.221+7 110.5 1.923+7
114.5 2.82447 114.5 2.383+47
118.5 3.59747 118.5 2.960+7
122.5 4.388+7 122.5 3.559¢7
125.5 4.936+7 125.5 4.042+7
128.5 5.539+7 128.5 4.540+7
131.5 6.090+7 131.5 5.030+7
134.5 6.453+7 134.5 5.411+47
137.5 6.676+7 137.5 5.52047
141.5 6.438+7 141.5 5.348+7
145.5 5.873+7 145.5 4.780+7
149.5 4.932+7 149.5 4.042+7
153.5 3.757+7 153.5 3.071+7
45° C.B. -26/-26 106.5 1.749+7 68° C.B. -12/-35 106.5 3.421+7
110.5 2.249+7 110.5 4.652+7
114.5 2.743+7 114.5 5.72047
118.5 3.162+7 118.5 6.502+7
122.5 3.529¢7 122.5 7.095+7
125.5 3.743+47 125.5 7.478+7
128.5 3.848+7 128.5 7.515¢7
131.5 3.864+7 131.5 7.681+7
134.5 3.843+7 134.5 7.491+7
137.5 3.811+47 137.5 7.236+7
141.5 3.508+7 141.5 6.641+7
145.5 3.090+7 1465.5 35.715¢7
149.5 ".545+7 149.5 4.667+7
153.5 1.5%+7 153.5 3.445+7

*Read as 1.694 x 107 n/cm?s.
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Teble 3. Continued
Axigl Axial
Angle Location level Fiux Angle Location level Flux
(em) (cm)
89° C.B. +2/-37 106.5 4.321+7 S il - o 80 .
131.5 5.21047
110.5 5.814+7 145.5 5.039+7
114.5 7.08047 Plabioss
ol g 28 TR I T S R e
122.5 8.938+7
131.5 4.34847
125.5 9.403+7 145.5 4.09247
128.5 9.54047 i
131.5 9.618+7 28°  C.B. -33/-17 114.5 2.108+7
134.5 9.42947
131.5 3.94247
137.5 9.057+7 145.5 3.673+7
141.5 8.20747 el
145.5  7.17447 33°  C.B. -31/-20 114.5 2.880+7
149.5 5.807+7
sy 1w 131.5 4.48047
145.5 3.92747
“o. C.B. ‘28/-2“ 11‘.-5 2.53"7
131.5 3.76447
145.5 3,059+7

*Read as 1.694 x 107 n/cm?-s.



Teble 4. locstions and results for messured supplemental
nickel equivalent fission fluxes ot 1002 pover
Axial Axiasl Axiel
Location level Flux Location level Flux Location level Flux
(em) em) (cm)
PLSA -27/+2 131,05  1.084e9% | PLSA -25/43 131.05 1.617+9 | PLSA -23/+2 151.05  2.260+9
134,15  1.234+9 134,15  1.B46+9 136,15  2.42649
137.25 1.280+9 137.25 1.897+9 137.25  2.44349
141,35  1.227+9 1641.35  1,84649 141,35 2.309+%
145.45 1.108+9 145,45  1.62849 1645.45  2.030+9
149.55 9.125+8 169.55  1.354+9 149,55  1.656+9
153.65 7.026+8 153,65 1.033+9 153.65  1.250+9
3.32 Fuel 106.05 9.316+8 | 3.32 Fuel 106,05 1,141+9 | 3.32 Fuel 106.05  1.285+9
«21/4+2 110,15  1,282+9 | -19/+3 110,15 1.589+9 | +2/+23 110,15  1.768+9
114.25 1.6864+Y9 1164.25 2.014+9 114.25 2.210+9
118.35  1.986+9 118,35  2.42449 118,35  2.606+9
122.45 2.276+9 122.45  2.774+9 122.45  2.898+9
125.55  2.494+9 125.55 2.988+9 125.55  3.045+9
128.65 2.683+9 126.65 3.160+% 128,65 3.120+8%
131.75  2.860+9 131,75  3.267+9 131.75  3.118+9
134.85 2,925+9 136,85  3.29549 134.85  3.047¢9
137.95  2.855+9 137,95 3.21849 137,95  2.894+9
141.05 2.76449 141.05 3.04649 141.05% 2.706+9
145,15  2.406+9 145,15  2.679+9 165,15  2.333+9
149.25 1.967+9 149,25  2.195+9 149,25 1.688+9
153.35 1.473+9 153.35 1.651+9 153.35 1.403+9
3.32 Fuel 106.05 7.661+8 | Water Cap 106.5 3.736+7
~22/+0 110,15  1.057+9 | <33/e2 110.5 5.027+7
114,25 1.350+9 114.5 6.366+7
118.35  1.620+9 118.5 7.68447
122,45 1.876+9 122.5 9.56647
125.55  2.067+9 125.5 1.124+8
126,65 2.280+9 128.5 1.330+8
131,75 2.527+9 131.5 1.509+8
134.85 2.628+49 134.5 1.6464+8
137,95  2.612+9 137.5 1.6B0+8
149,25 1.829+9 149.5 1.207+8
153,35  1.376+9 153.5 8.650+7

141,05  2.495+9 141.5 1.636+8
145.15 2.209+9 145.5 1.,44848
*head as '.084 x 10% n/cnl s,
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Table 7. Remaining dosimeters and their locations

Fiesion chamber traverses at 14 levels¥

237xp 0.B. =29/+2
W.G. =33/+2
Barrel 0°, 10°, 21°, 25°, 28°, 33°, 40°, 45°, 68°, 89°

235y 0.B. -29/42
W.G. =33/+2
Barrel 0°, 10°, 21°, 25°, 28°, 33°, 40°, 45°, 68°, 89°

*in cm:  106.5, 110.5, 114.5, 118.5, 122.5, 125.5, 128.5, “31.5, 134.5,
137.5, 141,5, 145.5, 149.5, 153.5
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arising from sources (A) lying above the midplane #nd another from sources
(B) lying below, Eq. (4) becomes

B B N
6(X,¥.2) = BEDRXD) | X IGX,2)
o5 (X) 5 (X)

(8)

Equation (8) represents the superposition-synthesis model proposed for the
VENUS-3 analysis.

The sources to be used ia the VENUS-3 flux calculations are

55
S§(X,Y) = Ew S,(X,Y,2)az (9)
$§(X,2) = Ls,(x,v.z z 130)ay (10)
159
S§X) = Ldy Im S,(X,Y,2)az (11)
30
Sp(X.Y) = I:os §,(X,Y,2)dz (12)
Sp(X,2) = Ls,(x.y.z s 130)dy (13)
130
SpX) = Ldv Im S,(X,¥,2)az (14)

.15 18
g . -ty e E
and r“.“ Sg(X)dX + [u.es Sg(X)dX = Sy + S; = 3.108x10° n/s over % core. (15)

The condition to be met now is that, for each source component, the flux be
separable in Y or Z over the spatial extent where it dominates, which is
far less restrictive than before. In the transport gesmetry using sources
defined by Eqs. (9) and (11), the core periphery is made up exclusively of
3.3% fuel pins, while in the geometry using sources defined by Eqs. (12)
and (14), the periphery contains only the stainless-steel-filled pins.
These choices are dictated by the fact that the neutron transnission
properties of the fuel and the stainless steel regions are nearly the same
(see Table 6), and hence the medium through which the major contribution to
the core leakage from each source component passes is the one nearest the
source. There is, however, a cross-over pu..t below the midplane above
which the coatribution from the upper part of the PLSA still dominates the
ex-core flux. The location of this point is physically the most

! teresting problem to be solved (see s, 3).
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However, { . actual PLSA applications, the length of the shield section of
the assembly is selected such that the critical location in the RPV is
sensitive mainly to the reduced source geometry (i.e., in the lower axial
region in this case).

3.2 MODELING OF THE VENUS-3 GEOMETRY

A fundamental question arises impediately as to whether to employ X-Y or R-
f coordinates in the horizontal cross section description of VENUS-3. It
was rather easily decided to use a Cartesian system for the following
reasons. The first is that an accurate description of the core and buffles
seems more important than an accurate description of the core barrel and
neutron pad (i.e., most of the tramsport involves X-Y geometry whereas the
neutron pad, intervening water gap, and part of the core barrel serve
primarily to reflect neutrons). The second is that the source is described
in Cartesian coordinates, and source manipulations necessary to change it
to cylindrical coordinates with consequent partial summations over these
variables would compromise the accuracy of the original data. It should be
noted that the adoption of the X-Y-Z system to describe the VENUS-3
geometry in the transport calculations is at variance with the R-§-Z system
used in conventional LWR analysis. However, the focus of the experiment is
on the validation of an analytic procedure to use in PLSA-modified
geometries, and obviously the procedure should lend itself equally well to
either coordinate system.

The X-Y geometry was set up using the variable mesh option available in the
standard two-dimensional discrete ordinates transport code DOT 4.° There
were 65 X intervals and between 36 and 101 Y intervals to describe the
geometry that included that half of the core containing the PLSA, the core
barrel, and the neutron pad to beyond the neutron pad (see Fig. 4). The
orientation of Fig. &4 is such that it represents the geometry in Fig. 1
which has been rotated 90° clockwise so that the PLSA assenmbly is situated
in the upper arm. The representation of the curved boundaries of the core
barrel, neutron pad, and the jacket inner wall are well described by the
variable mesh option and there should be negligible error introduced in the
transport results arising from the stair-step approximations to the
curvilinear geometry. A reflection condition was imposed along the x axis
appearing in Fig. 4, but the inclusion of the 1B0° geometry permits
asymmetrical fluxes to be calculated on either side of the y axis although
the corresponding sources were assumed to be symmetrical (see Section 2).

The X-Z and X geometries were straightforward. The X-Z description
employed a fixed mesh < 77 Z intervals along with the previously
established 65 X intervals, using a geometry taken from a preliminary
version of Ref. 7. The height of these Z intervals was 1 cm within the
active core, to permit accurate definition of the axial profiles. The
minor differences between the axial specifications presented in Ref. 7 and
those in the X-Z geometry used in the calculations involve components lying
beyond the dimensions of the active core, and may be safely disregarded.
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The X geometry consisting of the 65 X intervals was used in ANISN,?® a one-
dimensional discre.e ordinates transport code, rather than in the one-
dimensional mode available in DOT 4.

The calculations described so far involve an X-Y run, an X-Z run, and an X
run, all for each of the two source components, for a total of six discrete
ordinates caiculations. The twn one-dimensional runs, of course, require
very little CPU time, so that the four two-dimensional runs dominate the
computing effort. It is to be expected, however, that the two measurements
in the core barrel at 68° and 89° [or any such similar locations requiring
& considerable reorientation of the coordinate system defined in Egqs. (8)
through (14) and Fig. 1) may not be well calculated. It should be recalled
that the significance of the X and Y axes in Eqs. (8) through (14) is in
their interpretation as parallel and perpendicular to the principal
direction of flow to the flux point, respectively. This direction can be
approximated in the present geometry by a line joining the center of the
core with the flux poiut (i.e., the detector) in question. For most of the

tectors shown in Fig. 1, the detector-independent X-Y coordinate systen
defined in Fig. 1 is assumed to be adequate. For detectors at angles
greater than 45° with the X axis, X and Y may be interchanged in Eqs. (8)
through (15) and the sources resummed. This has no effect on the X-Y
transport calculations if X and Y are reinterpreted as the old Y and X, and
the original results are still valid. The X-Z and X transport calculations
must be redone, however, since their source terms are now different. This
results in additional X-Z and X runs for each of the two source components,
A grand total of ten discrete ordinates calculations were thus made. The
reaction rates at 68° and 89° that were calculated using the re-oriented
coordinate system provide a good reference point for confirming the
accuracy of the synthesis procedure in the vicinity of an unmodified
assembly, where no consideration of axial source components (i.e.,
superposition) is necessary.

3.3 SOME DETAILS OF THE CALCULATIONS

Cross sections used in the transport calculations as well as in the
calculation of the dosimetry responses were based on the ELXSIR! library
which is part of the LEPRICON system. The iron cross sections were hased
on updates of Mod 3 of ENDF/B-V, a superior evaluation due to Fu and
Hetrick.' Flux calculations were extended down through group 38 (0.098
MeV) which is adequate to cover the range of responses for all dosimetry
anticipated. (The **U measurements were not analyzed by ORNL.)

Table 9 summarizes the values assigned to the more important parameters
input to the discrete ordinates codes.
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Table 9. Values of some discrete ordinates parameters
input to DOT 4 and ANISN

Parameter X-¥Y X-Z Parameter X
ISCTM 3 3 18CT 3
1ZM 17 22 ISN 8
IM -101 77 IGE 1
JM 65 65 IBL 1
IGM 38 38 IBR 0
IHT 5 5 1ZM 14
IHS 6 6 IM 65
IHM 61 61 IGM 38
MTM 41 53 IHT 5
IDFAC 0 0 IHS 6
MM 48 48 IHM 61
INGEOM 0 0 MTP 41
IBL 0 0 MT 41
IBR 0 0 IDFM 0
1BB 1 1 IQM 1
IBT 0 0 IPM 0
IFXMI 30 30 1PP 0
MODE 5 S 1IM 50
KTYFE 0 0 Ipl 0
IACC 2 2 1D2 1
INPFXM 0 0 ID3 8
INPSRM 2 2 1D4 1
IACT 8 8 IDATI1 1
IRED 17 22 IFLU 3
NOFIS 2 2
MSTMAX 1 1

3.4 RISULTS OF THE CALCULATIONS

Tables 10 through 15 present the results of the calculations for nickel,
indium, and aluminum using the source distribution originally normalized to
a core-averaged pin power of 1 fission per second. Comparisons of the
absolute values of the calculations and measurements will be deferred until
Section 4 for those dosimeters for which measurements are available. The
calculations for the neptunium dosineter appear in the appendix.
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4. COMPARISON OF THE MEASUREMENTS AND CALCULATIONS

The values of the measured nickel reaction rates may be reconstructed from
the fission equivalent fluxes which were presented in Tables 2 through 4 by
-ultﬁrlying by the value used for the nickel cross section averaged over
the “*U fission spectrum, which was 108.5 mb (Footnote d). The calculated
reaction rates presented in the next-to-last column of Tables 10 through 13
must be multiplied by the source normalization factor 8.845 x 10° (see
Section 2.4). The resulting sbsolute comparisons are shown in Tables 16
through 18 for the early run and Table 19 for the supplementary run.

Similarly, values of the measured indium reaction rates may be
reconstructed by multiplying the fission equivalent fluxes presented in
Table 5 by the value used by Mol for the indium cross section averaged over
the *% fission spectrum, which was 190.3 mb (Footnote d). Again, the
calculated indiun reaction rates presented in the next-to-last column of
Table 14 must be multiplied by the factor B.845 x 10°. The resulting
absolute comparisons are shown in Table 20.

Values of the measured aluminum reaction rates may be similarly obtained by
multiplying the entries in Table 6 by the Mol value for the aluminum
fission averaged cross section, which was 0.706 mb (Footnote e).
Renormalizing the calculated reaction rates in Table 15 as before leads to
the comparisons shown in Table 21.
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sections in the ELXSIR library all have values averaged over several
fission spectra that are slightly lower than the more accurate measured
values (see Table 22). In particular, the **°U fission flux comparisons
for nickel would result in C/E values 3% higher for the supplementary run
(3.5% higher for the earlier run since a measured value of 109 wb was used
by ORNL to recunstruct these measured reaction rates), 5.5% higher for the
indium, and 5.4% higher for aluminum compared to the corresponding reaction
rate comparisons appearing in Tables 16 through 21. This results in
virtually perfect agreement for the early nickel run fission flux
comparisons, & bias of about 5% low for the calculations of the
supplementary nickel results, and biases of also about 5% low for both the

indium and aluminum results.

The validity of the flux synthesis approximation without recourse to any
superposition procedure involving separate source component treatment is
clearly demonstrated by the comparisons at the inner baffle in Tables 16,
20, and 21, and at the (+2/423) location in Table 19, where there is
excellent agreement throughout the complete range of axial locations.

There is also a similar agreement at the 68° and 89° locations in the core
barrel when the more accurate 90° axis orientation is used in the
calculations. Although the calculations actually performed treated the two
source components separately because multiple locations were being analyzed
simultaneously, it is clear that this was not necessary for the above
locations because of the existing symmetry in the source geometry of the
nearby pins. It should also be observed that in the case of the +2/+423
location, which is positioned near the +Y axis at a fuel pin far from the
PLSA, the calculations using each of the two orientations produce
essentially identical results (see Table 13). This is probably because of
the near-isotropy of the source and flux in the neighborhood of the pin.

Success in the introduction of a source decomposition and superposition
technique and combining it with the flux synthesis procedure is
demonstrated by the axial comparisons at the D*. 10°.:821". 25", and 20"
locations in the core barrel as well as the four PLSA locations, the water
gap, and all seven locations in the outer baffle. The axial profiles at
these locations are influenced by the PLSA and are asymmetric, as
contrasted with the nearly perfect symmetry of the profiles located well
inside the core and in the vicinity of the 68° and 89° core barrel
locations. There is evidence of the onset of a possible breakdown of the
ass'mptions leading to Eqs. (8) through (15) near the extreme top and
bottom locations in some of these asymmetrical axial traverses, with the
calculations generally underpredicting the measurements. A legitimate
conclusion deduced from the comparisons near 0° and 90° is that, at least
for VENUS-3, Egs. (8) through (14) are as accurate in the treatment of the
PLSA-affected regions as Eqs. (4) through (7) ar: in the treatment of the
unaffected ones.

It is only at the three remaining locations, i.e., in the vicinity of 45°
in the core barrel (i.e., 33°, 40°, and 45°), that any significant error is
incurred using the superposition-synthesis procedure, and presumably this
error could be greatly reduced by reorienting the X and Y axes in Eqgs. (9)
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through (15) to lie at 45° to the original directions indicated in . 1.
This would result in summing the source components along different
directions and redefining the X-Z and X geometries. The error using the 0°
and 90° orientations in the results at 33°, 40°, and 45° is still not
large, being at most in the vicinity of 20% (see Table 18). The tendency
of these calculations is to overpredict the component lying above the
midplane (see Tables 18, 20, and 21), whereas the use of the 0° axis
orientation in the calculation of the 68° and 89° fluxes tends to

overestimate both the upper and lower componeits about equally (again, see
Tables 18 and 20).

The conclusion that the method provides acceptable accuracy when applied to
VENUS-3 does not necessarily imply that comparable accuracies should be
realized when applied to PWRs. The differences in geouetry, for example in
the thickness of the PLSA, are considerable, being 6.3 cm for VENUS-3 as
compared to around 20 cm for a typical PWR. This results in a larger
differential attenuation between the PLSA and the fuel assemblies than was
indicated for VENUS-3 in Table 8, thus possibly compromising the accuracy
of the simplified geometries used in the X-Y and X calculations. Other
geometrical differences involve the greater importance of the uncollided
component in the VENUS-3 configuration, the truncation of the PLSA to less
than half-core height in PWRs, and the more complicated effects occurring
at the greater penetrations and into the cavities of PWRs produced by using
PLSAs at only selected azimuths. Still, the accuracy of the proposed
calculational technique when applied to VENUS-3 is encouraging, and bodes
well for future PWR applications.
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