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CALCULATIONS. TEST OF THE ANTI PROGRAM AGAINST TWODIM

Bjgrn Thorlaksen

Abstract. Nuclear cross sections for fuel assemblies of the more
recent Westinghouse designs, representing two different PWR
reactor cores, are calculated as functions ol average fuel
temperature, moderator density, and moderator poison concen-
tration. The cross-section functions are verified by referring
to Westinghouse power-shape calculations and other analyses.

Computations on the side reflector resulted in significantly
higher albedo values than used previously for BWR's in similar
nodal codes. This led to an investigation of the influence of
the internodal coupling coefficients on the power shape. It is
concluded that the calculated power shape is strongly dependent,
on the choice of coupling coefficients. However, it is shown
that "the correct"” set of coupling coefficients depends mostly
on the nodal configuration, and that it is fairly independent of
the power condition.
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1. INTRODUCTION

In order to verify the 3-dimensional transient program ANTI

(A.M. Larsen, 1980 and A.M. Larsen, E.F. Nielsen, 1980), a set

of nuclear cross sections for a pressurized-water reactor was
required. The present report describes the construction of such

a data set and the verification of the cross sections against
Westinghouse calculations. The verifications of the ANTI program
against Westinghouse calculations and against calculations with
the 2-dimensional finite difference program TWODIM (K.E. Lind-
strgm Jensen, 1970 and G.K. Kristiansen, 1976) are also described.

Because data from an existing power plant was lacking a
standardized 3000 MWt Westinghouse reactor was sele ted as
reference. Most information about the reactor originates from the
Westinghouse Reference Safety Analysis Report, RESAR 31l.

The cross sections have been generated with the CRSIQ program
(A.M. Larsen, 1973 and B. Lauridsen, 1977 ) and the CDB4 program
(K.E. Lindstrgm Jensen, 1970and C.F. Hejerup, 1972). The

programs are included in the Ris¢ Reactor Physics Code System
which was tested previously against calculations on both
boiling-water reactors (A.M. Larsen et al., 1972) and pressurized-
water reactors (H. Neltrup and P.B. Suhr, 1973).

2. DESCRIPTION OF THE REACTOR

2.1. General Description

The Reference Safety Analysis Report, RESAR 31 (Westinghouse,
1976) describes the Westinghouse standardized 3000 MWt three-
loop nuclear steam supply system for a PWR. The steam supply



system {Fig.l) consists of the reactor and three closed reactor

coclant lcops connected in parallel to the reactor vessel. Each

loop contains a reactor coolant pump and a steam generator. The

nuclear steam supply system also includes an electrically heated
pressurizer and certain auxiliary systems.

Fig. 1. Diagram of a three-loop nuclear steam supply
system.

The 3000 th plant is characterized by fuel with an active
length of 4267 mm (168 in). Earlier Westinghouse plants had
active fuel of 3658 mm (144 in). In Appendix A a comparison
ts given of the principal design parameters for reference
plants with the two different fuel designs.



The react .r power is ccantrolled by temperature coefficients of
reactivitv, by contrcl rod cluster motion, and by neutron poison
in the coolant in form of boric acid. The control rod cluster
motion is required for load-follow transients and for startup

and shutdown. The bororn in the coolant is added during cold shut-
down, partially removed at startup, and adjusted in concentration
during core lifetime tc compensate for burnup and fission product
poisoning.

Given below is a short description of the reactor internals and
their function as guidance for the coolant flow irside the
reactor vessel. The components of the reactor internals are div-
ided into three parts consisting of the lower support structure
(including the core barrel and the neutron shield pad assembly),
the upper core support structure, and the in-core instrumentation
support structure. The reactor internals support the core, direct
the coolant flow, and provide gamma and neutron shielding. The
coolant flows from the vessel inlet no2zles down the annulus be-
tween the core barrel and the vessel wall and then into a plenum at
the bottom of the vessel. The flow then reverses and flows up
through the lower core support which provides the desired inlet
flow distribution to the core. After passing through the core,
the coolant enters the region of the upper support structure and
then flows radially to the core barrel outlet nozzles and direct-
ly through the vessel outlet nozzles. ) small portion of the
coolant flows between the baffle plates and the core barrel to
provide additional cooling of the barrel.

2.2 The reactor core

Overall description

The reactor core is composed of an array of 157 fuel assemblies
which are identical in mechanical design, but different in fuel
enrichment (Fig.2). Within an assembly the enrichment distribution
of the fuel pins is uniform. The core is cooled and moderated

by light water at a pressure of 155 bar. The concentration of the
boron in the coolant is varied as required to control relatively
slow reactivity changes including the effects of fuel burnup.
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Fig. 2. Fuel assembly arrangement for RESAR 11 and Beaver
Valley 1. The distribution of burnable poison rods in the
first core is indicated by the number of rods per assembly.
The boron rod distribution i{s slightly different for the
two cores; if two numbers are indicated, the upper one
refers to RESAR 31 and the lower one to Beaver Valley.

Additional boron, in the form of burnable poison rods, is employed
in the first core to establish the desired initial reactivity.

The distribution of boron rods for the recent core design, RESAR
31, is slightly different from the previous design, Beaver Val-
ley. Both core designs are shown in Fig. 2.

The most effective control components are the full- and partial-
length rod cluster control assemblies. The full-length rod
cluster control assemblies provide reactivity control for shut-
down, reactivity changes due to coolant temperature variations in
the power range, reactivity changes associated with the power
coefficient of reactivity, and rea:r tivity changes due to void
formation. The function of the partial-length rods is to control
the axial power distribution during xenor transients and to

limit axial xenon oscillations should they occur. In steady-
state operation at constant power, insertion of the partial-length
rods is not required. The rod cluster control assembly pattern

is shown in Fig. 3.
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Fig. 3. Rod cluster control assembly pattern.

The fuel assembly

The 264 fuel rods in a fuel assembly are mechanically joined in
in a 17 x 17 square array  (Fig.4). The fuel rods are supported
at intervals along their length by grid assemblies, which main-
tain the lateral spacing between the rods. The center position
in the assembly is reserved for in-core instrumentation, while
the remaining 24 positions in the array are equipped with guide
thimbles joined to the grids and the top and bottom nozzles.
Depending upon the position of the assembly in the core (Figs.
2 and 3) the guide thimbles are used as core locations for rod
cluster control assemblies, neutron source assemblies, and
burnable poison rods. Otherwise, t.e guide thimbles are fitted
with plugging devices to limit bypass flow.
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OOSOOOO OQ

FUEL ROD
GUIDE
THIMBLE

ROD PITCH : 2.6 mm
ASSEMBLY AITCH: 21504 mm
OVERALL DIMENSIONS: 2142 = 2W. 2 mm

Fig. 4. Fuel assesbly cross section. One-fourth of assembly.

Puel rods

The fuel rods consists of slightly enriched uoz ceramic cylin-
drical pellets contained in zircaloy 4 tubings. The tubes are
Plugged and seal welded at the ends to encapsulate the fuel. All
rods are pressurized with helium during the fabrication. The
cross section of a fuel rod is shown in FPig.S.

mntenial: zircaloy &
culer Giometer :9.50mm
thickness: (.57 mm

|_—BORATED WATER

ROD PITCH :12.60mm

Pig. S. Puel rod cross section.
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Guide thimbles

The guide thimbles are structural sembers vhich also prcvide
channels for the neutron absorber rods, burnable poison rods, or
neutron source assemblies. The thimble is fabricated from
zircaloy 4 tubing having two different diareters. The large
diameter at the top provides a relatively large annular area to
permit rapid insertion of the control rods during a reactor tripo
as well as to accommodate the flow of coolant during normal
operation. The lower portion has two sections with reduced dia-
meter to produce a dashpot action near the end of the control
rod travel.

Control assemblies

Each of the cluster control assemblies consists of a group of
individual absorber rods fastened at the top to a cosmon spider
assembly. These assemblies are of two types, those with rods
containing full length absorber material to control the reac-
tivity of the core under operating conditions, and those with
rods containing a partial-length absorber section (1067 mm) for
control of the axial power distribution. The cross section of
an absorber rod is shown in Fig. 6. The drives for the full-
length rods are designed such that upon a loss of power to the
magnetic coils, the rod cluster assesbly is released and falls
by gravity to shut down the reactor. Loss of power to tkhe drives

of the partial length rods will not result in any partial-length
roc motion.

Fig. 6. Control rod amnd
guide thimble cross sec-
tiomn.

muteriat: 204 $S
ouley diameter - 9.60me
chness:0L7 mm

©We Ag

1SWe In

$wio Cd
dansityQ0%0 g/cm?

ROD ATCHr: 12.60mm
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Burnable poison rods

The poison rods consist of borosilicate glass tubes contaired
within type 304 stainless steel tubular cladding which is
plugged and seal welded at the ends to encapsulate the glass.
The glass is also supported along the length of its inside
diameter by a thin-walled turbular inner liner. The top end of
the liner is open to permit the diffused helium to pass into the
void volume,and the liner overhangs the glass. The liner has an
outward flange at the bottom end to maintain the position of the
liner with the glass. The cross section of a burnable poison rod
is shown i1n Fig. 7. The rods are positioned in selected guide
thimbles within the fuel assemblies and a fuel assembly can

have either 12, 16, 20, or no burnable poison rods (Figs. 2 and 8).

ABSORBER :
material ; boronsilicote
weight of 8'9:0.623g/m rod

GUIDE THIMBLE
material: zircaloy &
outer diameter: 12.2 mm
thickness: 0.bmm

CLADDING : Fig. 7. Cross section of

ial:304

;”::r";??%u's': diameter: a burnable poison rod.
4&.61 mm

outer liner, inner diameter:

9.68 mm

BORATED WATER

_ ROD PITCH*12.60 mm

®  poison rod
O  water hole

e@ @Ry e 0By p808g Fig. 8. Distribution of
8o0oe0s ROoce0O® BO0R0® burnable poison rods
808 8 ceO0O®O0 ceso®a0 within an assembly. The
080 & s o®0O® EO0CE0B8 fuel assembly arrange-
Eg g a® Sy oxd OCgogmd ment is given in Fig. 2.

20 POI:SON RODS 16 POISON RODS 12 POISON RODS
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2.3. The reflector

The active core is surrounded by borated water and stainless
steel. The top and bottom reflectors have each a thickness of
approximately 25 cm, and the side reflector is 38 cm thick.
Detailed information about the composition of the axial reflec-
tors was not found in RESAR 31, so the description below is
devoted to only the radial reflector.

The lower core support structure is the main part of the side
reflector. This support structure assembly consists of the core
barrel, core baffle, neutron shield pads, and core
support which is welded to the core barrel, Fig. 9.

REFLECTOR
o.d.: 380cm

THERMAL SHIELD
thickness:6.8cm
i.d.: - 365¢cm (estimated)

CORE BARREL
i.d.: 340cm
0.d.:350.2¢cm

CORE BAFFLE
thickness - 2.5cm
{estimated)

ACTIVE CORE -
equivaient d.: 304cm

1

h

1’._._._._._._.

i symmetry lines

Fig. 9. Cross section of the side reflector.
. One~fourth of core.

All the major material for this structure is type 304 stainless
steel. The core baffle is attached to the c¢core barrel inner
wall and forms the enclosure periphery of the assembled core.
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The lower core suppert structure and the core barrel serve to
provide passaceways and control for the coolant flow. The neutron
shield pad assembly consists of four pads tnat are bolted and
pinned to the outside of the core barrel.

3. MODIFIED REACTOR CORE AND REFLECTOR DESIGN

For calculations of the nuclear cross sections it was necessary
to use a slightly modified reactor design. A description of the
geometry of the modified model is given in this chapter and the
material number densities of the different regions are listed in
Appendix B.

3.1 Pin cells

The fuel pin cell

For the fuel pin calculations an eguivalent cell of three
cylindrical regions was used (Fig.l0). The area of the moderator
region is the same as in the real square lattice.

MODERATOR REGION
outer diometer:14.2 mm

CLADDING AND GAS
GAP REGION
outer diameter:9,52mm

FUEL REGION
outer diameter:8.24mm

Fig. 10. Puel rod equivalent cell.
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The gas gap and the cladding are homogenized and the amount of
spacer material corresponding to the pin cell is included in

the cladding region. The influence of fuel and cladding tempera-
ture variations on the cell geometry and material densities is
neglected. The equivalent cell corresponds to an average fuel
temperature of 675 ©c and an average cladding temperature of

350 °c.

Guide thimble cells
For the water pin, boron pin, and control pin cells it is

necessary to include a driver zone as neutron source in the
calculations. The driver zone is composed ¢f the eight neigh-
bouring fuel pin cells adjacent to the guide thimble cell (Fig.ll).

SOURCE -FREE CELL
equivalent diameter: 14.2mm

DRIVER ZONE
equivaient diameter:42.6mm

Fig. 11. Driver zone for guide thimble cells.

The equivalent cells for the water-, control- and boron pins
are shown in Figs. 12-14, respectively. The amount of spacer
material corresponding to each cell is included in the guide
thimble region. The moderator density of the inner moderator
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region is kept constant (no void) even in case changes occur in
the outer moderator density. The boron concentration (ppm) in
the cooclant is the same for the inner and outer moderator.

INNER MCOERATOR
outer diameter:11.4mm

GUICE THIMBLE
outer diameter:12.2mm

QUTER MODERATOR
outer dicmeter:14.2mm

ABSORBER
outer diameter :5.66 mm

CLADDING
outer diameter :9.6mm

GUIDE THIMBLE
outer diometer : 12.2mm

INNER MODERATOR
outer diameter : 11..mm

OUTER MODERATOR
outer diameter: 14.2mm

outer diameter:8.6 mm

INNER MCDERATOR
outer diameter:4.6 mm

INNER MODERATOR
outer diameter:1t.imm

CLADDING
inner liner ,ad.: 6.6 mm
outerliner,0.d.:8.6 mm

OUTER MODERATOR
outer diameter:14.2mm

GUIDE THIMBLE
— outer diameter:122mm

Fig. 12. Water pin equiv-
alent cell.

Fig. 13. Control pin
equivalent cell.

Fig. 14. Boron pin equiv-
alent cell.
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3.2. Fuel assemblies

The equivalent fuel assembly is composed cf 264 identical fuel
pin cells and 25 source-free pin cells arranged in a 17 x 17
array. The pin cell array is svrrounded by a narrow watergap of
0.43 mm width so the assembly cell overall dimension becomes

215.06 x 215.06 mm2.

For the two core configurations, RESAR 31 and Beaver Valley 1,

a total of 9 different fuel assemblies are needed (Fig.2). The
assemblies differ in fuel pellet enrichment, number of boron
rods per assembly, and whether a control assembly is present or not.
The characteristics of the nine assemblies are listed in Table
l. For each assembly the nuclear cross sections must be calcu-~
lated as functions of moderator density, fuel temperature, and
concentration of boron in the moderator.

Fuel assembly No. Enrichment Number of + with control rod
Wt 8 U235 boror rods - without control rod

1 2.10 0 -
2 2.10 0 +
3 2.60 12 -
4 2.60 16 . -
5 2.60 20 -
3 3.10 0 -
7 3.10 0 +
8 3.10 16 -
9 3.10 12 -

Table 1. Fuel assembly characteristics.
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3.3. Reflectors

So far no attempt has been made to calculate albedo values for
the top and the bottom reflectors. For the side reflector first

2-group gamma-matrices are generated; these are then transformed
o0 albedos (Chapter 4).

For calculating the 2-group cross sections for the side re-
flector materials the cylindrical geometry in Fig. 15 was used.
Compared with Fig. 9 the core baffle ought to be closer to the
core and the core barrel and the thermal shield should be
separateéd with a watergap. An accurate description of the actual
geometry of the side reflector was not found in RESAR-31l. How-

ever, Fig. 9 is expected to be more correct. Whether or not the
core barrel and thermal shield are kept close to each other is
not believed to alter the results significantly, but an incor-

rect core baffle position might have some influence on the
results.

ORIVER
0.9.:3.040m

MODERATOR 1
o.d.:3.270m

CORE BAFFLE
0.d.:3.300m

MODERATOR 2
0.d.:3.400m

CORE BARREL AND
THERMAL SHIELD
0.d.:3.638m
thickness of
borrel:0.05Tm
shield :0.068m

N I ——— ¥ MODERATOR 3

; 0.d.:3.800m
| symmetry lines

Fig. 15. Equivalent reflector geometry for calculating
cross sections for the side reflector regions.



The reflector is represented either by gamma matrices or
albedos. It is possible to convert a gamma matrix to an altedo
(cp. 4.2). By means of the 2-group cross sections for the indi-
vidual reflector regions, gamma matrices for the reflector are
calculated in slab geometry. Two matrices are calculated, rep-
resenting either the conditions close to the quarter-axis or

an average condition (Fig.l6). In both cases the core baffle
position was close to the active core.

MATRIX 1 MATRIX 2
Quarter-axis Average
conditions conditions
REFLECTING
L  BOUNDARY L
MODERATOR 3

thickness: 81mm

CORE BARREL
and thermal shield
thickness: 119 mm

. MODERATOR 2
thickness:SSmm thickness: 150 mm

CORE BAFFLE
thickness:2Smm

MODERATOR 1
thickness:-5mm

CORE /REFLECTOR—"
BOUNDARY

Pig. 16. Slab geometry for calculating gamma matrices
for the side reflector.
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4. CONSTRUCTION OF CROSS SECTIONS

4.1. Computer codes

For each of the nire different fuel assemblies in the reactor
core 2-group cross sections are required as functions of the
paramoters: fuel temperature, moderator density, and boron con-
centration. The fuel box code CDB (K.E. Lindstrem Jensen, 1970)
may handle fuel pins of different compositions and non-burnable
regions, e.g. water holes and control rods, burnable pcison in
the fuel, and burnable poison rods. The program ccmbines the
unit cell flux distribution and burnup calculations with a 2-
dimensional diffucion theory flux solution for the fuel assembly,
vielding power distributions, isotopic concentrations, box
average cross sections, etc. as functions of the burnup. The
number of energy groups for the pin cell and assembly flux cal-
culations is flexible, however, 10 and 5 groups are recommended,
respectively. The pin cell flux calculation may be omitted

for pin cells without burnable material. If so, the pin cell
should be represented by 5-group single-region macroscopic cross
sections for the assembly flux calculation; otherwise 10-group

multiregion microscopic cross sections are required.

The multigroup cross sections required by CDB for the pin cells
are provided with the program complex CRS (A.M. Larsen, 1973).
CRS gets fine group data from the SIGMA Master Tape and RESAB
or RESOREX and supplements with thermal scattering matrices
from the subroutine NELKINSCM. The subroutine GP calculates the
fine group spectrum using multiregion probability methods in

a specified cylinder cell. The number of fine groups is 76.

The radial reflector is represented by 2-group gamma matrices,
which are produced by HECS (J. Pedersen, 1969) using collision
probability methods. The gamma matrix is defined from the matrix

equation

J=)90 (4.1,1)
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where J and @ represents the boundary neutron current and flux,
respectively. The 2-group multiregion macroscopic cross sections
required for the HECS calculation are generated by CRS.

4.2. Reflector representations

One cf the purposes of the present work was to test the static
neutronics part of the 3-dimensional transient program ANTI
(A.M. Larsen, 1980). ANTI is a nodal program and it utilizes a
l-group albedo representation for the reflector boundary. For
verification of ANTI the 2-dimensional finite difference program
TWCDIM (K.£. Lindstrom Jensen, 1970) was used. The reflector
representation in TWODIM is a 2-group gamma-matrix representa-
tion; hence for comparing ANTI and TWODIM a transformation

of gamma-matrices to albedos is required. Such a transformation

of a 2-group gamma-matrix to a l-group albedo is given below.

According to diffusion theory, the neutron currentsin the

positive and negative directions are, respectively,

. _2 . Jd
Yy T gty
{4.2.1)
=92 J
J.=34 -2
The net neutron current is J = J+ - J_and 0 is the neutron flux.
The albedo, B, is defined as
J
= _ by =9
g = 3, = Ly and vy 0 (4.2.2)

The superposition principle is applied for fluxes and currents
in group theory, so the 2-group expressions for the net flux
and the net current are as follows

a
|

=0 + 0,
(4.2.3)
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The 2~group gamma-matrix is defined by

= (4.2.4)

2 Yi2 Y22 { ¥z

Using Eqs. 4.2.3 and 4.2.4 the final expression for the l-group
albedo (Eg. 4.2.2) is o

2
11"™2%22 o)

8 = §§$ , and Y = (4.2.5)

1

HQTNG

The flux ratio should represent the value at the boundary betweern
the active core and the reflector.

4.3. Pin cell and assembly calculations

For each of the 9 fuel assemblies listed in Table 1 cross sec-
tions should be found as functions of the fuel temperature,

the moderator density. and the boron concentration in the mode-
rator. The cross section functions should cover normal operating
conditions and operational transient conditions.

As reference condition we chose:

fuel temperature : 675°¢
moderator density : 705 kg/m> (4.3.1)
boron concentration : 900 ppm

Extending from the reference condition, the fuel temperature
and the moderator density were varied within the range given
in Piq. 17.
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Fig. 17. Values of fuel temperature and moderator
density for which fuel assembly calculations were
carried out.

According to fuel pin cell studies the dependency of the boron
concentration on the cross sections was extremely linear, so
the assembly calculations in Fig. 17 were carried out for only
two poron concentrations, namely 0 and 900 ppm. To attain

high accuracy, cross sections should be calculated for each of
the pin cells as functions of all the three parameters given
above. However, pin cell calculations are rather time consuming,
especially for the source-free pin cells where driver zones

are required. Hence, for these cells, where the fuel tempera-

ture dependency is a secondary effect, moderator effects were
predominantly considered.

The material number densities for the various cells are given
in Appendix B, and the resulting cross sections for the as-
semblies are listed in Appendix C.

For use in ANTI, a polynomial representation of the assembly
cross sections was found to be most adequate. By means of the
non-linear least-squares fitting program CROSSFIT polynomia
expressions were constructed. The expressions have the following
form



2
< (1 + czn + c3n )

cy (1 +cgR+ csltz + c7a3) (1 + cgB)

2

3
Cq (1 + clon + cnR + cuR ) (1 + cn‘r) (1 + cuB)

-
S5 (1 + clﬁn + c17a') (L + clar) (1 + clsa)

2
czo (1L + czla + czzn ) + c238 (1 + cz‘k)

2
Cys {1 + °26R + cz.,lt )

Cpg {1+ CpgR + ¢ R%) + c,.B (1 + c._R)

30 31 32

€13

(4.3.2)

The parameters are

Dl' D

2
512
s

2
2
1 2
if, tf
vzultv
°mn
B
m
T

Diffusion constants for the fast and thermal neutron
group. respectively (cm)

1

Down scattering cross section (ca™ ")

Absorption cross sections, fast and thermal group,

v

respectively (cm ")

Fission cross sections, fast and thermal group., re-
spectiveliy (en™l)

Number of neutrons produced per fission
Moderator density (q/cma)
Boron concentration in moderator (ppm)

Fuel temperature (K)
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R=92 _§¢

m . ]
B B
'l B:o
T= JTf - /Tko

The subscript "o" refers to the reference condi:icn.

For each fuel assembly two sets of coefficients, C5- i=1,133],

were calculated. The two sets represent new fuel either with
Xe/Sm in equilibrium or witnout Xe/Sa. The polynomizl coefficients
are listed in Appendix D.

4.4. Reflector calculations
Calculations of reflector values were carried out only for the

reference condition. The two gamma-matrices described in Chap.
3.3 obtained the following values

0.1639 (]
Quarter-axis condition:
:0.0454 0.1622
(4.4.1)
0.1491 (o]
Average condition ]
:0.0345 0.1621J

To convert the gamma-matrices to albedos the 2-group

flux ratio along the core boundary is required (Eq. 4.2.5).

Using the gamma-matrices as boundary conéitions the flux ratio
along the periphery of the active core was found. The result of
the calculations became an albedo of 0.60 with an insignificant
variation along the core boundary (less than 0.01). The calcu-
lations were repeated for a reflector where the basic form of

the core baffle was a cylinder, i.e. the core baffle was removed
2 small distance from the active core. These calculaticns resulted
in almost the same albedo value.



- 26 -

5. OVERALL CALCULATIONS

5.1. Comparison of TWOLCIM calculations with Westinghouse results

A version of the TWODIM program was modified for hancling the
cross sections in a form similar to that of 2NTIs. However, TWODIM
needs a full 2-group scattering matrix and from the functions
given in Eq.4.3.1. only the following matrix elements can be

found:
A1 o1, 12
a
z12 (5.1.1)
£22 _ 2

For the missing parameters, i.e. Zil, vl, and the fission

spectrum, the values corresponding to the reference condition
were used,

TWODIM was applied for the calculation of the normalized hori-
zontal power distribution for an viirodded Beaver Valley 1 core
at hot full power. In this case the core baffle had the shape

of a cylinder, the coolant inside the core baffle was represent-
ed by cross sections, and the remaining reflector was represent-
ed by gamma-matrices. Referred to Westinghouse results (Appen-
dix E) the maximum error was 0.06. In the more realistic case
with a core baffle following the core periphery, the result
should improve a little, as the relative power at the reflector
should then decrease slightly.

From the information given in the safety analysis reports, it
was impossible by means of 2-dimensional calculations to verify
the cross sections for the rodded fuel assemblies.
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5.2, Comparison of ANTI and TWCDIM calculations

The expression for the internodal coupling coefficients in

ANTI involves the gquantities:

L, = the probability that a neutron leaving a node enters a
neighbouring node in the same horizontal layer

r, = the probability that a neutron leaving a node enters a
neighbouring node in the same vertical channel

g = the probability that a neutron will remain within the node
where it is born

p = the probability that a neutron entering a node will be
reflected directly to a neighbouring node

8 = the probability that a neutron entering a node will be
directly absorbed in that node

1 = the probability that a neutron entering a node can be
treated as born in that node (p+B8+u=l)

a = 8
B

In the program the probabilities are given as functions of the
nodal dimensions, the local cross sections, and of 4 empirical
parameters gi,i=l 4. The expressions have the following form
(Babala et al., 1971)

91
= —S (5.2.1)
h 9
2+4 s
r = (5.2.2)
v gl
2+4 s

g =1 - exp (-92 az/ﬁ) (5.2.3)



a2 VI
a=g3 35 (5.2.4)
M
2
p = exp (- g4/D ) (5.2.5)
where
s = %% ., AX and AZ are the horizontal and vertical
dimensions of the node, respectively (5.2.6)
_ 3AX Az
a8 = Ax+2Az (5.2.7)
~ 1 2
M= 2D + 12 (5.2.8)
rl o4 pt2 g2
s a
1 2
M2 = —2 + Do (5.2.9)
Zl + 212 22
a s a

k is the infinite multiplication factor for the node.

The ANTI calculatior.s showed a very strong dependence on the
choice of g-parameters. By means of more or less theoretical
methods Babala et al., 1971 suggested the following g-set

g9, = 1.7

g, = 0.038

g, = 0.6 (5.2.10)
g4 = 4.50

but in comparison with other codes 93=3.07 appeared to be better,
at least for BWR-systems. This g-set should be valid for nodal
dimensions 10 cm < AX, AZ < 20 cm and 0.5 < AZ/AX < 2.

For the present work two different nodal configurations were
studied. In both cases the nodes had an almost cubic shape

with AX/AZ = 1.008, but with AX equal to either a 1/1 or 1/2 fuel
pitch. For comparison with TWODIM two small 2-dimensional test-
cases were studied. These included one horizontal layer of nodes



and 1/8 of the core periphery only. The axial albedos were both
1.0 correspending to ideal reflecting conditions.

Compared with TWODIM calculations the g-set (5.2.10) did not fit
the power distribution well; in the case of one node per fuel
assembly, especiallyv, the result was very poor. However, the
reactivity was acceptable in both cases. If 93=3.07, as suggested
for BWRs, the power distribution became even worse. By varying
93 it was found that the smaller is g3, the better is the power
distribution, but the reactivity decreases; even for g3=0 the
power distribution is unacceptable (Fig. 18).

030 g, =17

Power shape deviation, f

00s +

Reactivity , k-1

4;/0/:—0 L oo

0
0s 1
COUPLING COEFFICIENT g,

Fig. 18. Comparison of ANTI and TWODIM results for different
values of 93. In ANTI each fuel assembly is represented by
one node. The power shape deviation is calculated as the
square deviation of the horizontal power shapes normalized

to one per node.

According to Fig. 19 a better power distribution can be estab-
lished by changing g4 instead of g3,and in this case the reac-
tivity is not altered so much. Finally, a variation of g, was
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0-10 :_ g‘ H 1.7
g, = 0.038
g,=06

Fig. 19. Comparison of ANTI and
Power shape deviation, t TWODIM results for different

Q05 valyes of g,s and one node per
assembly in ANTI. For the defi-
nition of the power shape de-
viation, £, see TFig. 18.

Reactivity, k -1
¢, 2 3 L 5

COUPLING COEFFICIENT g,

tried, but no further improvements of the results were obtained.
Conseguently,the following g-set was chosen for the case with
or.e node per assembly

g9; = 1.7
g, = 0.038
gy = 0.6
gy = 0.65

(5.2.11)

A similar method was applied in the case of 4 nodes per as-
sembly. For this case the following g-set is suggested

g = 1.7
0.038
g4 = 0.6
3.2

[le]
(8]
]

(5.2.12)

[ ]
-3
]

There is no significant discrepancy in the accuracy of ANTI in
the two cases with different nodal representations,

The investigations above were all performed at a hot operating
condition with all control assemblies fully out of the core.
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To investigate other power conditions:,a few other power distri-
butions were established by inserting control assemblies and
increasing the reaction rate at local spots, but maintaining
the g-sets. A significant discrepancy between TWODIM and ANTI
was found only in the case of an extreme local power peak. In
all other cases the accuracy was almost the same as in the re-
ference case. The power distributions for the cases above are
included in Appendix F.

As part of the Nordic reactor physics benchmark problem, 1980,
a comparison of a 3-dimensional ANTI calculation and a 2-dimen-
sional TWODIM calculation in cylindrical geometry was made
(A.M. Larsen ard B. Thorlaksen, 1980). In this case the nodal
dimensions were DX=21.4 cm and DZ=25.0 cm and the coupling
coefficients had the values given in Eg. 5.2.11. Even in this
case there was good agreement between the power distributions
calculated by ANTI and TWODIM.

According to the investigations above it can be concluded that
the power shape calculated with the nodal method is extremely
dependent on the choice of coupling coefficients. However, the
"correct” g-factors are mostly dependent on the nodal configur-
ation, and different operating conditions can be modelled fairly
well with the same g-set.

5.3. Axial power distributions

As mentioned previously (p. 20) no attempt was made to estimate
the efficiency of the top and bottom reflectors. These have no
direct influence on the radial power distributions, and in fact
the influence on the axial distribution is also modest.

Fig. 20 shows the axial power distribution for an unrodded
reactor corc of the Beaver Valley design. The calculation was
made with the Swedish POLKA program, and is compared to a si-
milar ANTI calculation. In the two cases the axial albedos were
both 0.1, Although the neutronics of POLKA and ANTI is almost the
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AX)AL RELATIVE POWER

I I i
0.0
0 25 SO 75 100

PERCENT OF ACTIVE CORE HEIGHT FROM TOP

Pig. 20. Axial power shapes for an unrodded core
calculated with ANTI and POLKA, respectively.

same, it is not obvious that the axial albedos should be

equal, as the coupling coefficients are different. In fact, the
radial albedoes in ANTI are about 50% larger than in the POLKA
case. However, the deviation of the two curves in Fig. 20 is

not significant, and by the fitting of either the counling coeffi-
cients or the axial albedos, it should be possible to make the
accordance even better. It seems as if the ANTI curve is slight-
ly more peaked at the bottom end, this could also be due to
different hydraulic models or moderator feed back systems.

In Fig. 21 an ANTI calculation is referred to the axial power
distribution given by Westinghouse for a reactor state with the
partlength control assemblies placed at the axial mid-plane.
Obviously, the ANTI absorber is too strong compared to Westing-
house. In this case the ANTI power peak at the lower part of
the core is more pronounced than in the previous case.



AXIAL RELATIVE POWER

AXIAL RELATIVE POWER

0.0 ! 1! i
4] 25 SO 75 100

PERCENT OF ACTIVE CORE HEIGHT FROM TOP

Fig. 21. Axial power shape calculated with ANTI
and referred to Westinghouse for a core with
the part-length contrcl assemblies at the axial
midplane. The deviation might be caused by 4dif-
ferences in the active core height.

0.0 | L L
0 25 50 75 100

PERCENT OF ACTIVE CORE HEIGHT FROM TOP

FPig. 22. Axial power shapes as in Fig., 21, but
with the part-length control assemblies at the
lower end of the core.



Fig. 22 represents a situation with the part-length assemblies

at the bottom position, which, in this connection, means covering
a region from about 55% to 80% from the core outlet. Even in

this case the control power seems to be overestimated in ANTI,
although the two curves almost merge.

According to the calculations above it is concluded that the
coupling coefficients found previously from 2D-calculations can
be used also for 3D-cases. Further, the top and bottom reflectors
seem to have only a slight influence on the axial power distri-
bution.

The neutron absorption of the ANTI control assemblies is strong
compared to Westinghouse; however, the conditions are not spe-
cified in detail for the reference cases, so the value of the
results cannot be fully estimatea. The different degrees of con-
trol could be due to differences in the active core height. The
ANTI calculations have been performed with an active core height
of 4.26 m, which corresponds to the most recent core design. The
Westinghouse results should also be valid for this design as
they are included in RESAR 31; however, the curves seem to have
been taken over from the final safety analysis report for

Beaver Valley 1, which has an active fuel height of only 3.65 m.
In both designs the part-length assemblies cover one quarter of
the active fuel height.

6. CONCLUSION

Nuclear cross sections for nine different fuel assemblies of

the more recent Westinghouse designs are calculated as functions
of the average fuel temperature, moderator density, and moder-
ator burnable poison concentration. For each assembly two data
sets are given, each representing new fuel, but either
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without Xe and Sm or with Xe and Sm in equilibrium concen-
trations.

The cross section functions were verified by referring to
Westinghouse power shape calculations. From the nine fuel as-
semblies a reactor core of the most recent Westinghouse design,
as described in RESAR 31, can be composed. Also earlier designs,
as, for example, Ringhals 3 and Beaver Valley 1l can be represented.

Calculations on the side reflector resulted in significantly
higher values of the reflector albedo referred to albedo
values taken over from the ANDYCAP project. This led to an
investigation of the influence of the ANTI internodal coupling
coefficients on the power shape. It was concluded that the cal-
culated power shape is strongly dependent, on the choice of
coupling coefficients. However, it was shown that it is easy to
find a set of coupling coefficients with which different oper-
ating conditions can be modelled quite well, if only the nodal
configuration is unchanged.
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APPENDIX A

The following tables compare the principal nuclear, thermo-
hydraulic, and mechanical design parameters for two recent
Westinghouse reference plants. The main Jdifference between the
two reactors is the height of the active core, which is either
4267 mm or 3658 mm. The Ringhals 3 and 4 reactors are of the
latter design.

REACTOR DESIGN COMPARISON TABLES

RESAR-31 Beaver Valley
THERMAL AND HYDRAULIC DESIGN PARMMETERS 4267-am Core 3658 -mm Core
{168 in) (12 fe)
Overall
Reactor core heat output, Mit 2980 2652
Number of coolant loops 3 3
Heat generated in fuel, % 97.4 97.4
System pressure, nominal, bar 155 15%
- - ., min. steady state, bar 153 153
Coolant flow
Total thermsl flow rate, kg/s 13.9% . 103 12.71 - 103
Effective flow rate for heat transfer, kg/s 13.3 . 103 12.1 - 103
Effective flow arsa for heat transfer, 'Z 3.86 1.86
Average velocity along fuel rods, m/s 4.98 4.4
Average mass velocity, kq/(s-mzl J4a5% 3146
Coolant temperature
Nominal inlet, °C 293.4 283.6
Average rise in vessel, % 6.5 37.4
Average rise in core, °C 8.0 39.0
Average 1n core (), °C 313.6 304.1
Average in vessel (%), °c 1.6 302.3
Hleat transfer
Active heat transfer, surface area, n? 5267 4518
Average heat flux, H/cm2 55.29 $7.2
Maximum heat flux for normal operation, u/cn2 135.5 132.7
Average linear power, ¥V/cm 158 170
Maximum linear power for normal operation, W/cm 404 394.4
Peak linear power for determing
protection setpoints, W/cm 590.5 590.5
Hfeat flux hot channel factor, ro 2.45 2.45

Fucl ccntral temperature
touk at 100w power, °C 1766 1816
Peak at peak linoar powar for determing
protection setpoints, °C 2288 2268



Loading techanique

Fuel rods

Nomber

Outside diameter, =
Diametral gap

Clad thichness, ==
Clad material

Fuel pellets

Material

Censity, % of theoretical

Jiameter, @

Length, s®

“ass of Vo, per length of fuel cod, hg/m

Guide thimbles

Diameter of gquide thimbles (upper part) .mm
Drameter of guide thimbles (lower part),ms

Diameter of instrument thisble, s

Rod cluster control assemblies

Neutron abeorber full and part-length
Composition
Density, '/CI]
Diameter of absorber., sm
Cladding macerial
Clad outer diameter, "M@
Clad thickness, mn
Number of clusters, full/vart length
Number of absorber rods per ciuster
Length of sctive section of part lenqth
sbsorber, am

3 region, man-wniform

41482
2.5
6.17
0.37

Ziccaley—d

U0, sintred
8.19
13.%
0.342

{:.a ii.e
o.d 12.2
(1.4 13.0
(o.2 10.9
ri a1l.8

leda1222

S08Ag-150In-5%CS

1e
8.66
Josss
?.60
0.37
$2/%
b2

1047

CORE NECRARICAL DESIGH PAMNRTERS 4167-am Core 3$38-am Core
(168 im) (32 fe)

Fusl assemblies
Design CC canless RCC camless
Nusber of fusl assewblies 133 157
Vo, rods per assesbly (17-17) 164 268
Mod pitch, mm 12.68 12.60
Overall dimeniions, ms 14 - 114 214 - 214
Assewbly pitch, sm 21%.04
Fuel weight (UD,). kg 9306} 2284
Tircaloy wesight (total), kg 2193} 18737
Bumber of grids per assembly S-cype B S-type R
Compesition of grids Inconel 718 Inconel 718
Weight of grids (effective im cere), kg re%¢ 233
Number ol julde thiamles per assesbly 2 2s
Nusber of instrument thisbles liceatral) 1icentral)
Compos:ition of guide thisbles Tizcaley—4 Iircaleoy-8

) region. nen-wnirfers

41580
.30
9.17
.57

Zircaloy—$

), siatred
T e
8.19
13.%
5.5482

411.8
4122
4 i0.0
d18.9
411.8
4 12.2

0sAg-1321In-30Cd
10.2
8.66
loiss
9.60
0.87
48/9
248

914.3
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CORE ' .CHANICAL DESIGN PARAMETERS 4267 mu.Core 3659-mm Core
(168 in) (12 fe)
Burnable poison rods {first core)
Number 1040 1072
Macterial Borosilicate glass Borosilicate glass
Outside diameter, mm 9.68 9.68
Inner tube, o.d., mm 4.61 4.58

Clad material

Inner tube material

Boron loading (w/o 3203 in glass rod)
Weight of B-~10 per length of rod, kg/m

Core structure
Material
Core barrel, i.d/0.d, me
Thermal shield
1.4/0.4, mm

NUCLEAR DESIGN PARAMETERS

stainless steal
stainless steel
12.5

0.623 - 1073

304ss
3400/3502
Neutron pad design

{4 pads bolted and pinned
to the outside of the ccre
barrel.)Dimensiras at each

pad:

width 1220 mm
length 3744 mm
thickness 68 mm

4267-mm Core

stainless steel

stainless steel
12.5

0.623 - 1073

3o4ss
3400/3502
Neutron pad design
1648/3759

J658-mm Core

(168 in) (12 ft)

Structure characteristics

Core diameter, mm (equivalent) 3040 3040

Core average active fuel height, mm 4267 3658
Reflector thickness and composition

Top ~ water plus steel, mm ~ 250 A 250

Bottom -~ water plus steel, mm A 250 A 250

Side - water plus steel, mm ~ 380 A~ 380
Fuel enrichment, w/0 (see Fig.2)

Region 1 2.10 2.10

Region 2 2.60 2,60

Region 3 .10 3.10



APPENDIX B

The material number densities given below were used for cal-

culating the nuclear cross sections for fuel assemblies and

side reflectors,

Cp. 3. The number densities correspond

to an average fuel temperature of 675 ©OC, and an average

cladding temperature of 350 °C.

The fuel pin cell

(see Fig. 10)

Cell region Material Number densities (1024 atoms/cm3)
Part of core (see Fig. 2)
Fuel Region 1 Reagion 2 Region 3
u 235 4.99-10-4 6.18-10~4 7.37-10-4
U 238 2.30-1072 2.29-1072 2.28-102
9 4.70-10"2 4.70.10-2 4.70-10"2
Cladding
fe 7.59-10-4
Mi 1.69-10-3
Cr 7.30-10-4
2r 3.77-10-2
Al 1.28-10-3
c 6.04-10-6
Ti 3.03-10-5
Moderator Void percent
03 5 9 10 8 20 % 80 %
H 4.72+.10"2  4.51-1072  4.31°10°2 3,91-20"2 1,49-10-2
0 2.36-10-2  2.26-10"2 2.16°+10~2 1.95-102 7.34.10-3
810 6.89.10-6  §.59.10-6 6.30-10~6 5,71.10-6 2.13-10-6
for 900 ppm B '{811 2.34-105  2.72:10~5  2.60-105 2.36-10-5 8.98:10-5
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The water pin cell

(see Fig. 12)

Cell region Material Number densities (1024 aroms/cm3)

Inner moderator As for the moderator reqion of
the fuel pin cell, but 0% vaid
assumed.

Guide thimble

Fe 9.06-10"4¢
Ni 2.04-10"3
Cr 8.77-10"4
2r 4.22-10"2
al 1.44-10"3
c 7.30-10-6
Ti 3.66°1075
Outer moderator As for the moderator region of

the fuel pin cell.

The control pin cell

(see Fig. 13)

Cell region Material Number densities {1024 Aroms/end)
Absorber

Ag 4.49-10"2

In 7.91-10-J

cdg 2.01°107}

cdy 6.76°10”4

Absorber cladding

Cr 1.73-10°2
Ni 8.08°10"3
Fe 6.03°10"2

Inner modecrator
Guide thimble As for the water pin cell
Quter modecator



The boron pin cell

{see Fig. 14)

Cell region ‘Material Numper densities (1023 acoms/cal)
Absorber B 10 6.586-10"4

B 11 2.634-10"73

o 2.195-30"73

Atsorber cladding

Inner moderator
Guide thimble
Quter moderator

Not represented

As for the water pin cell



APPENDIX C

Nuclear cross sections for the fuel assemblies given in Table 1,
p. 15, are listed below as functions of

Boron: The moderator boron concentration in ppm
Temperature: The fuel average temperature in K
Density: The moderator density in q/cm3

The units are:

Diffusion constants: cm

Cross sections: em L

Fuel Assemblv no. 1
without Xe/Sm

22338 IR
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Fuel Assembly nc. 2
without Xe/Sm
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Fuel Assembly no. 6
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APPENDIX D

Polynomial coefficients for the fuel assembly cross sections

are listed below. The first 33 numbers in each group correspond

to c,, i =1,33 given in Equation 4.3.2, p. 26. The remaining three
numbers, representing Vyr and the fission spectrum, respectively,
refer to the reference condition and are needed for TWODIM cal-
culations only.

The reference condition is
fuel temperature : 675 °c

moderator density : 705 kg/m3
boron concentration: 900 ppm
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APPENDIX E

Normalized horizontal power distributions for Beaver Valley
unit 1. TWODIM calculations referred to Westinghouse results.

Relative assembly powers for one octant of an unrodded core near
beginning of life is shown below. The reactor state is hot full
power with 316 popm boron in the coolant. For the sub-reflector
inside the core baffle cross-sectional representation is used,
while the remaining reflector is represented by gamma-matrices.

Kev:

=" Y

Upper value: Westinghouse
Lower value: TWODIH

No Xenon

1.14 1.08 1.19 1.10 1.21 1.19 1.06 0.82
1.16 1.14 1.20 1.14 1.18 1.19 1.02 0.35

1.18 1.17 1.20 1.14 1.14 1.01 6.62
1.20 1.21 1.19 1.15 1.10 1.00 0.63

1.21 1.14 1.12 0.33 0.90
1.21 1.15 1.08 0.96 0.90

1.11 0.97 0.30Q 0.5?%
1.08 0.95 0.87 Q.60

0.84 Q.62
0.79 0.65

Equilibrium Xenon

1.16 1.09 1.21 1.11 1.21 1.18 1.06 0.9n
1.18 1.1% 1.21 1.15 1.18 1.18 1.01 0.82

1.20 1.18 1.21 1.14 1.14 0.%9 0.61
1.21 1.22 1.20 1.158 1.10 0.99 0.66

1.22 1.14 1.13 0.93 0.38
1.21 1.16 1.09 0.96 0.39

1.12 0.97 0.39 0.59
1.08 0.95 0.87 0.60

0.35% 0.62
Q.79 0.65



APPENDIX F

Comparison of normalized horizontal power distributions cal-

culated with ANTI and TWODIM for different core configurations.

The values represent the relative channel power froa ANTI ainus
the corresponding channel power from TWODIM. One octant of the

core, representing channels no. 1-26, is shown. The power
shape is altered either by inserting control assemblies or by

increasing the fission cross sections locally.

For the tables below, the key is

Upper value: Channel no.

Lower value: Power deviation as defined above.

ANTI reptesehtation: One node per cross section of channel.
(Coupling coefficients as in Eq. 5.2.11).
Unrodded standard core:
1 2 3 4 H 6 7 ]
0.07 0.03 0.08 -0.02 -0.02 -0.05 -0.07 -0.0%
’ 10 11 22 13 14 15
0.06 0.02 0.01 -0.03 -0.04 =-3.01 -0.02
16 17 18 19 20
0.03 0.00 -0.02 -0.0% 0.02
21 2 23 24
6.01 -0.73 0.10 0.03
P 3 26
-0.03 0.2



1 2 3
-0.03 ¢.09 0.06
9 10
0.12 0.06

16
0.0%

Control in channel no. 23:

1 2 k!
0.00 -0.04 -0.01
9 10

0.00 -0.03

16
0.00

Control in channel no. 24:

1 2 k)
0.00 =-0.03 -0.01
9 10

0.00 -0.03

16

-0.01

0.00

11
0.02

-0.04

11
-0.01

17
-0001

21
0.02

4
-0.04

11
-0.02

17
-0.02

21
0.01

5
-0.02

12
-0.013

18
-0.013

22
-0.03

25
~-0.04

-0.03

12
-0.02

25
0.07

5
-0.03

12
=0.03

18
-0.01

25
0.02

6
-0.06

13
-0.05

19
-0.006

26
0.01

-0.06

13
-0.04

19
0.02

23
=0.04

26
0.02

-0.05

13
~-0.02

7
-0.09

14

-0.02

0.01

24
0.03

-0.07

14
0.00

-0.08

14
-0.01

20
0.07

24
=0 .01

8
-0.07

15
-0.04

-0.06

15
-0.02

=0.05

15
0.02



Fission cross sections increased by 10% for channel no. 6:

1 2 3 4 5 6 7 8
0.07 0.04 0.05 0.00 -0.02 0.01 -0.08 -0.06

9 10 11 12 13 14 15
0.07 0.04 0.01 -0.04 -0.04 -0.02 -0.04
16 17 18 19 20

0.03 0.00 -0.02 -0.05 0.02

2l 22 23 24
0.01 ~-0.02 0.09 0.03

25 - 26
-0.02 0.02

ANTI representation: Four nodes per cross section of channel.
(Coupling coefficients as in Eq. 5.2.12)

Unrodded standard core:

1 2 3 4 5 6 ? 8
0.02 0.08 0.01 0.03 =-0.07 =0.06 -0.09 0.01

9 10 11 12 13 14 15
0.00 0.04 -0.04 =-0.02 =-0.09 0.02 0.06

16 17 18 19 20
-0.04 0.01 =0.07 ~0.01 0.05

r3 22 23 24
=-0.05 0.00 0.01 0.06

25 26
«0.03 0.07



Control in channel no. l:

2.08 0.06 -0.02

9 10
0.01 0.03
16

-0.04

Control in channel no. 23:

1 2 3
0.01 0.10 -0.04

9 10
-0.02 0.04

16
~0.06

Control in channel no. 24:

0.0) 0.10 -0.02

9 10
0.00 0.04

16
~0.04

(V1]

(=)
]

21
-0.05

0.04

11
-0.06

17
0.01

21
-0.04

0.05

11
=-0.05

17
0.01

21
-0.04

S
-0.08

12
-0.02

18
-0.07

22
0.01

25
-0.04

-0.09

12
-0.01

18
-0.04

25
0.01

-0.08

12
=-0.01

18
~0.06

22
0.02

25
-0.01

6
-0.07

13
-0.09

19
-0.01

-0.07

13
-0.09

19
0.01

26
0.03

«0.06

13
=0.07

19
0.01

23
0.02

26
0.07

PRSI UU

7
-0.10

14
0.02

20
0.05

24
0.09

-0.11

13
0.01

20
0.05

-0.10

14
0.01

20
0.013

24
0.04

0.02

is
g.07

-0.05

0.01



Fission cross sections increased by

0.04

11
-0.02

17
0.04

21
-0.02

10% for

-0.12

12
-0.03

18
-0.05

25
-0.01

channel] no. 6:

6
-0.19

13
-0.15

19
-0.02

0.09

7
-0.18

14
-0.05

20
0.04

24
0.09

-0.03

15
0.04
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