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Calculational methods have been developed to analyze neutronics para-
meters of fast critical assemblies with heterogeneous arrangements of cells,
These methods have been applied to analysis of sodium void experiments. The
analysis was first made using the broad group constant set. For the hetero-
geneity calculations, SLAROM code has been developed. The integral transport
equations are solved for a unit cell by the collision probability method.

On the other hand, the fine group spectrum and multi-group cross section cal-
culation code ESELEM 5 has been developed to examine adequacy of the broad
group constant method and also to make detailed analysis. To solve the
integral transport equations in a fine group structure, effective methods
have been contrived and incorporated in the code. Sodium void reactivity
worths were calculated on the basis of the first order and the exact pertur-
bation theory. Calculations of the sodium void reactivity worths and the
related neutronics parameters were made for FCAV-1, MZA, MZIB, ZPPR-2Z and
ZPPR-3 assemblies, using the JAERI Fast sets. The JAERI Fast version 2 set
is found to give better agreement with the measurements than the other versions,
especially for the core center. Calculations show that the heterogeneity
effect and the neutron streaming effect significantly influence the sodium
void worths in plate environment. The deviations of the worth from measure-
ment are nearly same in the respective assemblies. For ZPPR-3, the three-
dimensional calculations were made to treat the real complex configuration
with control rods and control rod positions, i.e. to examine how CR and CRP
influence the sodium void worth in their neighbouring regions. The fine

group method has been used for the analysis of MZA and ZPPR-2 assemblies.



This method was shown to give 10% - 20% more positive worths than the broad
group method. The sample worth distribution of sodiuﬁ, central reactivity
worths and neutron spectrum in ZPPR-2 were calculated and compared with the
measurements. The discrepancies between the fine group and the broad group
methods could be made clear. The self-shielding factors of elastic removal
_cross sections of light and medium nuclei in the broad group set have been
investgated and improved in accuracy within the concept of the conventional
set. The set thus revised predicts the neutronics parameters with higher

accuracy than the conventional set.

Keywords : Sodium Void Reactivity, Fast Critical Assembly, Heterogeneity,
Collision Probability Method, Group Constant Set, Fine Group
Spectrum, Neutron Streaming Effect, Exact Perturbation Method,
Recurrence Formula, Elastic Removal Cross Section, Compufer

Calgulation
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I. Introduction

Many fast-reactor critical assemblies have been built to provide
physics data necessary for the design of fast power reactors. As the
power reactor consists of uniform-composition rods or pins, the core is close
to be homogeneous in a neutronic sense. On the other hand, most fast critical
assemblies consist of heterogeneous plate cells including plates of
metallic fuel. Thus, although the average compositions of the power
reactor core and its simulated Eritical assembly may be identical, there are
significant differences in the internal arrangement of the component
elements. Consequently, experimental data obtained in the various hetero-
geneous environment should be transformed into the power reactor condition,
A comparison between the experiments performed in the plate and the rod
configurations has been a useful approach though the rod region is limited
to a partial zone. In order to improve the ability of design method, it
becomes a principal purpose to develop the calculational method to
evaluate directly the experimental data obtained in the heterogeneous
enviromments., Among many reactor parameters, the sodium void reactivity
is sensitive to the local heterogeneous environment. In other words, the
sodium void reactivity is an important physics parameter to assess the
adequacy of calculational method though its neutronics is very complex.

As well known, the sodium void reactivity coefficient is also one of
the main concerns in the safety related reactor physics since the value
becomes positive in large plutonium fueled fast reactors as pointed

(1)

out first by Nims and Zweifel, and extensively studied by Ohta and.
Nish:i.ha]:a.(2 /" The maximum positive sodium voild reactivity may be beyond

several dollars in a large commercial type reactor with a conventional

two—-zone core, Thus, an accurate prediction of the sodium void reactivity
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will be essential to increase a confidence in calculational methods used
in the design work of power reactors.

The sodiﬁm void reactivity coefficient can be resolved by thé:per—
turbation theory into capture, fission, spectral and_leakagé compdnents;
The spectral component is defined as the reactivity chaﬁge due to tﬁé'
change of elastic and inelastic scattering cross sections caused by the
removal of sodium, This component is sensitive to an enérgy variétioh'bf
the adjoint spectrum. The capture and fission components are defined aé
the reactivity changes accompanied by the changes of macroécopié capfuré

and fission cross sections, respectively. The removal of sodium, of

‘course, decreases the capture cross section and the resulting spectrum

hardening plays an important role for this component. The leakége
component corresponds to the change in reactivity caused by the changé in
macrosceopic transport cross section. Because of the heterogéneity éfféhge—
ment of fuel, sodium and moderator plates, the neutton streaming effect is
enhanced when sodium is removed. As a result. the leakage becomés'mdfe.
anisotropic depending on the direction of plate surfaces. Largé cofféc;r
tions for this effect will be necessary in order to obtain an aécﬁraté.ﬁr
prediction of sodium wvoid reactivities measured in critical assembiiéé}“

Usually, for large plutonium fueled fast reactors,‘the capture and
spectral components are positive and take the maximum values at the ceﬁtér
of core, but the fission and leakage components are negative. Coﬁsequently,
the total reactivity is determined through the cancellatioﬁ.of.large'
pesitive and negative components, so it sometimes has a relatively lafger
uncertainty. These components are sensitive to the cross éections, tﬁe
calculational method and the model.

The standard analytical model adopted here is a two-dimensional rz"e

diffusion calculation. The reactivity has been obtained alsc by the'fifst
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order or the exact perturbation calculations.\ The perturbation theory is
helpful to investigate the contribution from each cross section type or
energy group; For a more complex geometry with distributed control rods
or a sodium voidihg pattern in off-central region, three-dimensional
calculations have been required for a completely satisfactory description.
Although two-dimensional xy calculations are not so time-consuming, it
is not so easy to determine the space and energy dependent transverse
bucklings with and without sodium.

The plate heterogeneity effect can be taken into account in course
of producing multi-group cross sections or in the use of a group constant
set. The hetercgeneity effect in fast critical assemblies results from
the spatial varlation of the fission source and from the resonance
self-shielding effect of heavy elements. The spatial distribution of
the neutron flux is usually obtained by solving the transport equation.
The discrete ordinates (Sn) method and the collision probability method
are well known as a solution method. The latter method is superior to
the Sn method for the cell calculation in a view point of computation
economy, and hence has been often uged for the lattice calculation( 3),(%)
in a thermal reactor. To the calculation of fast critical assemblies,
the integral transport perturbation method was apﬁlied in the CALHET( 5)
code. In the present work the SLAROM code has been developed for the
analysis of the heterogenecus system in fast critical facilities. This
code solves the multi-group integral transport equation by the collision
probability method and edits the cell averaged effective cross sections.
The SLAROM code is programmed to be able to calculate the anisotropic'

(6)

diffusion coefficients based on the Benoist's formula. It has been

(7>

applied to estimate the neutron streaming effect when sodium is removed.

Its contribution to the sodium void reactivity has been obtained by the
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CIPER code(s)

which has been developed for the perturbation calculation
in two- or three—-dimensions. We use the JAERI Fast_set(9>’(lo) in. the
present analysis of sodium void reactivity, The reactivity coefficients
depend not only on the basic nuclear data but also on the processing -
method of group cross sections. We have intended to assess the-capability
of the JAERI Fast set in the prediction of sodium void reaetivity: as -

one of the objects of the present work.

At first, we have analysed the sodium void reactivity measurpements
to examine the adequacy or limitations of the calculational models and
methods, and to assess the accuracy of each version.of .the JAERI Fast
set. In the course of the revisions of this set, many benchmark cores : -
ha%e been analysed and their results were successively reflected to: -the
revisons. The comparative study has been performed among these versions
in this work.

The critical assemblies selected for the present sqdium void analysis
were FCA V-1, MZA, MZB, ZPPR 2 and ZPPR 3. All of them are plutonium
fueled aésemblies. FCA V—l(ll) was a physical mock-up of Japan Experi-
mental Reactor "JOYO"(IZ) at JAERI, MZA and MZB(13) were constructed at -
ZEBRA in U.K. Winfrith for the simulation of Japan proto-type fast
breeder reactor "MONJU",(IA) ZPPR assembly 2(15) was a'benchmark'assembly
for a demonstration reactor, and ZPPR assembly 3(16) had the same core . -
volume as assembiy 2 but the complicated control rods and control rod
positions were added. ZPPR 2 and 3 were constructed at ANL,

| Many analyses have been made for the sodium void reactivities
measured in fast-critical assemblies. Greebler and Pflasterer(l?}u:.h
reviewed for the early works, and Hummel and Okrent(ls) gave an extensive
discussion in their monograph, Pitterle et al,(lg) analysed ZPR III

assembly 48 and 49, and ZPR IV assembly 2 and 3 and discussed.about



JAERI-M 8138

nuclear data and calculational methods adopted for the sodium void cal-

(20)

2 .
culations. They used the MC™ code to obtain multi-group cross sectionsg

from the ENDF/B-1 data. The analysis of MZA and MZB assemblies was made
: {

with use of the MURAL code and the FGL 5 data by Stevenson et al.“ZI)

The neutronics properties related to the sodium loss in ZPPR 2 were

(22) 2

measured and analysed by Davey et al. In their analysis, the MC
code was used to calculate the multi-group cross sections and the fine
structure flux within the cell was calculated by the CALHET code. The
ENDF/B-1 data were adopted as the nuclear data.

Though the use of group constant set is convenient for its simpli-
city and economy in computation time, some shortages have been pointed
out(23)’(24) especially iﬁ the calculation of sodium void reactivity.
The more accurate multi-group cross sections have been produced by a

fine spectrum method. The M.C2 - 2(25) (26)

and MURALB codes are well
known for it. Another object of the present work is to develop the
calculation method for fine spectrum and multi-group cross sections in
the heterogeneous system and to apply it to the analysis of sodium void

(27)

reactivities, The ESELEM code serigs have been developed to examine
the adequacy of the method to produce the group constant set. The ESELEM 5
code is the latest version of them. In this code, the fine structure

flux in the cell is obtained by solving the integral transport equation
with use of the collision probability method and the slowing down source

is calculated with use of a recurrence formula for elastic and imelastic
scattering. Therefore, the heterogeneity effect can be taken into

account directly in the stage of the fine group structure. Some devices
have been incorpolated in the program of ESELEM 5. By using this code,

we analysed the sodium void reactivities measured at MZA and ZPPR

assembly 2. The results are compared with those obtained by the group
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constant set and examined about their difference in each component.

In the following, we have attempted to improve the conventional
group constant set with regard for its merits. One of the most serious
defects was that the élastic removal cross sections of light and inter-
mediate nuclei were considerably inaccurate in the vicinity of the large
resonances., This causes errors in the spectrum component of sodium yoid
reactivity through the adjoint neutron spectrum and the change of elastic
removal cross sections of sodium. The more accurate self-shielding ..
factors were obtained for the elastic removal cross section of light and
intermediate nuclei and incorporated into the JAERI Fast set, version 2.
The comparative study of neutron spectrum and some reactor parameters. .
have been made among the original set, the revised set and the fine
group method.

This thesis consists of six chapters and two appendices. The
introductory remarks are given at the first part of each chapter. The
reviews and scopes will be mentioned there. In Chapter 2 explained is
the analytical method of heterogeneous fast reactor system. The multi-
group integral transport equation ig derived and its solution method
using the collision probability method is described. Then, the cell
averaged effective cross sections and the anisctropic diffusion coeffi-.
cient are obtained. These functions are incorporated in the SLAROM code.
This code includes the one-dimensional diffusion calculation and pertur-
bétion calculation routines., Chapter 3 describes the calculation method
of fine neutron spectrum and multi-group cross sections. The heterogene-
ous cell calculation is performed with use of the collision probability
methﬁd. The heterogeneity effect on resonance self-shielding factors
is taken into consideration based on the rational approximation for

multi-region cell. The slowing-down equation is solved by deriving the
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recurrence relations for elastic and inelastic scatterings. The anisotropy
of elas;ic scattering is considered up to the Pl order of Legendre coeffi-
cients. The fine group cross section library is produced from the nuclear
data file with ENDF/A or /B type format by the PRESM code. The broad
group macroscopic or microscopic cross sections can be collapsed with an
arbitrary group structure from the fine group data.

Chapter 4 is devoted to describe the calculational results of sodium
void reactivity. All the calculations have been performed with use of
the broad group constant sets, the JAERI Fast set: versions 1 and 2.

In the analysis of FCA V-1 assembly, it is shown that the neutron stream—
ing effect plays a very important role for the comsistent explanation of
the sodium void reactivity measurements,

ZPPR assembly 3 had the control rods and the control rod channels
in complicated patterns, so the three~-dimensional diffusion calculations
have been performed to exclude an ambiguity accompanied by the rz or xy
models. The control rod effect on the sodium void reactivity is also
discussed in this chapter. The spatial distribution of sodium void
reactivity coefficient is calculated for a real proto-type fast breeder
reactor and the maximum positive worth is predicted. In this calculation,
the results by twoe versions of the JAERI Fast seis are compared and
discussed in detail about their differences.

In Chapter 5, the calculatiomal results by using the ESELEM 5 code
are presented for MZA and ZPPR 2 assemblies. Some neutronics parameteré
of ZPPR 2 are also calculated and compared with measurements. These
results show mofe positive values than those obtained in Chapter 4 eépe—
cially in the spectrum component. The calculational results(zs) of
various neutronics parameters obtained by the JAERI Fast set with 25 group

structure and by ESELEM 5 was submitted for an international comparison
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of the benchmark problem on the large liquid metal cooled fast breeder

(29) While this reactor is composed of homo-

reactor proposed by NEACRP.
geneous regioﬁs, we could draw substantially general conclusions from the
comparison of these results.

In Chapter 6, the accuracy of elastic removal cross sections of light
and intermediate nuclei is investigated for a typical reactor composition.
The self-shielding factors for elastic removal cross sections are cal-
culated and used for the revision of the JAERI Fast set. - Neutron spectra
and some neutronics parameters are calculated with the revised and the
conventional sets. The results are discussed there.

Descriptions of computer codes, SLAROM and ESELEM 5 developed in

this study are given in Appendices 1 and 2, respectively. More detailed

informations about these codes have been published in (30 ), (317).
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2. Analytical Method of Heterogeneous System with Use of Integral

Transport Solution by Collision Preobability Methed

2.1. Introductioﬁ

The heterogeneity effect affects significantly the neutronics of fast
critical assemblies differing from the case of power reactors. Generally
power reactors consist of boundles of uniform composition rods or pins
clad with stainless steel and- cooled with sodium. Accordingly the neutronics
of power reactors can be fairly well predicted with the homogeneous model.
On the other hand, the critical assemblies may contain, for example, plates
of plutonium metal, uranium metal or their alloy, together with plates of
uranium oxide, stainless steel and sodium~filled cans. Thus, although the
average compositions of a power reactor and its simulated critical assembly
may be identical, there are significant differences in the internal arrange-
ment of the component elements. In the analysis of the experiments per-
formed in the critical assemblies, therefore, we should take account of
the plate heterogeneity effect adequately.

The heterogeneity effect arises mainly from two energy regions. One
is due to the heterogeneity distribution of a fission source above a few
hundreds keV. This results in a remarkable flux wvariation through the
material regions of a cell. Hence, we should obtain the accurate spatial
distribution of the neutron flux. The other is due to the heterogeneity
arrangement of the fuel and moderator, which affects the effective
resonance abscrption by heavy muclides as well known., Consequently, this
heterogeneity effect should be taken into account in the célculation‘of
effective cross sections for each fuel region, as the correction for

resonance shielding factors.

To obtain the neutron flux distribution, we should solwve the transport
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equation since the optical thickness of each region in the unit cell is
small compared with the mean free path of neutrons. The Sﬁ and collisi&ﬁ
probability ﬁethods are frequently used for obtaining the solution.

The SLAROM cbde has been developed for the analysis of fast facilities
consisting of the heterogeneous cells, This code solves the integral
transport equation by using the collision probability methed for the plate
and pin geometries. The heterogeneity resonance shielding effect can be
taken into consideration based on -the rafional approximation for the multi-
region cell.  The SLAROM code used the JAERI Fast set as a standard
group constant library. This is the multi-group constant set which is =
popularly used in Japan, so many computer codes have been developed to use
this set. However, most of them perform the diffusion calculation for the
homogeneous system. The development of the transport code for the hetero-
geneous calculation will extent the availability of the JAERI Fast set.

To analyse fast critical assemblies, we must perform at first the
cell calculations to obtain the averaged effective cross sections for all
the types of cell patterns of the core and blanket. Then the one dimen-
sional diffusion calculations are usually performed with these cross
sections to obtain the condensed cross sections which are used in the
multi-dimensional calculations. Since the number of the cell patterns is,
sometimes, more than ten, the data management becomes complicated and
causes easily errors if the cell and diffusion calculations are performed
by using respectively independent computer codes. The SLAROM code is- -
therefore designed to be able to calculate them without any intermeadiate
hand treatment. Moreover the usage of the free format to input date ﬁill
be helpful to decrease the input errors.

In the following sections, the method of sclution, content of edit,
and brief calculation flow are described. The detailed structure of code

is shown in Appendix 1.
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2.2. Multi-group Integral Transport Equation

The neutfon flux in a reactor is thought to be determined by the
superposition.of the fine structure in the cell and the global distribu-
tion over the wholé reactor. To cobtain such a neutron flux at once, a
large number of mesh points would be required, so it is not a realistic
method. We usually assume the separability of the fine structure distri-
bution from the global one and calculate the neutron flux according to the
following steps. At first, the cell calculation is performed in order to
introduce the fine structure effect into the cell averaged cross sections
under the assumption that the global distribution is described by the
fundamental mode and the leakage of neutrons from the reactor is represented
by the pseudc—absorption, DBZ. After that, the homogeneous reactor calcu-
lation is carried out for the whole reactor with use of the effective
cross sections thus obtained. This approach has generally been used in
the analysis of thermal reactors. The cell averaged cross sections are
defined as follows.

The general integro-differential Boltzman transport equation for

neutrons is written as
Qegrad Y(r,E,Q) + zt(E,E)w(E,E,ﬁ) = q(r,E, ) : (2.1)
with

a(r,E,Q) = S, dE' S, an’ {ZS(E,E'+E,?2'+£_2)

E'

+ X(E, VI (T,EDIW(T,E LA

By assuming that the neutron flux w(f,E,ﬁ) in the reactor consisting of
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the periodic cell is separable into the global flux ¢h(f,E,§) and. the fine
structure flux wc(;,E,ﬁ), Fq.(2.1) is - rewritten as follows:
{irgrad ¢h(r,ﬂ)wc(r,ﬂ) + Zt(r)¢h(r,9)wc(r,ﬂ)
= q, (r,8)q (r,8) | - | H(%.g)
where the energy variable E is suppressed'for simplicity.

We define the effective cross section of the reaction X so as to conserve

the reaction rate in the unit cell:

v : T T T
I e (2.3)
* Sy dr S & y(E,D e

C

Jy 4F S AR I (WD)

! Integrating Eq.(2.2) over space and angle, the first term on the left hand
side is written, by introducing the cell averaged value @C which is the
same for all the cells, as follows:

S odr [ d@ Qegrad {¢h(§,§)wc(f,§)}

fdr [ 4% {ﬁ-wC(E,ﬁ)grad¢h(¥,ﬁ) + Q-¢h(§,ﬁ)gradwc(5,ﬁ)}
' (2.4)

§ J dF [ dD Begrade, (7,D) + Q-gradwc(E,ﬁ) [ dE [ d ¢h<;,'§>

The second term on the right hand side of Eq.{(2.4) can be evaluated as

follows:

Qegrad ¥ (r,R) Ly d4fF /4D Qegrad ¢ (r,D)
c 4ﬁVC VC c

— l D0 e
= 4“Vc fvc ds [ df Q wc(r,ﬂ).

=0,
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where ds is the surface element of Vc. Since the above equation represents
the total leakage from a unit cell, it is zero from the boundary

condition, integrating the second term of Eq.(2.2), we have

[ dr [ af zt(§)¢h(i,ﬁ)¢c(f,ﬁ) =z v S dr [ af ¢h(5,ﬁ) , (2.5)

L s

zt wc = 4wV "V
C C

dr / 40 zt(E)wc(E,ﬁ)

In the same manner, the scattering and the fission terms of Eq.{(2.1) are

also rewritten as

[ ar J a4t zS(E)¢h(E,ﬁ)wc(§,n)

=y /S df.f at ¢h(f,§) (2.6)

Jdr f af vzf(f)¢h(2,§)wc(5,§)

= vZf wc Sdar fdQ [ ¢h(r,Q) . 2.7)

From the definition (2.3), the effective cross sections can be obtained

by dividing Eqs.(2.5) ~ (2.7) by S/y(r,Qdr 4R. .With use of the relation:
S S @VED =TS TR GD

the effective cross sections can be defined as follows:

Ty x=Iov /Y s

<E =i v / Ve o (2.8)

<SVE > = VI Y /Y,
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In order .to obtain the neutron flux in the cell we should solve the
transport equation since the thickness of each material’in the cell’is
smaller than the mean free path of fast neutrons and the "diffusion approxi-
mation is inadeqﬁate. For solving the transport equation, the PR me thod
and Sé method are frequently used to the integrbfdifferentiél;trénsport
equation and the collision probability method, as well known, to the
integral transport equation., The Sn method is useful for treéfiﬁé the
anisotropic scattering but it requires the relatively large computation
time. On the other hand, the collision probability method is dccirate and
not time-consuming if the scattering is almost isotropic and the flux
distribution can be assumed to be flat as in the case of the cell.
Therefore, the latter method has been adopted in the SLAROM code.

We treat the multi-group transport equation in this code. The multi-
group form of the integral transport equation is easily derived from that
of the integro-differential equation as follows.

Let the multi-group integro-differential fransport equation write as

Qegrad ¢, (e, ®) + 2, D¢ G0

»

£,¢

g (R + 4o x v (Dle, GO0

J 4R sum {Z
8" 8

It

Qg(E,ﬁ> . (2.9)

where g is the group suffix and Zg'+g the scattering transfer cross section
from g' to g.
Expressing the gradient term in the spatial variable R, which relates a

fixed point r to an arbitrary point r' along the direction Q,
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then Eq.(2.9) is rewritten as

3 - - - e = - = =
- EE'¢g(r'RQfQ) + Zt,g(r—RQ) ¢g(r-RQ,Q) = Qg(r-Rﬂ,Q) (2.10)

When the source term Qg is known, the solution is given by

o O - B 0 RO - 10 [
¢g(r-RQ,R) = ¢g(r—ROQ,Q) exp[- fo Et,g(r_R DdR' ]

R

R - _ - -
° ar'Q (r-R'?,0) expl- S ° £ (F-rR"D)AR"] ,
g O tsg

+ [

i o]

where Ro is the distance from r to the outer boundary in the direction
-8. When the external source does not exist, ¢g in the direction -0

becomes zerc at the boundary. As a result, the multi-group integral

transport equation is obtained as follows:

o i = 55 R
dR Qg(r~R’ﬂ,ﬂ) exp[- [

0

o R
¢g(r—Rﬂ,9) =J

&) U " i
. Et,g(r_R §)dRr"] , (2,11}

or, using the relations

' =1 - RQR . R=|r-1"| ,
& it can be written as
oG = £, —oE §(@,8) o (', D)
g v r_;u|2 g .
I;";'I - | .
cexpl- J 5 -k {EZED)y gpeg (2.12)
o t.g

Jr-r"|

By integrating this equation over ﬁ, we have the following equation for

the total flux wg(?:),
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b® = 1y l—;f—_z? Q (") expl-A (i1, (2.13)

where we introduce the optical path length )\g(f,;') defined by

- IE“;'l - (:E_;.l)
Alr,x") = [ dR' I (r-R' ) . . (2.14)
g o »E fr_rrl . _
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2.3, Solution by Collision Probability Method

To explain the collision probability method, we start with Eq.(2.13)

with energy ﬁariable E for use in Chapter 3:

5(T,E)¢(T,E) = Iy dr' P(r,r',E)[S dE' L (E'-E,x")¢(r',E") + S(r',E)],

(2.15)

where

ﬂ P(T,7',E) = —Ei%z§l~5 expl-A(E,E",E)] . (2.16)
) 4ﬂ|r—r'|
The collision probability will be derived at first for one dimensiocnal
slab geometry and then for cylindrical geometry.
(1) Derivation of matrix equation
The integral transport equation in one dimensional slab geometry is

(%)

obtained by integrating Eq.(2.15) over y and z coordinates as follows:

L(x,B)¢(x,E) = [, dX"% Z(x,E)El[K(x,X',E)][Q(X',E) +8(x',E)] , (2.17)

exp[—fi Z(s)ds]
|2

I(r,E)

ool |
v 4T dr

*) Ty dr' P(r, r',E) = [ ——
]r -r

_§£§;El,fv ax' [ = amrtdr' - exp(-IR)
)

4 RZ

IE) ;g 7 eI g
v 4 R

where EE denotes the optical path length and we have changed the integral

variables by making use of the relation R2 = r2+x2.
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where El[h(x,x',E)] is the exponential integral function defined by © .-

and

Q(x',E) = fodE'[ Ze(E'+E,x') + Zin(E'+E,x')]¢(x',E') .
S(x',E) = fw dE’' X(E)vZf(x',E')¢(x',E‘) + s(x",E) ,
o

in which Ze, Ein and VZf are macroscopic elastic scattering, inelastic’-
scattering and v times fission cross sections, respectively.

When the region V consists of M unit cells and each cell has N regions,
the balance equation for the region & of the ecell j is written by using

(3)

the neutron flux ¢£

, as follows:

M
(314 - p 1) '
L;" ¢p" (x,E) _-i é(i) dx' 5 L°7(B) B [A(x,x',E}]

P e + 5P e, (2.18)

where the suffices of the cross section show the cell and region numbers
and Vﬁl) is the volume of the region k in the cell i. The average neuttron

flux and source in the region { of the cell j are given by the following

equations:
3 gy = A (1
2 L
(1) o1 (3)
Sl (E) = V(j) fv(j)dx SQ (x,E) .
2 L
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By integrating both the sides of Eq.(2.18) over the region 2 in the cell j
(1)

and performing the integration over the volume Vk on the right hand side,

we obtain

- M N
(1) 432 () gy = (D) k>l 5(1) (1)
ZR vy ¢ (E) _izl kil v, P 1] [Q (E) + Sk (E)T . (2.19)

The first flight collision probability is defined by using the collision

density as the weighting function:
s @) 1 oax Jax 3B DGox",B)] r 6 ety

k>4
P - (1)

1 S dx’ Z

6 (x1,B)

By assuming that the cross sections are constant and the neutron flux and
source are flat over each region, we have
(3
)
ey Zg ) '

= ——— f ,.,dx .
ij (i) (1) (3)
2 v, Ve vy

P dx El[A(x,x',E)] . (2.20)

Thus, suppressing variable E, Eq.(2.19) becomes

M N
z L v

(J) (J) ¢(J)
Ve
i=1 k=1

(1) k> 2 =(1i) _ (1)
K 1] [Qk + sk 1 . (2.21)

For the case where the unit cell is infinitely repeated, the value of
the neutron flux of the region % is the same for all the cells. Hence,

dropping the suffix of cell j, Eq.(2.21) is rewritten as

(l) kg (l) (i)
hg AT S

Suppressing the summation over the suffix i for the infinitely repeated

cells, this equation is further reduced to
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I, Vg &, =L VP [Q + 51 . (2.22)

The neutron conservation law requires the following relation:

KL , (2.23)
1

=

£

In addition, the following reciproecity relation can be derived directly

from Eq.(2.20) for the use of the calculation of collision probability:

Ve . Yy . (2.24)

We now write Eq.(2.22) in the matrix form for the volume integrated flux

and source as follows:

Zo=P@Q+%5 , (2.25)

- -j}
Ly & ‘ Pll\ L P1?1 Q 5
T, o P S ' _ Q S
2' 2 = ]'-2 \\\ E b 12 + l2 ¢
i I ~ \ : o
i : RN ! |
] [} 1 t i
I Piy-=------- Py LN Oy Sy 7

In the multi-group notation, ng is calculated by

g-1
=} z
g =1 k’g|¢g¢k’g| ’
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where the right hand term is equal to (Zt,k,g - Ek,g+g)¢k,g'

The flux ¢ can easily be calculated from Eq.(2.25) by direct matrix
inversion metﬁod if P is factorized. Since Eq.(2.25) is given at each
energy point or eﬁergy group, the neutron flux can be obtained by solving
these equations successively, from the highest energy group to lower groups,
where the slowing down source is calculated from the solution for the
higher energy groups.

When the system is finite, the neutron leakage from the cell should be
considered. TFor a large system, the fundamental mode approximation may be
used and the average leakage from the system is represented by DB2¢.

Since, on the other hand, the average collision rate is given by Zt¢, the

non~-leakage probability is Zt/(Zt + DBZ). Therefore balance equation (2.22)

is written on the basis of the conservation law as

5 N
I, b, -t 3 pk*¥ Q + 5,1 >
I, + DB’ k=1

or by rewriting the sufficies k, % by i,j, respectively, as a usual notation

z N '
273 -
(g + 0% ghoy = £ vy (0 4] | (2.26)

where ¢j’ Qi and Si are respectively the volume integrated values in the region

j or i.

(2) Calculation of collision probability in slab geometry
The collision probability from the region i to j is calculated

numerically, by integrating Eq.(2.20) over x and x', as follows:

1

P, =5+
ij Zli

[E3(ko) - EJ(A0+Ai) - E3(A0+Aj) + E3(Ao+ki+kj)] , (2.27)
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where Ai and Aj are.the optical path lengths in the regiod i and‘j.
respectively, and AO is the value in between the ‘regions i aﬁd'jft:in addi-
ticn, we havé used the recurrence relation for the éxponentiél iﬁfééréi:
function: i : : ) S o

oo

En(x) = fx En_l(x)dx .

Since Eq.(2.27) becomes numerically inaccurate when the-bbtiéﬁi péth
length of the region i or j is small, we use the following'appréiiﬁééég

(3),032)

equations:

a) kj_< 0.005 ,

A

= _l..* .- ol PR R o S - -
Pij 2, [E,(A ) E,(A ) + 2], (2.28)

b) A, < 0.005 ,

- Pij-=-§ {EZ(XO) - EZ(A0 + Aj)] v - (2.28")

c) - Ai < 0,005 and Aj < 0.003 ,

Py %—Aj B0 - - o - (2.28")
(3) Boundary condition of cell calculation
Two types of boundary conditions should be given in the ceil-célcu-
lation. The first one determines the geometrical structure of cells.
When the symmetric boundary condition is chosen, the unit cell inbludiﬁg‘
its image part is infinitely repeated. On the other hand, the periodic

boundary condition means that the same cell pattern is.infinitely repeated
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on both the gides of the assigned cell.

The second boundary condition is concerned with the treatment of
neutron pathé crossing the outer boundary. An isotropic or perfect re-
flective conditioﬁ can be chosen in the calculation of collision probability.
When the perfect reflective condition is used, neutron passes straightly
until it suffers a collision in the region j even if it crosses the cell
boundary. In this case the collision probability is calculated by tracing
over a number of cells. Under the isotropic condition, on the eother hand,
the neutron path is traced only in the unit cell, and the probability Pio
that neutron, born in the region i, collides for the first time at the

outside of the unit cell, is obtained from

1
= 1
Pio =Ty dx v,

El[k(x,s,E)} . (2.29}
i

On the other hand, by denoting the probability that the isotropie-
ally incident neutron collides for the first time in the region i as Qoif
then the collision number in the region 1 is given by‘%Qoi’ because the
current into the region is %-When the uniform flux ¢ is incident iso~

tropically on the surface $§ of the cell. From the reciprocity theorem we

get the following relation:
=—= %, P, . (2.30)

Furthermore we represent the probability that the isotropically inci-

dent neutron escapes from the cell without suffering any collision as Qoo:



JAERI-M 8138

Consequently the collision probability Pij is written by using the collision
. .
probability Pij in .the unit cell, as
" : Q

P, =P, 4P 2

137 Pyt PeToq . (23D

The computaticn time is required much more for the perfect reflective
condition. In this case, however, a sufficient accuracy will be achieved
if neutron is traced over the six or seven mean free.path lengths, because
the collision probability decreases exponentially with. the mean free path

length,

(4) Collision probability in cylindrical gecmetry

In the case of the cylindrical cell: (annular cell), :the collision

probability is given by(33)

P, = [/ do {R; 4O )) - K a(A +2) - K 3 #)
RGP, 1k g L o (2:32)

where Ai and Aj are the optical path lengths of the region i and j,
respectively, Ao that between the regions i and j, and p the distance
from the z-axis to the flight path. The KiS(A) is the Bicklef'function
defined by

i

<

sind

where 0 is the angle between the flight path and the z-axis.

The collision probability for the case of i=j is given by
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| ) 2
| Py =g 5 M de I - K500 + K., . (2.34)

mry - rip)

For an isotropic boundary condition, the escape probability from the unit

cell, Pio’ corresponding to Eq.(2.29) for the slab cell, is written as

follows:

i | P = 5 5 [ dp {Ki3(ko) - Ki3(AO+Ai)}] . (2.35)
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2.4, Effective Cross Sections for Cell Calculations

The SLAROM code uses the JAERI Fést set with 70 gréup structuyé as
the standard ﬁulti-group cross sections. This set givés efféctive Cross
sections from infinitely dilute cross sections .and resonance shielding-
factors.- For the homogeneous system, the effective ecross sectiongiarée%*

(34)

produced in the same manner as adopted in the EXPANDA 4 code. +In‘the

resonance energy region of heavy mass nuclides, the resonance shielding

factor is considerably influenced by the neibouring materials-or the cell

geometry since there are usually several material fégi&né iﬁfone mean free
path length,
(1) Heterogeneity effect of resonance shielding factor
The heterogeneity effect on the resonance shielding can be considered
by using the rational approximation. Theoretical works for this effect
have recently been performed for multi-fuel region plate cells.(35)
SLAROM code the approximate formula derived by Levine is adopted, where

the effective admixture cross section (effective potential scattering

®
cross section) OO is represented by

; .
® o (1-C)a
9% = 9% 7T W T+ (a1 (2.36)

where a is the Levine factor, and SO and Vo are the surface area and the
volume of fuel region, respectively. The g, is the homogenized admixture
cross section given by Go =j§i Etj/Ni. Though the Levine factor generally
depends on the s;rength of each re;onance, a constant volue is usually
adopted, that is, 1.20 ~ 1.25 for a plate cell and 1.30 for a pin celi.
For the Dancoff factor C, the followiné expression proposed by Meneghetti

is adopted:

In the

(36

)
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C = E3(§;m(2t T)k),+'E3(sEm(Zt T)R) . : (2.37)
where T is the thickness of the region k or . Each argument is the
sumﬁaﬁion of the mean chord lengths over all the cell regions between the
regions containing the nuclides of interest. Egquation (2.37) has a con-
venient formula for neutron transport codes using the collision probability
method, because such codes necessarily include the subroutine calculating

the En(x) function.

For the cylindrical cell, we use the Bell's approximation(37) for the
Dancoff factor:
4
C=1l-y-yvy Q-
Y = e £, =8 /4y (2.38)
1+5Zz /8 7 el o e 7
. el 1

where Zl is the macrosceopic cross section of the moderator.
In the fast reactor, the two-region (fuel and moderator) model may be

satisfactory.

(2) Transport approximation
When the transport approximation is used, the mean chord length is
calculated with use of the transport cross section Ztr’ instead of Zt'

The transport cross section is defined as follows:

1

Ler = ng N3 {Ua,j * %tn,i T n2n,j 7 (l-uj)de’j} ’
1 -
Ze’k_,_k = Sl.lm Nj (l‘uj)o’e,k_’k,j ’ (2 -39)

]
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where 1 stands for the region and j for nuclide. The Z; Kk is the elastic
: 1
scattering cross section from the group k to k. In other words, the above

treatment corresponds to the diagonal transport approximation.

{3) Cell averaged effective cross section
The cell averaged effective cross sections are calculated by using

the average neutron flux ¢i and the effective cross sections ZX { of each
2

region, i.e.;

sym L Vyby
: = L ) ) R
< Zx > % " Sum V.o, ’ (2.40)
i i1

where Vi is the volume of the region i, and the suffix X denotes the
total, absorption, scattering or v times fission reaction. The diffusion

coefficient for the heterogeneous system is defined in different formulae

. : 6
by many workers. In SLAROM, we have adopted the definition by Benoist.( )

The isotropic diffusion coefficient is given by

| S?m S?m Vi¢ipij / Etj o .
I 1 i 3
D=3 S (2.41)

On the other hand, the anisotropic diffusion coefficient D£ is represented as

Sum Sum V.¢.P%. { Z_, S
e 1 1 i1 4] t]
D=3 Sum V.9 , (2.42)
; id SR

and the average diffusion coefficient as

D =-% Sum D y (2.43)
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where % is the suffices for the coordinate axes. The Pij is the directional

collision probability defined by

- r
L e Beodds
= ] ¥
_ Pij v IV, dr fV_ dr — =7 QQ . (2.44)
: i i j 4 |T-r! ]
where Qi is explicitly given for the c¢ylindrical coordinate
Qz -1 sin28 s
T 2

& = cosZS ,

and for the rectangular coordinate as

Qz = sin28 coszw s
b3
Qz = sinze sinZw ,
¥y
92 = c0828 .
z

For the'transport approximation, the total cross section in Egs.(2.41)

~ {2.44) should be replaced by the transport cross section.
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2.5. Brief Description of SLAROM Code

The SLAROM code is programmed in FORTRAN 4 language for the FACOM
23G6/75 computér. The code includes eight segments in the overlay structure.
The brief calculafion flow is shown in Fig.2.1.

It may be devided into five steps between which data are transferred
via temporary files. In each step, input data are read in the free format.
At the first step (PREP), effective cross sections of each region are cal-
culated and for the homogeneous case they are edited to the PDS file,

In the second step (PATH), collision probabilities are computed and in the
third step (PIJF), integral transport equation is solved., If the buckling
search is required, the control returns to the PATH step and this loop
continues until the convergence criteria are satisfied. With use of the
converged flux, cell averaged effective cross sections and anisotropic
diffusion coefficients are edited to the PDS file in the fourth step
(EDIT). The final EIND step performs the one dimensional diffusion cal-
culation and obtaines collapsed multi-group cross sections for the multi-
dimensional calculations if necessary.

These steps can be repeated for any times. At present, it is designed

(38) (3%)

to use the EXTERMINATOR-2 or CITATION codes

for the multi-
dimensional diffusion calculation, so the output formafs of the collapsed
cross sections are provided for them. The detailed description of SLAROM
will be given in Appendix 1. We developed also the perturbation code,
CIPER‘ 8) based on the 2 or 3-dimensional diffusion theory, which is
devised to used the output flux and adjoint flux obtained from CITATION.

The CIPER can treat the anisotropic diffusion as the perturbation and

calculate the neutron streaming effect.
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Subroutine Content of calculation

PREP § ﬁ J.F.S. Library
' No
[nput =t Effective homogeneous @

cross section and DB2

Yes
Etfective cross section | Heterogenecus
in each region shielding factor
)
PATH
En func.
Input > Collision probability
¥ Ki func.
Pii or P” /Y
1
PIJF
Input = Solution of integral transport eq.
¥

Fine structure neutron flux
Cell averaged cross section

/
&

Cell averaged cross section

Input >! Output [Anisotropic diffusion coeff]

gIND l__’%

, Input ->| Solution of |1~D diffusion eq. PDS file
X .
Next : i —l
case Perturbation calculation = Output
Fig.2.1 SLAROM calculation flow
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3. Multi-group Cross Section Generation Method by Using Fine Group
Fundamental Mode Spectrum in Slab Cell

3.1, Introddction

The multi—grﬁup treatment has usually been used for transport or dif-
fusion calculations in the design study of fast reactors_and in the analysis
of experiments at fast critical assemblies. The accuracy of these multi-
group calculations storongly depends on the generating method df the multi-
group cross sections. One typical type of the multi-group cross sections

is the tabulated constant set such as the YOM(4O) and ABBN(4¥)

Eets. The
JAERT Fast set(g)’(lo) has been produced as this type of cross seétion set
based on a more advanced concept. When the JAERI Fast ée§ is'produced,

the fission plus 1/E spectrum is used as the weighting function for infi-
nitely dilute media to average microscopic pointwise cross sections for
light elements, and an exact ultra fine spectrum is used in thezresonance
energy region for heavy elements. The compeosition dependencyrof.fhe group
cross sections is taken into consideration by using a l/(6t + oé) spectrum
as the weighting function. The effective cross sections are then obtained
from the tabulated infinitely dilute cross sections and the resonance
shielding factors given as a function of temperature and admixture cross
section GO. In this type of cross sections, the weigﬁting spectrim used is
not the true spectrum in a real reactor and hence the elastic scattering
resonances are not adequately treated for light and medium weight elements.
That is, the Influence from the rescnances of another elements can not be
taken into consideration because of the assumption of fhe constant back-
ground cross section. Another defect comes from the fact that the'seif—
shielding factors for elastic removal cross sections are assumed £0 have

the same values as for elastic scattering cross sections of light and

intermediate nuclei. This is known to cause a significant inaccuracy in
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the calculation of elastic removal cross sections in the vicinity of the

(42) code, which uses the JAERI

large resonance regions. The EXPANDA-75
Fast set libfary, is devised to treat analytically the resonance region
near 2.85 keV of sodium to overcome this defect. However, the applicable
range of this treatment is limited to that resonance.

The heterogeneity effect is significant in the analysis of experiments
in fast critical assemblies. Among the codes utilizing the JAERT Fast set,
the SLAROM(3O) and EXPANDA-75 codes solve thé integral transport equation
for heterogeneous cell to obtain the cell averaged cross sections and per-
form diffusion calculations. However, since these codes essentially start
from a broad group cross section set, the defects mentioned above can not
be overcome. Consequently, a computer code is required to obtain a fine
spectrum with composition dependency in heterogenecus systems and to
generate accurate multi-group cross sections. In order to overcome such

defects, the ESELEM(27)

code series has been developed and used teo study a
suitable production method of group constant set. The ESELEM 4 code has
been the first version developed for obtaining the effective cross sections
welghted by the composition dependept fine spectrum with heterogeneity
effects for a plate lattice. This code has a close relation with the JAERT
Fast set concerning with the cross section data énd hence supports the
code system utilizing the JAERI Fast set. The latest version is ESELEM 5
which is improved in an accuracy and in a computation time.

Several codes have already been developed to calculate fine group
neutron spectrum and to produce multi-group cross sections, ELMOE(AS) is
a representative code at the first stage to study the fine spectrum effect

MCZ(ZO)

due to the scattering resonances of light elements. has a more

general capability to produce the multi-group cross sections. In the

(25)

revised version, MC2—2, advanced methods are incorporated for the
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calculation of unresolved resonance cross sections, heterogeneity effects
and continuous slowing down process. These codes calculate the fundamental
mode flux but do not treat explicitly the heterogeneity effects for multi-

(26)

region cell. Omn fhe other hand, the MURALB code solves multi~group"
transport equations for heterogeneous systems with 1/128 lethargy width.
This code treats the resonance hetercogeneity effect by the histogfam method,
However, MURALB is not available for us at present. The similar fine group

(44)

spectrum code is incorpolated in the DOYC code system which is used to
obtain the AGLI data library by adjusting cross sections so as to predict
integral experiment data. The DOYC method for solving slowing down édua~

(27) code and the resonance hetero-

tions is based on that in the ESELEM 2
geneity is teated on the basis of MURALB method.

In this chapter, the numerical formulation and the calculational
algorism are described for the ESELEM 5 code. This code computes the fine
spectrum in the hetercgeneous plate cell (including a hoﬁogeneous system)
by solving the integral transport equation with the use of the collision
probability method and generates the multi-group cross sections for an
arbitrary group structure. The treatment of resonance heterogéneity effect
in ESELEM 4 and 5 is different from the histogram method used in MURALB
and DOYC. In our programme the heterogeneity effect is taken into account
by using modified admixture cross sections with the Dancoff factors cal-
culated for multi-region cells.

The reduction of computation time and core storage is an important
problem for these fine group calculation programmes. In the ESELEM 4, 5
code the following devices are adopted for it. The very efficient reEﬁr-

rence formula is used in the calculaticn of elastic and inelastic slowing

down sources for saving computation time and data storage. Moreover, the

broad group treatment is adopted in ESELEM 4 above 2 MeV since the calculation
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of inelastic slowing down source is very time consuming. As the cross
section is comparatively smooth in this energy region, this treatment dces
not lead to sérious errors. On the other hand the preparation of the
library is slightiy troublesome, so in ESELEM 5, the fine group treatment
is adopted in all energy range at the expense of computation time. The
broad group representation is used also for the resonance region, where
the cross sections of the JAERI Fast set are adopted for heavy elements,
These take into account self-overlapping and interference effects between
resonances. For saving the computer core area the cross sections are
compactly stored in the fast core memory. Therefore the data processing
time becomes short and the flexibility is provided for the maximum numbers
of cell regions and spacial meshes used for solving problems.

The nuclear cross section library is prepared by the PRESM code from
the general nuclear data file with ENDF/A or ENDF/B type format. The same
source nuclear data as for the JAERI Fast set is used at present.

The basic equation to be solved in ESELEM 4 and 5 is the integral
transport equation as the same as the SLAROM code mentioned in Chapter 2.
Though the group width is very narrow, the solution method is, essentialy,
based on the multi-group method. The spatial distribution of neutron flux
is obtained by using the collision probability method, so its explanation is
suppressed in this chapter. The slowing down soure is calculated by using
the scattering matrix in the broad group method, but in the ESELEM code
more efficient mothod is adopted as explained in the following.

The detailed description of fhe ESELEM 5 code is given in Appendix 2

where its library preparation code, PRESM is explained.
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3.2. Recurrence Formula for Slowing Down Equation

The slowing down source from higher energy grdups comes both from fhe
elastic and inelastic scattering at discrete and continuum levels, For
the multigroup tréatment the slowing down source is usually calculated
with the use of scattering matrix or probability for elastic and inelastic
scattering. If this method is used for the fine group calculation;.iarge
computer core memory is required for the inelastic scattering matrix in
addition to a long computation time. If the recurrence formula is applied
to the source calculation, the scattering matrix becomes unnecessary and
hence the storage used for the scattering matrix is saved. As a resulf of
this, the source calculation becomes very simple as explained below.

The recurrence formula is often adopted to solve an ultra-fine group
problem in resonance energy region of heavy mass elements, as used in the

(45) (46) codes. In these codes only the elastic'slowing

RABBLE and ERSE
down with isotropic scattering in the center-of-mass system is calculaﬁéd

by the recurrence formula, since these codes are developed to treat the
resonance energy region below several tens keV. The contribution from
self-group scattering is negligible for so fine group width as to treat

the resonance region. In the ESELEM 5 code we use recurrence relétions for
PO and P1 component of elastic scattering, and also for inelastic scattering,
where we take account approximately of the self-group scattering which

should not be neglected except for the light mass nuclides, because the

slowing down groups are only two or three groups for heavy mass nuclides.

1. Elastic Slowing Down
The slowing down source due to elastic scattering with mass number A

at lethargy u can generally written, in infinite homogeneous medium, as
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P =)t ehwsena (3.1
.u—nA .
with
- ' 1-A.2
Ny = M 1/o, A~ G5

. X A
The scattering transfer cross section ZS (u'+u) can be expanded in a set of

Legendre polynomials, i.e.,

u'-u o

sl == 3 2t whr e (3.2)
A =0
with
A_ . _(Aatl) . _ u'-u
uc = ] 52 (1 e ) (3.3)

The expansion of Eq.(3.2) are inserted into Eq.(3.1) and trancated after the

first two terms, i.e., by making the Pl approximation, it is found that

SA(U) =

u 1
%Yz Ay + 2 AW Mé(unydu! (3.4)
1-o 0 1 c
A Yu-n
A
If the scattering is isotropic in the center-of-mass system (this assump-

tion is good below about 100 keV), we have the equation:

u " A
J’ et U EO (u")¢(u')du' (3.5)
u-n, .

A
§{(u) =
l*&A

The slowing down scurce in the group i is assumed to be the average of

the values at the upper and lower group boundaries, that is,

s 2w + st
a 51 Wy i ‘Y
Ja - , (3.6)




JAERI-M 8138

where uU1 and uLl are the lethargies at the upper and lower boundaries of

the group i, respectively. Then the contribution to SiA(uL) from the

higher groups is obtained from Eq.(3.5) as

A L e Y s A e(utydu!
s A 1) =J 0
i L i l—mA
s ALV
La A
= I P Loog_o $o_o s (3.7)
g=1 L,A 70,i-8 Ti-R .
where PR,A is defined by
1 ~(8-1)Au _ =hu
PZ,A =14 ¢ (1 e YAu (3.8)

A

which 1s the probability that a meutron is scattered down £ groups by
A
elastic scattering collision with nucleus A. The ZO i-4 is the macroscopic
1]

scattering cross section in group (i-%), and L, is the maximum number of

A
slowing down groups. Here, the cross section and the flux has been
assumed to be flat within the group with a lethargy width of Au. By using

-Au

the relation P e Pﬂ—l A Eq.(3.7) can be transformed to the follow-

L4

ing recurrence formula:

P (3.9)
The calculation of SiA(uLl) becomes much simpler with this equation than

Eq.{3.7) when the mass number is smaller. When we take the summation over

all nuclei contained in the medium, the total slowing down source Si(uLl)
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is obtained as follows:

i, _ ~Au i
Silu) = BBy, IR R Sl O
-zp 1 d ] (3.10)
TyoA “0,4-1 -1 Ciep -1

The source Si(uUl) at the upper lethargy boundary can be written in the
similar form by noting that the self-group scattering centributes it but

not the (i—LAﬂl)th group:

(3.11)
Accordingly, the average elastic slowing down source into the group i is
obtained from Eq.{3.6) as follows:

i i
s - Si(uL )y + Si(uU h]
i 2

In the case of light mass nuclides, such as oxigen and sodium, the
anisotropy of scattering in the center-of-mass system can not be neglected
in the higher energy region. To reflect the anisotropic effect on neutron
flux, we derive the recurrence formula for the Pl term of Legendre
expansion by the similar method used for the PO (isotropic) term.

Rearranging the integrand of Eq.(3.4) on the powers of exp(u'—uj, the

slowing down source due to the P_ term, SlA(u) can be written as

1
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u - 2 .
SORS P AU - R R
u~nA.
2 u 2(u'-u) < A
+ i _f e 3 Aot du (3.12)
(l~aA) u-n,

Since the first term of Eq.(3.12) has the same form as Eq.(3.5) except the
constant factor, it can be calculated with use of the same recurrence

relation as the PO term. The second term is presented by the transfer

probability, Pll, for the fine group i as,

S = I P .

A La 1 .A
i, 1 o X 21,1-£¢i-£ (3'13?

The recurrence formula for Si can be derived as follows:

s 1
1
ol

u
o]

u +Au u -(&-1)Au
[0 O

du J{ du' 28w o (3.14)
uO—RAu

By performing integration, we obtain

p 1 _ i‘(l B e*ZAu)(l _ e-2Au)e—2(R—l)Au
. TG
~ %—Au(l - o 28uy —2(R-1)Au (3.15)

. 1 A .
Therefore, the recurrence relation of PR and Si 1 ¢an be written as-
L

Lo ~28uy 1

Povr = I

(3.16)
A _ 1 _A -2Au; A 1 (A
Si,0 =P Iy g% te 1S PLA Zi,i—LA~l¢i—LA-l}
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Consequently, the slowing down equation including up to the Pl term of

scattering cross section can finally be written as follows:

@ t,i741 i,0 i,l
0 A Au 0 A
S =3 Ty o b e {S, . -LP I . b
R i,0 1 Q,i-171i-1 i-1,0 A L Q,lmLA 1 l—LA—l
{(3.17)
1l A —-24Au 1 A
S, , =L P I . ¢, ,+e T {s, . -LP I . ¢ o .}
i,1 41 1,i-171i-1 i-1,1 A LA 1,1 LA 171 LA 1
with
A A A (A+1)2
=7 _oAardly
Ly,i-1 = Yo,i-1 T E1,0-1 [T 5a

Since the first term of Eq.(3.12) is as the same form as Eq.(3.7) except the

constant factor, P 0 is also given by Eq.(3.8). The above equations show

L

that the neutron flux can be easily obtained by the similar alogorism used

for Eq.(3.10) or (3.11) corresponding to the P_ approximation.

0

2. Inelastic Slowing Down
(1) Discrete level contribution
When the isotropic scattering is assumed for the inelastic scattering,
the energy transfer probability from E' to E is presented by the equation
d )
P(E'+E)dE' = E s (3.18)

(E - E .
max min

where Emax and Emin are respectively the maximum and minimum slowing down

energy defined by

2
Emax = _é;ili ET - E%I e+ __gé”ﬁ' JE'Z - éil eE’ ’
(A+1) (A+1)
A2+1 A 24 2 A+1
Emin=’“’"““—2"E' —mE —“*"'"—2- \/E' ——A—EE' . (3.19)
(A+1) (A+1)
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In this equation, £ stands for the excitation energy of the discreté level
of nucleus 4, that is, € is equal to -Q. Equation (3.18) can be discretized

for the scattering from the group i to j as follows:

s v 1-R (j-i-my)
P(i>j) = —n-m 41 R J . (3.20)
j-g ¢ 4
where
E!
m, = [An / Au] s
3 E
max
' .
n, = [n —— / ]
j E_,
min
-Mu .
R =e ’ AE = E (l—R) .

Since the slowing down source to the group i consists of the contributions

from all the discrete levels, we can write

. A
J-nj _
sA- g o, LR ® 3 gy,
J level i=j—mj n, —mj +1

1-R

s (3.21)

where ZiA is the macroscopic inelastic cross section of discrete levels in
group i. If the mj is zero, SjA includes the source due to the self-group
scattering. From Eq.(3.21) the source at the group i+l can be written in
the following recurrence formula:

j=n4 +1 j+1-i-m,

5, = £k ) R L. ¢,
j+1 il n,~m,+1. i1
level i=j+1 mj 1-R 3

1-R
L (RS, + n,-m,+1 zj+l——m ¢
level 1-r 4 3 ]

t+1-m,
1 ]

1-R n, ~mj +1

- ]
n,-m,+1 R Zi—n. ¢j—n. ) b

1-g 3 1 I 3

, where we suppressed the suffix A for convenience.



JAERI-M 8138

If we denote & S, simply by $.,, we have
level 1 3

" =Au : 1-R
S, = g S, + & e § ¢,
j+1 .3 level l-_an--mj*!-lL j+l~mj J+1—mJ
n.—m +1
*ﬂ%‘i‘R J 3 Z._ ¢, . (3.22)
.~ j-n, j-n,
1-R 3 371

{(2) Continuum level contribution
The neutron energy distribution due to the scattering by the continuum
level is assumed to be approximately given by using the evaporation model.
That is, the transfer probability is presented by

P(E'+E) = bE e'E/aJET , (3.23)

where b is a normalization factor and a is a constant. When the probability

is normalized between E, and El’ we have

0

E
)(av’ET + E ) - exp (- ————)(a/—— + E )}

a avE'

b = 1/avE' {exp(-

In this case, the transfer probability from the group i to j is written in

the discrete form:

-E, /a/E,
P(i+j) = bE, e J AE_AE

The recurrence relation is then obtained as follows:

-AE /avr—' 14+AE /2T,
P(i+j+1) = P(i+j)e “Juﬁ._&i__.E PUY) T /2T1 22
AE, Pt

(3.24)
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for which we have used the following approximations;

Fiy1 My -
E. AR,
i 3

Ena? o2
g ) ~R
3

and, denoting a/E; by Ti and using the relation AEj<<Ti,

-AE /T, AL, AE, AE
] 1

_ i N2 .. iy2
e 1+ T + (T. )T+ (1 + 2T.)
1 1
I+AE, /2T,
- ] 1
- l—AEj/ZTi' )

Therefore, from Eq.(3.24) the slowing down source is obtained by

1
8. =1L P(~j) I¢,
i=j
1 1+AE l/2Ti 2
= ‘1) — 1
3 PUI-D e T R0y s (3.25)
i=j-1 j=1" "1

where the summation over i is taken from the highest group to the threshold
group when Ej is below the threshold energy. The self-scattering term is

neglected in the calculation of §, but it is considered after the flux ¢j

J

is obtained for the use of the Sj+l calculaction. As we have shown above,
the transfer probability can be calculated with the use of recurrence
formula but the slowing down source can not be represented by recurrence

relation. Hence much computation time will be needed for the calculaticon

of the slowing down source due to the continuum level.
(3) (n,2n) contribution
The secondary neutron energy distribution due to the (n,2n) reaction

is also assumed to be given by using the evapolation model. Hence the
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transfer probability 1s presented by Eq.(3.23) and the slowing down source,

S?n can be written by slightly modifying Eq.(3.25) as follows:

1. 1+AE, /2T

é * n _ e x i-1 ""i ,2.2n
: Sy =2 2 POeID gy ar BRI (3.26)
| i=j-1 j-1 i

where P(i+j-1) is defined in Eq.(3.24).



JAERI-M 8138

3.3. Nuclear Data Treatment
1, Fission spectrum and released fission neutron number

The fission spectrum is given by the Maxwell distribution function:
1/2 1 " E

) xp(~ ) (3.27)

2 E .
T T T

X(E) =~ (
VT
where T denotes a nuclear temperature, which is given in the library data.
The group averaged fission spectrum is calculated at the every fine group
energy,
The released fission neutron number V(E) is presented by the

pelynomial,

v(E) =b_+Z b, ¥ (3.28)
o} .
=1
In the present code the coefficient bg can be given up to the fifth term

for each fissionable nuclide.

2. Fine group data management
The fine group creoss section in the library is arrénged in the

descending order of energy. The data include energy, elastic scattering,
absorption, fission, (n,2n), inelastic scattering for each discrete level
and inelastic scattering cross sections for a continuum level. As the
fine group calculation proceeds, these data at the corresponding fine group
are successively transfered to the core memory. The cross section of a fine
group is obtained by averaging point-wise cross sections in the group.width
with an 1/E spectrum. The cross sections are then obtained by the linear
interpolation in the log-log scale as explained below. We write the energy

and cross section at the n-th point as (En,on). The gradient of the cross
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section curve is presentéd in fhe log;log scale as
An = fn (Un/0n+l) / (un+1 - un) , {3.29)

where u and u are the lethargies corresponding to energy En and En+

1'1+1 I. ’

respectively. Therefore the cross section at energy E is given by
c(E) = On exp[An(uwun)] .

When the fine group i lies in the interval between El;1 and En as shown

+1

in Fig.3.1(a), the average cross section of the group i is given by

| IAEi o(E) - 1/E dE
i fAEi 1/ErdE

1
IS
n

- o(ui)} . (3.30)

where Au is the fine group lethargy width. When [An| is very small,

Eq.(3.30) can be approximated by
< =
gy > o(ui) (3.31)
The criteria is set as |An[ < 0,01 in the code. If k energy points are

included in the fine group i as shown in Fig.3.1(b), the average cross

section is represented by

. 0oy pP-oluyy) koo, 900,440
g. > =1 T + Z X
* n j=1 n+j
ag(u_,, )-0(u )
. n+§ mH (3.32)
n+k+1
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In the resomance region of heavy mass nuclides the resonance self-
shielding effect is véry important. For example there exist several reso-
nances of 238ﬂ in the fine group lethargy width of 0.0084 about 10 keV and
more for 235U or 239Pu. Therefore it should be necesséry to use an ultra
fine group structure of about 0.0001 lethargy width if we want to use
in%ihiﬁel& éiiﬁte cross sections. However this method is very time
consuming; in ESELEE 5 we, therefore, adopt the broad group cross sections
and their shielding factors taken from the JAER;lFast set. As noted in
Ref.(10). the broad group treatment for ﬁeavy mass nuclides is considerably
good for the group width of 0.25. Moreover the resonance self-overlap and
mﬁﬁu;l;éhiélding.effects have beeﬁ takeﬁ into consideratiqn in this set,

Thé heterogeneity effect on tﬁe resonance shielding is taken into

consideration by using the rational approximation mentioned in Chapter 2.

*
That is, the effective admixture cross section, 00 is given by Eq.(2.36)

and the Dancoff factor C for the plate cell is defined by Eq.(2.37).

'When the broad group cross section is used, we should note that the
discontinuities of the cross sectiqns appear at the group boundaries,
This.someﬁiméé céuses éhérﬁ.peaks or dips to the neutron spectrum.
Especially, such a fact is remarkable in.the resolved résonance region of

heavy mass nuclides since the difference of cross sections between neigh-

Bodring broad groups is very large. To avoid such a defect, we use a

linear interpolation of the'cross.sections, which interpolates the broad
gféﬁp.;éi;es.ovef a féﬁ fine.group Widths on both the sides of the broad
groﬁb Bouﬁdary.. Since the discontinuities are large for fe;tile materials,
this effect is noticeable in the blanket region. Nevertheless, it ma& not
be a serous problem for fast reactors be;éuse such a problem appears below

about 100 eV,
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4. Analysis of Sodium Void Reactivity Measurements in Fast Critical

Assemblies with Broad Group Constant Sets
4.1 Analysis of FCA V-1 Assembly
4.1.1 Introduction |

The analysis of sodium void reactivity measurements has been performed,
The measurements were made in FCA assembly V-l(ll), which is a physics
mock-up of the Japan Experimental Fast Reactor "JOYO".

Sodium void reactivity is the subject of main interest for measurements
in a fast critical assembly, and various measurements(47) and analyses of

the results(lg)

have been performed in such asseﬁblies as ZPR, ZEBRA and
ZPPR. More recently, interest has been forcused on measurements of dilute
or soft spectrum systems. In the analysis of these soft spectrum systems
the méthods of calculation in resonance region become important. The FCA
assembly V-1 has a small core volume and a hard neutron spectrum, so that
the leakage will contribute the principal element in sodium veid reactivity,
and the treatment of the resonance region will not occasion significant
inaccuracies. For example, the heterogeneity effect on resonance self-
shielding factors will not affect the reactivity to any significant degree,

On the other hand, since‘the FCA assembly &onsiSts of a heterogeneous
arrangement of plate type fuels and moderators, the streaming effect along
the plate surface is considered very important. Sodium void measurements _
are necessarily affected by the streaming effects in the assemblies con-
sisting of plate type fuels. Most loading patterns for sodium void measure—
ments have been arranged to minimize the streaming effects since analysis of
these effects is complicated. Measurements concerning streaming effect it-
self have been performed in ZPR and ZEBRA. The measurements in ZEBRA(48),
yielded negative coefficients in vertical plate cells twice as large as in
the horizontal plate cells in the region, 15.2 - 45.7 c¢m of the ecentral

(47)

channel. Some measurements were alsc made in ZPR~-VI with similar results
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indicating the importance of the streaming effects.

However, the streaming effects have not yet been taken into considera-
tions adequafely in the analysis of sodium veid reactivity, and thus has
caused large and éystematic discrepancies between calculations and measure-
ments in the analysis of FCA V-1. A measurement has been performed in the
central chammel in the assembly V-1, which showed that the axial streaming
effects contributes more than 17 percents of the total void reactivity
However, this measurement does not appear to represent properly the neutron
streaming effect due to limitations imposed by the plate arrangements. It
goes without saying that the radial dependence of the streaming effect
should be considered in thg range of large voids.

The heterogeneity effect in a hard spectrum core will be dominant in
the high energy region, due to the hetercgeneity of the fission source,
When the spectrum component is relatively small, this effect may be un-
important, but in the central region it will become significant.

Another reason for the discrepancies between calculations and measure-
ments comes from uncertainties in the cross sections used and in the methods
used for group averaging. The elastic removal cross sections significantly
affect the spectrum term of reactivity through the spectrum shift caused by

sodium voiding, and these group cross sections, given for instance in the

(41) (9)

ABBN and JAERI Fast sets will no longer be accurate enough, partic-

ulafiy around the resonances of light and medium-weight elements(23)’(24).
The analysis of sodium void reactivity is very complicated as already
mentioned; better consistencey in the results is difficult to obtain., If
we can succeed in appling a better interpretation, the result will bel
profitable for considering the accuracy of cross sections in certain re-

stricted energy ranges. In what follows, we will summarize our studies for

obtaining better interpretation by considering the streaming effect and cell
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heterogeneity.

4.1,2 Summéry of measurements

The core of.the FCA assembly V-1 is of cylindrical shape, 28.7 cm in
radius and 61 em high, surrounded by a natural uranium blanket 30 em thick.
The core consists of channel drawers and structural materials. The cross
section of each channel is a square of 5.52 em X 5.52 em, Plate~type fuel,
sodium and structural materials are arranged in appropriate order in each
channel drawer. The fuel is composed of Pu and 20 % enriched uranium.

Sodium void reactivities were measured for many loading patterns. For
convenience, the measurements can be classified into two categories: (A)
measurements performed at the center of core and (B) those on channels
voided throughout the core along the axial direction. For category B, the
experiments, S-1 ~ §-6 were measurements with a voided single channel drawer,
S-1 being that with the voided channel at the core center and §-2 ~ §-6
those with the channel successively removed forward the radial core boundary.
In the experiments M-1, 2, 3 the voided regions were distributed in checker
board pattern, as shown in Fig. 4.1.1, where the voided channels are indi-
cated by shading. All patterns are symmetric in reference to the midplane
along. the core axis,

Measurements in the category A were performed by removing sodium re-

gionally from the nine central channels, constituting a square of 16.56 cm

X 16.56 cm.

4,1.3 Calculational methods
(1) Reference calculations
Reference calculations for the non-voided reference core and sodium

voided core have been performed by one-and two-dimensional diffusion codes.
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(49)

Using the one dimensional diffusion code EXPANDA-70D , 8ix group cross
sections were produced from JAERI Fast set. The boundary energies of

1.4 MeV, 400‘keV, 100 keV, 10 keV, 1 keV and 0.215 eV were chosen for the
lower group. The.collapsed cross section were obtained for three regions
in the core and two regions in the blanket. Two-dimensional calculations

(38) and CITATION(BQ)

were performed using the code EXTERMINATOR-2 for X-Y
and R-Z geometry. The EXTERMINATOR-2 code was modified for calculations of
axial buckling and anisotropic leakage components in perturbation routine.
The axial buckling for each channel drawer voided, as well as non voided,
was obtained from the two-dimensional calculations, in such manner as to
conserve the leakage at the boundary between the core and blanket. As a
result, criticality factors for standard core showed very good agreement
between R-7 and X-Y calculations (1.00461 and 1.00459 respectively). The
callapsed cross sections obtained to the reference core were used for the
voided cores except in the voided region..

The JAERI Fast set with 70 group structure was used instead of that
with 25 group, throughout the present analysis. The difference in the
criticality factors due to these two different group structures was about
0.65 ¥ AK/X for the standard core, and the difference was significant also
for the sodium void reactivity as will be discussed later, Since these

differences are maintained in the collapsed six group calculations, it was

judged preferable to use the 70 group structure as standard set.

(2) <Calculation of streaming and heterogeneity effects

The discrepancy between diffusion calculations and measurements is
large in the central channel of the core and gradually decrease as the
channel approaches the core boﬁndary as shown in Table 4.1.1. This tendency

(50)

is also confirmed by another independent work in which different group

s ot s bt e it
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constants are used. This naturally leads to the conclusion that this dis—
crepancy is not attributable to the group constanté used but to the calcu-
lational metﬁods. When we assume that the leakage component is the main
contributor to the reactivity in the regions voided throughout the channels,
and consider the tendency, mentioned above of greater discrepancy toward

core center, we naturally come to suspect inadequate treatment of the leakage
component in the axial direction as the cause for this discrepancy between
calculation and measurement. For a critical assembly with plate structure

of materials such as FCA, the parallel directional neutron streaming may be
considerable especially when a void region exists throughout the channel.

This streaming effect is taken into consideration by introducing ani-
sotropic diffusion coefficients, defined by Eq.(2.42).

Calculations taking account of the heterogeneous arrangement of the
plates are performed for an eight-region cell with infinite length as shown
in Fig. 4.1.2. The canning stainless steel is homogenized in each material
and the structural materials at the upper lower extremities are homogeneously
diluted in the cell. The SLAROM code 1s used for the caleculations qf
directional collision probabilities and cell averaged effective cross sections.

-The diffusion coefficients are calculated at several void fractions of

sodium. In Fig. 4.1.3 is shown the parallel directional diffusion coeffi-
cients Dy for a six-group structure collapsed from those of the 70 group:

The values of D, vary almost linearly with void ratio except at 100 percents
void. The same trend is observed for thg perpendicular diffusion coefficients,
Dy.

When the.void ratio is 100 percents, Zt of the sodium region becomes
very small (not zero om account of the homogenized stainless steel), and in
this case then the approximation for the directional collision probability

may be poor. When Zt is small in region i, the collision probability Pii
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is given by function El(h), where A is optical path length. Since El(k)
displays a logarithmic singularity at A=0, the approximation of El(h) becomes
inaccurate iﬁ the range of small Zt. Following the usual practice, the col-
lision probabilify is multiplied by source strength: Ex¢ (Zx 15 a scattering
or a fission cross section), ZxPij tends to zero for a small value of Zt.
But directional collision probability sz is given by Pij/Et as defined
earlier since the product Zx P?j varies with Pij’ that is, El(A), which
becomes inaccurate near A=0 as already mentioned. To circumvent this dif-
ficulty we adopt the values for the full void by extrapolation from the
values for lower void ratios by linear fitting. When approaching close to
the full void, it is physically expected that the diffusion coefficients
become almost constant. But the exact treatment of the problems will be
difficult even theoretically with the multi-group treatment.

The streaming effect changes with the thickness of the sodium plates.
D,-D,
Dy

In Fig. 4.1.4 the values of are shown against the thickness of sodium
plates, where the material composition and thickness of other materials
are not changed. The calculations have been performed for full and 80
percent voided sodium, and diffusion constants are collapsed into one group.
In this range the streaming effect is proportional to the thickness of the
sodium region, that is, the void region, It can be expected that when the
thickness of the sodium plate is reduced below about 0.2 cm the streaminé
effect due to sodium voiding should become very small.

The perturbation theory ig uged for the calculation of reactivity

change 6kS/k, due to streaming effects, which is defined in R-Z geometry

by the formula.

2 2
- ) 30y * 3 .30
Sk /k = fdE SfdV{(SD, 2 + 6D, —5¢ -8, (5 +—3)
-} ar dz or
¢*}/N.1. (4.1)
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where 6Dz; 6Dr and SDhoﬁo are the variations in-the diffusion coefficients

due to sodium voiding in the z and r directions and for homogeneous case,
respectively, N.I. is the normalization factor. When the assumption of
‘Anfinite slab cell is valid D is determined by taking the average between

21, +D;
D, and DL(Dév.= —% ), but because the length of the void region is small

3

for the case of a single channel void this assumption causes a large over-
estimation of radial leakage.** It is difficult to obtain an appropriate
value of Dr for cells with small width, and so we use D, when calculating
the -radial leakage, which will result in some underestimation of leakage
near- the radial ‘core boundary.

Heterogeneity effects on the effective cross sections of the cell are
also obtained by averaging the cross sections of each material with the

spatial fine structure flux. Reactivities are calculated by direct k cal-

culation and the first order perturbation theory.

4.1:.4 7 Results and Discussion

Table 4.1.1 presents a comparison between measurements and calculations,
the latter values being given both corrected and uncorrected for streaming
effect. Reactivities are obtained from the differences derived from direct
criticality calculations. TIf the streaming effect is not considered, the
factor C/E (calculated reactivity/measured reactivity) of case’ §-1, which )

represents the case of void core center, 1s 0.58 and the values of C/E are

gradually improved as the void channel approaches the core boundary.

A& Tﬁe pérailel directional collision probability in the direction of -the
finite length becomes small because the optical path length with small
angle (angle to slab surface) becomes shorter when a neutron passes the
sodium region outside the void region., This decreases Dy as defined by
Eq, (2.42). -The overestimation of Dr results in a larger inaccuracy

"where leakage is large.
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However, when the streaming effects are considered, almost all the values
of C/E come close to 0.9, which is a fairly good value <considering the

uncertainty in cross section. In Fig. 4.1.5, the space dependence of the
leakage componenfs are shown for the cases of S-1 ~ S5-6. The individual

leakage components are defined by

' 2 2
Homogeneous leakage = [dE /dV &D 6@;@ + §—9)¢*/N.I.,
home az2 arz

‘ 2
Axial leakage = fdE /fdV 6D, ﬂ_% ¢*/N.I.,
oz

)

2
fdE fav ep, 2% ¢ /n.1..
or

Radial eakage

Anisotropic leakage = axial leakage + radial leakage and axial streaming
is defined by Eq.(4.1). The streaming effect in the axial direction (read

4 Ak/k unit marked on the left-hand side of the figure) is largest

in =10
in the central channel of the core, that is about 35 percents of reactilvity,
and negligibly small at the core boundary.

The contribution to reactivity provided by axial leakage 1s greater
than the radial in S-1 ~ S-4, but the trend is opposite for S-5 ~ S-6. At
the core boundéry (5-6), the radial leakage is about 7 times the axial and
thus in this region the axial steraming effect is quite small. The totai
anisotropic leakage components are almost flat over the core and provide
about 80 ~ 90 percents of the total sodium void reactivity except at the
boundary chammel. On the other hand, the spectrum components are negative
in the central region and become positive with approach to the core Eoundary.

In Table 4.1.2 the spectrum components are presented for fission,

absorption, inelastic scattering and elastic removal scattering. The

absorption and inelastic scattering components tend toward the negative
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side with approcach to the core boundary. On the other hand the fission and
.elastic removal components tend toward the positive'side, and more steeply
than the negafive components. The elastic removal component changes more
rapidly than all the rest. This space dependence is due to flattening of
the adjoint spectrum, particularly below 1 MeV, The elastic removal compo-
nent given by SZZr ¢i(¢i+l - ¢z), where éZir is the difference in elastic
removal cross section, and ¢i, ¢: are flux and adjeint flux of i-th group,
respectively, is positive above 1 MeV and negative below this value. As
the adjoint spectrum flattens, the negative-componént becomes smaller since
% *

the factor (¢i+1 - ¢i) is reduced,

For the widely distributed void regioms, Cl, 2, and M1, 2, 3 the values of
C/E are improved consistently by considering the streaming effect, as shown
in Table 4.1.1, If Dr(av)(average of D, and D)) is used instead of D; for
. the case C-2 the value of C/E becomes 1.0l1, since the assumption of infinite
slab becomes better for such greatly voided regionms.

For the cases mentioned above our method of treating the streaming
effect is adequate, but the assumption of infinite length of the plates will
cause overestimatiomn in the void regions which are small compared to a mean
free path. For example, in the axial edge region, 20.32 ~ 30.48 cm, in
central nine channels, C/E is 0.89 when the homogeneous diffusion coeffi-
cient is used but it becomes 1.65 by taking into comsideration the correc--
‘tion for axial streaming, as presented in Table 4.1.3. It thus becomes neces-
sary to calculate collision probabilities for finite length cell in order
. to obtain a sufficiently accurate anisotropic diffusion coefficient,

Table 4.1.3 gives the comparison between measurement and calculafion
for the central void reactivity. Even if the streaming effect is taken

into accout, the values of C/E still remain at 0.46 and 0.47 for the region,

0 - 10.16 cm, 0 - 20.32 cm, respectively, since the streaming effect is
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small at the center of core. By comparing the results for the nine central
channels of which the void regloms are 0 - 10.16, 0 - 20.32 cm and 0 -~ 30.48
cm (case C-l),'it can be said that the values of C/E are improved as the
void region extendé toward the core boundary, and correspondingly the leakage
component of the reactivity becomes larger. Therefore the large discrepancy
produced at the center of core would appear attributable to inadequate
treatment of the spectrum component. Moreover, we note that the results
presented in Table 4.1.1 invariably carry a bias to lower values of about
10 percents compared with measurements. This convinces us that the difference
is partly due to underestimation of the spectrum component.

For the region, 0 - 10.16 cm, two calculations were performed in addi-
tion to the above, as shown in parentheses in Table 4.1,3. In one case,
the core was treated as one region when collapsing the group cross sections,
and a value of -1.90 x 10-4 Ak/k was obtained for the reactivity, In this
treatment the space dependence of the core spectrum was neglected, as in
the heterogeneous case to be discussed later. Consideration of space
dependence by dividing the core into three regions brought a difference
about 14 percent. When the collapsed cross sections for all regions which
were obtained for the voided case by one dimensional calculation were used
for the corresponding regions in two dimensional calculatioms, the void
reactivity was found to decrease significantly, to a value of -0.70 X 10_4‘
fAk/k., This means that the influence of the void region on the environment
is considerable when the vold region is large. On the other hand the
influence of the environment on the void region is also important, and
detailed investigation will be required.

The cell heterogeneity effect on the spectrum component was calculated
for the pattern C-1 and the central void (0 - 10 em). Void reactivity

' changes were obtained from six-group calculations by using homogeneous and

— 59 —-
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_hetérogeneousAcell averaged cross. sections. Table-ﬁ.l.& shows the resulfs
obtained by calculating each comgonent from the pe:furbation'theory.

The hetérogeneity effects are negative on the spectrum terms, which
improﬁes the calcﬁlational values in reference to the measurements, espe-
cially in the case of central void. The group contribution is given in
Table\&zl.S, The negative effect on the absorption plus fission term is
mainly due to the diminution of fission cross sections at higher energy
groups. The scattering component also shows a negative contribution.

The main part of the scattering component is caused by the change
in the elastic removal cross sections and in the shape of the adjoint flux.
?hg.method_of_calculation of the elastic removal cross section requires to
be stgdied more pyecisely. First, perturbatior calculations were performed
_:q‘examine this problem using 25 groups and 70 groups in the region 0 - 10.16
cm, The result is presented in Table 4.1.6. The table shows a larger dif-
fergnce‘in_sgattering.component, which is also true for the 6~group calcula-
tion. Therefore it can be supposed that the ambiguity is due mainly to the
trea;ggnt.of the scattering term. The main contribution to the scattering
component is provided by the energy range 2 MeV - 25 keV, and that around
3 keV where predominant resonances of oxygen, iron and sodium are observed.
The contribution from the single 2.85 keV sodium resonance is fairly small,
in contrast with the case of more dilute (large fast) core. The differen;e
in_the scattering component is due to the inadequacy of group structures
for 25-group constants, and to treatment of the elastic removal cross
sections oﬁ these light and medium weight elements at the resonances, the
same self-shielding factors for the elastic scattering cross sectionslhaving
been used for the elastic removal cross sections in the JAERT Fast set.

The method of calculation of the JAERI Fast set was examined by the ult:a

fine group calculation, and its influence on sodium void reactivity was
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studied. The exact effective elastic removal cross sections were obtained

for a homogeneous medium composed of oxygen, sodium, iron and 238U with use

(46)

made of the ERSE code , where the main resonances of oxygen, sodium and
iron are presented by the resonance parameters. (The sodium cross sections
are compared in Table 4.1.7 for conventional and fine-group calculations).
The effect of these differences on reactivity is estimated by perturbation
calculations. The result shows that the values for the case of S-1 becomes
more negative by about five percent but less nagative in the case of contral
void, While the influence is not very appreciable for the V-1 assembly,
they will not be negligible for a more dilute core.

When few-group calculations are performed, it is important to select
appropriately the group boundaries in relation to the position of large
scattering resonance peaks and to the shape of the adjoint spectrum. It is
desirable to collapse the energy groups where the adjeint spectrum is almost
flat. For the region 0 - 10.16 cm (see Table 4.1.3), a reactivity of

4

-1.84 x 10 Ak/k is obtained when the 6-group cross sections with improved

group structure are used.

4.,1.5 Concluding Remarks

Sodium veid reactivities measured in the FCA V;l assembly are well
predicted by taking into consideration two effects, axial streaming and )
spatial flux heterogeneity. For cases where channels are voided throughout
the core height, the axial streaming effect is very significant because
the leakage component dominates in the sodium void reactivity. This effect
can be estimated with satisfactory precision by using anisotropic diffu—
sion coefficients and the perturbation theory. In computing the directional

collision probability, the assumption of infinite slab cell appears appli-

cable to void regions extending throughout the channels, but it becomes
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less valid for void regiomns having a relatively small width or length. The
anisotropic diffusion coefficients for the case of full void should be
cbtained by eitrapolation from values obtained for lower void ratios.

Spatial flux heterogeneity results in a small negative reactivity
change attributable to negative spectrum components. These reactivity
changes are about 10 percents for voided central channel, and 20 percents for
the case of central void. This effect is more important in regions with a
large spectrum component. Further study will be required to show whether
or not -the assumption of infinite slab cell, despite of the actually finite
length and numbers of voided cells, is adequate in the central regiocn.
The enviromment effect will also have to be examined in detail.

The elastiec removal cross section given by the conventional group
constant set, is.not accurate; however, the calculation by the 70 group
- JAERI Fast set has resulted in values not far from the ultra fine group cal-
culations performed previously. Present treatment of resonance cross sections
for light and medium weight elements has not included all the resonances,

and the nuclear data are different from the JAERI set.
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Table 4.1.2 Space dependence of spectrum component

(<1077 AR/

fission | Absorption Inelasﬁ%c ) Elastic

) Wb ' ' Scattering removal
S1 | -.363 2.64 133 | -6
§ | oS-2 | -.344 . 2.51 1.29 - ‘_,‘ =6.00
| _ S sl ot bo2a7 | 1as | -6.96
| S R A T ; o020 }3.30
; s-5 | -.4s | ovor | 0.873 | ~1.10
? 5-6 | -.074 0524 | 0.665 | 1.1

Table 4.1.3 Central void reactivities

(10™% Ak/x)

Region 0 - 10.16 cm 0 - 20.32 cm 120.32 - 30.48 cm
Experiment ~4.0 £ 0.1 -10.9 £ 0.1 | ~ -5.5t 0.1
% : ‘
2-dimensional, -1.66(-1.90) -5.14 : -4 ,87
6—-group calcu- ; ;**_
lation : (_9'70)
With streaming -1.87 -7.42 _ -9.15

* The standard core was . treated as one region.
k% CollapSgd cfossﬁsections obtained from ‘the voided:case were

used for all regions.
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Table 4.1.4  Heterogeneity effects on C-1 and central void

(10™% Mk/k)
c-1 Central (0 - 10.16 c¢m)
Experiment -20.1 + 0.1 -4.0 £ (0.1
Homcgeneous -11.1 -1.96
*
Hetero. isotropic D -13.5 -2.75
*k
Capture + fission
Homogeneous + 1.45 +0.746
Heterogeneous + 0.163 +0.111
A%
Scattering
Homogeneous - 2,52 -1.54
Heterogeneous - 2.93 -1.65
Hetero. with streaming -20.7 -2.97
Homo. with streaming -18.0 -2.12

% Direct calculation

%% Perturbation calculation

Table 4.1.5

Group contributions from heterogeneity effect

(hetero - homo) x10™4 Ak/k

Capture + fission Scattering
) Groups
C-1 | Central{( - 10.16 cm) C-1 | Central(C - 10.16 cm)

1 -0.551 -0.262 0.0383 0.029
2 ~0.618 -0.290 0.135 0.017
3 0.261 0.115 -0.015 0.020
4 ~0.395 -0.200 -0.252 -0.027
5 0.015 0.004 -0.364 -0.151

6 0.001 -0.001 -— —
Total | -1.287 -0.634 -0.413 ~-0.112
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Table 4.1.6 Debendence of components on spectrum for

(0 - 10.16 cm) region

4

(X107 Ak/k)

Groups Capture + Fission Scattering Leakage Total
25G 1,019 -1.460 -1.059 -1.500
70G 0.907 _ -2.040 -1.104 -2,237

Table 4.1.7 Ratio of effective elastic removal cross sections

*
of sodium (R = fine group calculation /JAERI set)

10 1.15 16 0.98 - | 23 | 0.94 33 0.62
11 1.00 17 1.01 24 0.56 34 2.19
12 0.97 20 1.2 25 1.03 35 1.14
13 6.88 21 0.97 '26 0.97 36 1.04

14 1.09 22 0.96 32 0.85 37 1.01

G : group number in JAERI Fast set with 70 group
structure.
* Infinite dilution cross sections are normalized

to JAERI FAST set.
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4,2 Analysis of MZA and MZB Assemblies

4.2.1 Description of Assemblies

MZA and MZB were constructed at fast critical assembly ZEBRA(IB) in

Winfrith, United Kingdom in order to simulate physics performances of
Japan proto-type fast breeder reactor "MONJU". MZA had a single zone core
of which the enrichment of plutonium is identical to that of the outer core in
MONJU. The core with 90 cm height and 90.8 cm diameter, was surrounded
by a blanket of uranium metal with 30 cm thick. MZB was a clean plutonivm
fueled assembly with two zone core which was designed to provide
reasonably close representation of MONJU. In the outer core, the high
enriched plutonium used in MZA was contained. In the radial blanket, a
sector arrangement was chosen because of inventory limitations. The
detailed description of these assemblies was given in Ref.(13).

Sodium void worths were measured by replacing each steel-canned
sodiuﬁ plate by a dummy steel can at the central nine elements in MZA,
They were voided in turn froﬁ the four axial zones, central cells, inter-
mediate cells, cells at.the core edge and then all axial blanket cells. Also
the whole elements were voided together, Figure 4.2.1 shows the rz model
of MZA and its voided configufation at the core center.

In MZB, nine elements in six different radial positions were voided.
At the core center, central three cells, upper and lower three cells and
axial blanket cells were voided in turn apd all together. The sodium void
worths for pin elements were also measured at the center and at the off-
center of thé inner core. Twenty five pin elements containing fuel aﬁd
blanket pins in the sodium filled calandria replaced for the plate elements
at the center in a 5 x 5 array. The partial voided regions of central

nine elements were almost the same as the plate elements. Sodium was
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removed also from one or four pin elements at the core center. A pin
calandria with 12 inch height and 2 X 2 inch cross section contained

16 fuel pins.of PUOZ/UOZ' The composition of the calandria corresponded
.closely to that of the inner core plate cell. The rz model of MZB

is presented in Fig.4.2.2. The detail of measurements was explained in

Ref.(21).

4.2.2 Method of Analysis

The analysis was carried out with use of the JAERI Fast seﬁ version 1
(JF5-V1) and version 2 {(JF5-V2) with 70 group structureSSI) In modeling
plate.cells, canning stainless steel was homogenized into the inner
miterials, and the matrix tube and drawer bottom were diluted into the
cell materials. The pin calandria was modeied by two concentric cylindrical
regions of fuel with an actual radius of 0.42418 cm and a diluent region
of 0.76524 cm thick. The outer radius of pin cell was determined to
conserve the volume of one sixteenth of a unit matrix tube. The outer
region contains the cladding, sodiim, pin calandria and matrix tube.
fhe adequacy of two-region model adépted here was confirmed by comparing it
with three- or four-region model. The cell calculations were performed
by using the SLAROM code. The heterogeneity effect on the resonance shielding

(37)

factor was taken into account by the Dancoff factor given by Bell for

a pin cell and by Meneghetti(36) for a plate cell. The anisotropic
diffusion coefficient was obtained to estimate the n=autron streaming
effect. ©Since the plate surfaces are arranged in perpendicular to the
core axis (z-axis) in ZEBRA, the streaming effect around the central

elements of the core will contribute negatively to the sodium void reactivity,

since the neutron leakage to z direction is proportional to the perpendicular
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directional diffusion coefficient which is smaller than the isotropic
value. Therefore, it is contrast with FCA or ZPPR'éssemblies. The
reactivity chénge due to the streaming effect was calculated by the

CIPER code using éxact perturbation theory. The collapsed cross sections
were obtained by one-dimensional diffusion calculations in slab geometry
for the central regions and in cylindrical geometry for the other regions.
The number of groups were 18 for the version 2 and 12 for the others.

The rz model was used for the central voiding cases.

(52)

In the calculation of MZB, also JFS-1R, the revised set of

JFS-V1 was used to examine an influence of the cross sections. The revi-

sion was made for Gf of 235U, Uf of 239Pu and crC of 238U. The new fission

cross section of 235U is 10 percents less in 100 keV ~ 1 MeV and about 5

percents less in 10 ~ 100 keV thén that of the version 1. The fission
cross section of 239Pu becomes lower by about 1 ~ 2 barns d4n the energy
range, 10 keV ~ 1 MeV, The capture cross section of 23SU is reduced
slightly in the energy range 10 keV ~ 1 MeV, so it is generally in a

(33)

good agreement with the data of Moxon. The cross section in the

resonance region was not revised in this version. Moreover, we evaluated

 current experimeﬁtal data and data files to examine the nuclear data of

sodium adoptéd in JFS-V1l. The modified set {(JF5-N) was produced from
JFS-1R and used for the calculation of MZB.

The effective multiplication factors are presented in Table 4.2.1
for the reference cores. It shows keff and heterogeneity effect for dif-
ferent versions of JFS. The heterogeneity effect of MZB is about 1.2
A Ak]k for all the versions., The version 2 gives smaller keff by aboﬁt
one percent than the JFS-V1 for both the assemblies. When the transport

effect and impurities are taken into account, kef of MZA becomes slightly

£

" larger than the measured value and keff of MZB comes to be predicted
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accurately.

4.2.3 Results and Discussions on MZA

The calculational results are compared with measurements in Table 4.2.2.

- The worths and streaming effects were calculated by the exact pertur-

bation method., The JFS-V1 gives more negative values than the measurements.
However, JFS-V2 shows an excellent agreement except for the whole elements
case (A ~ D)., The G/E values corrected with the streaming effects are almost
within the uncertainties of experiments. The specific worth (Ak/k/Na-kg)

of the case B is not so deviated from the measurement compared with the other
cases though the C/E valve is 0.66. It can be seen that the sodium void worth
is guite sensitive to the group cross sections used. The neutron streaming
effect is negligibly small at the center and gradually increases as approaching
to the core boundary since the gradiant of neutron flux becomes larger.

The corrections for the cases C, D and A ~ D amount to several times of the
uncertainties of experiments, so they are important to obtain consistent
prediction. The anisotropic diffusion coefficients have been defined under
the assumption that the length of fhe cell is infinite and it is arranged
infinitely. However, in these voided cases, the actual length is 16.28 cm,

so the anisotropic diffusion coefficients obtained here may result in

a uncertainty in the final leakage correction.

In Table 4.2.3, the calculated values are resolved into the components
for each region. It can be seen‘that the fission, absorption and scattering
(spectrum) components decrease as the region approaches to the axial boundary
and on the contrary, the leakage component increases. The net worths of
the regions B and A ~ D, where the C/E values deviate fairly from 1,0, are

determined through the cancellation of large positive and negative
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components, and accordingly even if an error of each component would be small,

it may cause a discrepancy in the net worth.

4.2.4 Neutron Cross Section Evaluation of Sodium

The neutron cross section of sodium influences sensitivelv to the
sodium void reactivity. The original versien of the JAERI Fast set

(54 )
) Since numerous measurements have

adopted the data in the UKNDL-1967.
been made on sodium cross section, especially for the resonance at 2.85 keV,
we re-evaluated the current data. Elastic scattering cross section is compared

(53 UKNDL-1972(56) and KEDAK(57) in Fig.4.2.3. They

among the ENDF/B-4,
almost agree with each other except for the resonances at 2.85 keV and

54 keV, while the UKNDL has given the low resclution data. The peak value

at 2.85 keV is 350 barns in the ENDF/B-4 and 600 barns in the UKNDL and

KEDAK files. The UKNDL shows a narrow neutron width Pn which would

based on the data by Hibdon.(sg) Table 4.2.4 shows the resonance

parameters currently measured or evaluated. The peak value of 600 barns

was obtained by assigning the total angular momentum J=2, The measurements
listed in the table may support J=l; Therefore, we adopt here the value

J=1. Though it is difficult to choose the neutron width Fn’ we have concluded
that Fn=410 eV is better than 380 eV. As the radiation width TY, 0.35 eV

or 0.47 eV is supported from the table. The former value seems to be

better conéidering the theoretical extrapolation from the thermal region.

The point wise cross section is calculated by using these rescnance

parameters and plotted in Fig.4.2.4, where the value of JFS-V1 is also

shown. It reveals that the revised value becomes smaller compared with

the original one. The infinite dilute group cross sections are presented

in Table 4.2.5 in the energy range, 59.8 ~ 1.0 keV. The elastic scattering
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cross section is compared for Tn=410 eV and Pn=380 eV, and its difference
at the 2.85 keV resonance is found to be less than fen percents. The
capture cross.section is compared for TY=0.47 eV and 0,35 eV, and found
that it differes b& about 30 percents between them. The capture cross
section was insensitive to the neutron width. In the higher energy region,
5 ~ 150 keV, the capture cross section shows a large discrepancy among
three files though its absolute value is small. Especially, the ENDF/B-4
gives a lower value.

As a conclusion, the present data are the same as in the ENDF/B-4
except for FY of 2,85 keV resonance. These data were processed to produce
the group constants for the revision of JF5-1R. We call this version as

JFS-N.

4.2.5 Results and Discussions on MZB

The results for the central plate cells are shown in Table 4.2.6.
The group constant sets used were JFS-¥1, -1R, -N and -V2. The hetero=-
geneous model considers the correction due to the neutron streaming effect.
The JFS-V2 shows a good agreement with the measurements. The JFS-V1
givés the results shifted to the negative side compared with the measure-
ments for all the regions. The JF5-1R of which the nuclear data were
revised for heavy elements, shifts further the calculated void worths in
the core to the negative side. Thus, the revision of heavy elements did
not improve the accuracy of prediction of the sodium void reactivity.
As for JFS-N the calculations are improved for all the regions. For
example, the value of C/E is varied from 0.61 to 0.75 at the center cells.
Since the difference between JFS5-1R and -N exists only in the cross

sections of sodium, it can be said that the void worth of sodium is very
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sensitive to the cross sections. The version 2 set predicts the best
value among these sets, while it gives still more ﬁegative values than

the measureménts. The experimental uncertainties shown in the table do
not include a-sysfematic\error (4 %) from the reactivity scale. It is
seen, in addition, that the calculation can prediet well the change in
reactivity, due to the change of voided regions in the core region.

In this case, the additivity is weli established.” On the other hand,

for the whole element voiding, the sum of reactivity changes of separate
voided regions is larger by ten percents than that of total voided regions
in the measurements and by four percents in the calculations.

Table 4.2.7 shows the sodium void treactivity worths obtained from
the direct k calculation, the exact perturbation (EP), the neutron
streaming effect and the specific void worths. The reactivity worths
obtained by differences in k-values agree with those by EP within an
expected accuracy of the k-values, a few parts in 10“6._ The neutron
streaﬁing effect reduces the ékial leakage and henﬁe shifts the reac-
tivitiés'to the positive side as‘mentioned in 4.2.2. The correction is
about 15 percents for‘the whole core voiding. The specitic worth is a
good criterion to evaluate the consistency of calculated results, espe—°
cially if fhe ébsolute ﬁalue of.reactiQity worth is sﬁall. Theltable

4 Ak/k except for

shows that (C—E)/kg are éonsistently -0.02 ~ -0,03 x 10~
the center cells. That is, the calculated values for upper and lower
cells, and for eiements are not inconsistent with other cases, though
their C/E values deviate fairly from 1.0.

The reaétivity componénts obtained bf the first order perturbatian
theofy are pfesented in TaBle 4.2.8 in order to examine the sources of the

differences in the calculated values among the cross section sets and

models. These worths were obtained on the basis of the 70 group
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one-dimensional spherical diffusion calculations except for the results
given:ig_the last two columns. The table includes.also the heterogeneous
calculation énd the two—dimensioﬁal 12- or 18~group calculations. It can
be seen from Tablé 4.2.8 that the leakage term is nearly constant overall
the sets in the one-dimensional cases, but the values differ fairly from
thg two—dimensional results. It is seen thus that this term is insensi-
tive to the cross section sets but sensitive to the geometrical model.
Both the fission and absorption terms are on the most positive side for
JF5-V2. The heterogeneity effect influences significantly these terms.
The_scattering term (spectrum term) is a dominant contribution to the
central wvoid worth and it is the main source of the difference among
these sets., This term depends sensitively also on the number of energy
groups. The order of the magnetude given by each set is JFS-1R < JFS-V1
< JFS-N < JF5-V2, and this is the same order as that of the total worths.
it can thus be concluded that the larger positive contribution from the
scattering term has decreased the descrepancy between the calculation and
the measurement in the case of JFS5-V2,

In order to examine the dependence of the neutron streaming effect
on the group constant set, Table 4.2.9 shows the ratio of the parallel
directional (QV) to perpendicular directional diffusion coefficient (D;)
and the difference between the ratios at the normal and voided inner cores
for the energy groups 1 ~ 40 in the 70 group structure. We can see that

th

C

value q”/QL are rather clese to unity with the deviation of about
several percents for all the groups. The difference between the values
in the normal and void states, (DJ/QL)void - (qﬂlqi)normal,'which is
roughly proportional to the streaming correction, hardly depends on the
group constant sets for all the groups except for the groups 33 and 34,

which include the 2.85 keV sodium resonance with the largely different
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peak value between JF$~V1, -1R and JFS—N, -V2 as mentioned in 4.2.4.

As a result, it can be said that the correction by ﬁeutron streaming

effect is insénsitive.to the group constant sets. These values are only
about a few percenf, though they contribute significantly to the reactivity
corrections. Thus, the calculation method should be carefully selected

to obtain a sufficiently accurate correction for the neutron streaming.

Table 4.2.10 presents the results of the calculations (with JFS-V1,
-N and -V2) and measurements for the sodium void reactivity worth of the
central nine pin elements. The results have been corrected for the
neutron streaming effect. The JFS-V1 and -N predict more negative reac-
tivities than the measurements similarly to the cases of plate cells.

The JF5-VZ shows a better agreement for all the cases except for the whole
elements. Moreover, the deviation of specific worth from the measure-
ments (C-E)/kg are consistent throughout the cases except for the axial
blanket. In the core region, the reactivity worths obtained by JFS-V2
are slightly more positive compared with the measurements, As shown in
the table, the corrections by the neutron streaming effect is not so
significant for the pin cell as for the plate cell, though it may not be
negligible for the case of whole element voiding. This fact suggests
that the neutron streaming effect will not significantly influence the
sodium void reactivity in power reactors, while it will be necessary for
an accurate prediction of the relatively small reactivity worth.

In Table 4.2.11, the reactivity worths are shown for one, four and
nine elements at the center of MZB, where the results by JFS-N and JFS-V2
are given. Though JFS-N understimates the positive reactivities for ail
the cases, JFS~-V2 predicts them with a high coﬁfidence. The table also
shows the relative value to the worth of one element voiding in parentheses.

The measurements deviate only slightly from the proportionality and the
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worth per one element becomes smaller than that of one element voiding.
The JFS-N shows a similar proportionality while the worth per one element
is smaller than the measurements. On the other hand, JFS-V2 shows a
contrary proportionality to the measurements. It may arise from the fact
that the space dependence of the cross sections in voided regions is not
considered in the calculations using JFS-VZ.

The present results are compared with an independent work performed
by Stevenson et al.(zl) for the pin and plate cells of nine elements.
Table 4.2.12 shows the non-leakage and leakage components and the total
reactivities obtained by the exact perturbation method. Stevenson et al.
calculated by the two-dimensional diffusion model with 37 groups. Since
they did not correct for the neutron streaming effect, the present results
do not include it. The table shows an excellant agreement between our
results and UK calculations for the core region. Especially, the leakage
components for plate cells agree quite well. For pin cells, UK calcula-
tions give slightly more ﬁegative leakage components, which may be caused
by the difference in the model of calandoria and fuel pin. Though the
non-leakage component is very sensitive to the calculation model and the

cross sections, these results show the similar values.
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Table 4.2.1 Comparison of effective multiplication factor

of MZA and MZEB

MZA MZB
Experiment 1.0108%.0009 1.0040£.0009
* %*
JF3-v1 1.0231 (0.0103) 1.0139 (0.0119)
*
JFS-1R — 1.0058 (0.0118)
= .
JFS-N —_— 1.0023 (0.0115)
%
JF5-v2 1.0148 1.0036 (0.0125)
ek
Correction +0.0034 +0.0023
Corrected V2 1.0182 1.0059

JFS-V1 : original version presented in Ref.{( 9 ), ( 10 )

JF5-1R : revised for heavy elements by adjustment method

JFS-N : sodium cross sections are modified.

JF3-V2 : second version presented in Ref.{ 51 )

* Heterogenelity effect on keff

**% Correction for transport effect and impurities
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Sodium void reactivity worth in MZA
(x 107% ax/K)

Voided region A B C D A~ D
(cm) 0~15 15~30 30~45 45~80 0~80
Mass of sodium 2.55 2,55 2.55 6.79 14.13
(kg)
Experiment 3.41%,22 0.55 .20 | -=-3.05+.17 | ~-3.22 .16 | -1.80 *.43
Specific worth 1.34+.086 | 0,216,078 | -1.20+.067 { -0.474%.,024 | -0.127£.03
( /kg)
JF8-V1 1.61 -0.77 -3.99 -3.69 -6.84
(C/E) 0.47 —_— 1.31 1.15 3.80

JF§-V2 - 3.06 0.097 -4.,01 -3.54 -4.82

Streaming effect | 0.029 0.268 0.818 0.544 1.72

Corrected with | 3.09 0.365 -3.19 ~3.00 -3.10

streaming effect

(C/E) 0.91+.06 0.66 .36 1.05+.06 0.93 £.05 1.72 £0.24
(C-E) ( /kg) -0.125 -0.,073 -0.055 0.032 -0.092
Table 4.2.3  Components of sodium void reactivity worth by
exact perturbation in MZA (x ]_O_4 Ak/k)
Voided region A B C D A~D
(cm) '

Component 0~15 15~30 30~45 45~80 0~80
Fission -1.30 -0.884 -0.363 -0.023 - 2.60
Absorption 1.61 1.13 0.549 0.244 3.53
Scattering 3.44 2.57 1.44 1.10 8.65
Leakage -0.688 -2.72 -5.63 -4,87 -14.40
Total 3.06 0.097 -4.01 -3.54 - 4,82
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Resonance parsmeters of 23Na at 2,85 keV

Table 4.2.4
Er (eV) Ta (eV) Tv (ev) J Reference
2810 380 + 15 {0.34) 1 Seltzer, Firk, N.S.E. ('74)
2860 424 0.6 1 Moxon, (N-23/27
2850 400 1 Rahn et al, Phy. Rev. C. ('73)
(410) 0.35 Friesenhahn, Wash. Conf. ('68)
(424) 0.35 1 | Kopecky et al, RCN-175 (!72)
0.47 Hockenbury ('70)
0.47 Yamamuro, N.S.E. ('70)
220 Hibdon, UK 72
*2850 410 0.47 1 ENDF B/III, IV
%2850 410 0.38 1 BNL-325, 3rd. ed. ('73)
* 380 0.22 Schmidt, KFK 120
Evaluated values
.( ) Assumed values for determining FY or Fn
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Table 4.2.5 Comparison of infinite group cross sections of 23Na

Elastic scattering (barn) Capture (m barn)
Energy (keV) Tp=410 eV | I,=380 eV |Ty=0.47 eV | Iy=0.35 eV
59.8 46,5 7.80 7.79 5.11 5.11
46.5 36. 3.04 3.02 .138 . 137
36. 27.8 3.48 3.45 L0467 L0451
27.8 21.5 3.70 3.67 .0375 0343
21.5 16.6 3.93 3.88 0454 .0389
16.6 i2.9 4.20 4,13 0716 .0579
12.5% 10. 4,61 4,51 .135 .105
10. 7.73 5.30 5.13 .295 .224
7.73 5.98 6.61 6.31 .739 .555
5.98 4.65 9.69 9.06 2,24 1.67
4.65 3.6 21,32 19.37 10.4 L 1,77
3.6 2.78 165.1 157.9 166. 123.
2.78 = 2.15 89.49 81.86 124. 92.5
2.15 1.66 10.6 .01 22.6 16.8
1.66 1.29 4.66 4.06 12.1 §.98
1,29 1.0 3.22 2.90 8.93 6.66
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Table 4.2.9 Anisotropy of diffusion coefficient in normal and void state

[(D, /DJ_ )void - (Dj’ /D_L)normal] %100

Group | JFS-V1 | JFS-1R | JFS-N JFS-V2 | D, /Dy (JFS-V2)
1 0.50 0.57 0.55 0.6 1.011
2 0.53 0.59 0.58 0.6 1.013
3 0.56 0.62 0.64 0.6 1.014
4 0.60 0.68 0.71 0.6 1.016
5 0.81 0.89 0.92 0.9 1.024
6 0.68 0.73 0.72 0.7 1.016

T 7 0.81 0.86 0.87 0.8 1.017
8 1.09 1.14 1.08 1.0 1.025
g 1.47 1.56 1.51 1.4 1.034

10 2.11 2.11 2.04 2.0 1.044
11 1.79 1.84 1.82 1.8 1.024
12 1.73 1.80 1.82 1.6 1.029
13 2.67 2.59 2.54 2.3 1.072
14 2.30 2.38 2.41 2.2 1.052
15 2,25 2.34 2,37 2.2 1.051
16 2.75 2.55 2.55 2.4 1.043
17 2.05 2.08 1.99 1.8 1.045
18 1.93 1.94 2.40 2.0 1.043
19 2.04 2.07 2.15 1.4 1.049
20 1.78 1.82 |  1.86 1.9 1.045
21 2.20 2.26 2.17 2.1 1.049
22 2.61 2.65 2.52 2.5 1.042
23 1.92 2.06 2.03 1.9 1.048
24 1.09 1.09 1.05 1.0 1.038
25 2.58 2.52 2.46 2.3 1.055
26 2.40 2.45 2.40 2.4 1.054
27 1.94 1.93 1.87 1.9 1.048 P
28 2.18 2.15 2.03 2.0 1.046
29 1.87 1.87 1.73 5.6 1.041
30 1.67 1.66 1.53 1.8 1.037
31 2.67 2.67 2.54 2.4 1.040
32 2.03 2.04 2.65 2.6 1.028
33 -22.77 | -22.75{ -14.6 ~14.2 1.002
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Table 4.2.9 (Continued)

Group | JFS-V1 | JFS-1R | JFS-N | JFS-V2 .q,/QL(iFS—V25
34 -8.72 | -871 | -3.01 | -2.9 1.005
35 3.01 3.02 3.04 2.7 1.042
36 2.53 2.57 2.02 1.7 |- 1.044
37 2.02 2.00 1.65 1.6 1,046
38 1.62 1.65 1.48 1.5 1.047
39 | 1.43 2.42 1.34 1.3 1.045
40 1.19 1.28 1.30 1.3 1.047

Dy : parallel directional diffusion coefficient

D) : perpendicular directional diffusion coefficient

Table 4.2.10 Sodium void reactivity worth for pin cell in MZB
4

(x 10 Ak/k)
Voided region JFS-V2
© ?im) Experiment] JFS-VL | JFS-N _
(C/E} KC-EX( /kg)
Core center l.91i.02‘ 1.23 1.36 « | 1.976 (1.03) 0.025
0~ 15 em (-0.002)
Core edge -0.15%+,02 | -0.96 -0.83 , |-0.049 | (0.33) 0.020
15 ~ 45 cm (-0.10)
Axial blanket | -0,85%.02 | -1.00 -1.01 , |-0.865| (1.02) | -0.003
45 ~ 74 cm (-0.10)
Whole core 1.72+£.02 0.23 0.55 , 1.92 (1.10) 0.022
0 ~ 45 com (-0.05) '
Element 74,02 | =0.86 .=0.56 0.989 | (1.34) 0.019
0 ~ 74 cm (-0.15)

* Reactivity due to neutron streaming effect
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Table 4.2.11 bbﬁﬁafison'of sodium void reé&tivity worth for central

pin cell in MZB (x 1074 Ak /k)
No. of elements Experiment JFS-N JFS-V2
* * *
1 0.20+.02 (1.0) 0.06 (1.0) 0.204,, (1.0)
(1.02)
3 4 0.77+.02 (3.85) | 0.215 (3.39) 0.835,, (4.09)
(1.08)
_ 9 1.75%,02 (8.75) | 0.550 (7.50) 1.92 .. {(9.41)
N . (1.10)
® } shows a ratio of reactivity to one
voided element.

%% C/E value.

Table 4,2.12 Comparison of reactivity component
by perturbation calculation for central region
(x 107° ak/w)

Non leakage Leakage Total
Cell Voided region = = %
Present UK Present UK Present UK
Center cells 180 174 - 9 - 8 171 165
Upper and ) - _ -
lower cells 300 292 297 295 3 3
Plate
Whole core 481 468 -308 =306 173 162
Axial blanket 72 78 -180 -193 -108 -116
Element 554 546 -499 -517 55 29
Center cells 212 200 - 14 - 14 198 186
| Upper and 257 245 252 268 5 - 23
lower cells
Pin
Whole core 470 447 -268 -286 202 161
- Axial blanket 65 71 -146 -166 - 81 - 94
. Element 534 518 -420 -466 114 52
1

Present : JFS5-V2 was used.
*
UK : By Stevenson J.M. et al, Ref.{(21).

These values are not corrected for the neutron streaming effect.
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‘Fig.4.2.4  Sodium cross section at 2.85 keV resonance
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4.3 Analysis of ZPPR Assembly 2 and Assembly 3
4.3.1 Description of Assemblies and Void Configurations

ZPPR-2 (Zerd Power Plutonium Reactor Assembly 2) is a mock-up of
a demonstration size plutonium fueled fast breeder reactor. The
assembly regions simulate closely the mixed PuOZIUO2 fuel, staiﬁless
steel.structure, sodium coolant and blanket compositions of a real
power reactor. The core is a flattened cylinder (H/D ~0.5) with two
equai-volume (about 2400 liters) zones. To provide the power flatteﬁing,
the plutonium concentration in the outer core is higher by fifty peréents
than that in the inner core. The fuel, sodium and other simulated
structural materials are in plate form and some significant quantityféf
mixed Pqu/UO2 rods is used to investigate the rod configurationé. Aﬁ
extensive series of sodium void reactivity, Doppler effect, neutron |
spectrum and sample worth measurements(zz) were performed in ZPPR—Z.
Among these parameters, the sodium sample worth and the large s;ale—
sodium void reactivity measurements were analysed in this chapter.

The detailed assembly description is given by Amundson et al.(sg)
Figure 4.3.1 shows a view of the interface of ZPPR-2, The core height covered
45,8 cm and the equivalent radii of the inner and outer core were 64.67 cm
and 91.45 cm, respectively. The plate cell patterns of the inner and outer
core, and radial and axial blanket are shown in Fig.4.3.2. The inner core
consists of one drawer cell, but the outer core is composed from two types
of drawer cells with single or double columns of Pu-U-Mo plate. The
dimension of structure matrix is illustrated in Fig.4.3.3.

The sodium void reactivities were measured at the central region

of the inner core and at the interface regions of the inner and outer

cores., In the latter case, the twenty five drawer sector was voided
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in each region of the inner and outer cores as shown in Fig.4.3.1.

In the former case, the number of veided drawers was 1, 4, 9, 21,

45, 69 or 93, and in the last case the voided region occupied 23 percents
of the inmer coré cross—sectional area. The most cases were voided

over an axial distance of z = %12 inches.

The sample worth distributions of sodium were measured at six dif-
ferent axial positions, z = 0,00, 3.036, 7.036, 11.036, 14.036 and
22.036 in., by traversing radially from the reactor center to the outer-
most portion of the radial reflector. The measurements were performed
in the slot environment at z = 0.0 and in the tumnel environment at the
other locations, The sample size of sodium is 5.5 em in length and 1 em
in diameter,

ZPPR assembly 3 was constructed with about the same core volume as the
assembly 2, Experiments performed in.the assembly 3 were divided into four
phases, and the phase 3 simulated a stage of beginming-of-cyecle condition
in a burn—up cycle. Nine control rods (CR) of B4C and ten control rod
positions (CRP) filled with sodium were added to study effects of
control rods on neutronics parameters. Therefore, plutonium spiked
fuels were used in the plate fueled drawers in order to maintain the criti-
cality, The cross sectional view of the core is shown in Fig.4.3.4.

The voided region was extended to an axial distance of z = %12 in,,
where the sodium worth changes its sign from positive to negative.

The voiding zones varied from four central drawers to 632 drawers_which
introduced nearly the maximum positive void worth. Sodium was removed
also from CR and CRP, . At the central four elements, the voided regiéns
varied axially. These voided regions are illustrated in Fig.4.3.5 by
denoting with the same symbol for each voiding stage, for which the

vold worths were measured. The reference core of phase 3 has
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B = 0.30125 % Ak/k and the voided core Beff = 0,30686 % Ak/k.

eff

4.3.2 Methods of Analysié

In the analysis of ZPPR-2, the two-dimensional cylindrical model was
employed as shown in Fig.4.3.6. The sddium voided regions with irregular
boundaries were necessarily depicted as right cylindefs. The adequacy
of this model was examined by comparing the calculated results with those
in the three-dimensional xyz model for the 69 drawers voided case,

In modeling a unif cell, the stainless steel drawer and side wall
of the assembly matrix were treated as one region of stainiess steel,

The upper and lower matrix is uniformly diluted into thg cell after
obtaining the cell averaged cross sections. The heterogeneity calcula-
tions have been performed by SLAROM with use of JFS-V2, The multi-
dimensional diffusion calculations were carried out by using CITATION
and its output reél and adjoint fluxes were used in the perturbation
calculafions performed by CIPER. The calculations of ZPPR-3 were made
in xyz geometrf, since it is improper to describe the complex configura-
tions with CR and CRP in rz geometrf, and also it is not easy to give
accurately space dependent bucklings in xy or rl geometry. Furthermore,
to discuss the control rod effect on the sodium void reactivity, it is
preferable to exclude an ambiguity fesulted from the calculation model.
We have maae two-dimensional calculations in rz, xy and.re geometry in
order to examine how the criticality is affected when CRs are smeared
into annular rings. The results will be discussed below. The mesh
spaqing in xy plane was generally one mesh pef drawer (~5.6 cm) and the
half of it at the central drawer, and in z-axis it was 3.817 cm in the

core and 5.084 £m in the blanket.
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The method of heterogeneity calculations was similar to the case of
assembly 2, The spiked cell was treated separately with use of the same
buckling valﬁe as the normal cell. Then, the macroscopic cross sections
were obtained by'averaging those of normal and spiked cells with the
weilghts of the number of drawers in the inner and in the outer core,
respectively. In the cell calculation of a control rod, the integral
transport equation was solved for a contrel rod cell with the surrounding
homogenized core region., Thus, the influence from the neutron sepctrum
in the core could be introduced into the cell averaged cross sections of
CR. The diffusion coefficient of CR was obtained from the averaged
transport cross section without use of Benoist's diffusion coefficient
because the absorption is strong in CR., When sodium was removed from a
cont;ol rod channel, it looked like a cavity. Therefore, the convention-
al definition of diffusion coefficient would be inadequate in this
circumstance. In the present work, the modified diffusion coefficients

(60)

propesed by Seki et al. were used:

-2r/A ~-2r/A
by =3 e Pown - oy
by = Dhom ’
1l
av=‘3-(2D”+D_L) »

where Ao and A are a mean neutron transport length in CRP and its
neighbouring core, respectively, and r stands for the radius of CRP.

The cell averaged cross sections with 70 groups'stfucture were col-
lapsed into eighteen groups by weighting with the neutron flux obtained

for the one-dimensional cylindrical geometry. Then, the collapsed regions
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were carefully chosen to take account of the space dependence of the
neutron spectra,

As shown.in Fig.4.3.4, the core of ZPPR-3 is not a quarter symmetry but
a half symmetry, -The right half core includes four CRs and two CRPs, But the
left half core does two CRs and four CRPs. Though the flux calcuiations
should be made for a half symmetric core, a quarter symmetric core mbdel
was adopted by considering the capacity of the core memory in compuﬁér.
Therefore, the final results were obtained from the average of two rﬁns
for the left and right quarter cores. |

The sample worth of sodium was measured at z = 0 from the center
to the outermost portion of reflector. This analysis was made by the
first order perturbation method,

Since the EP method is too much time-consuming to calculate many
cases in the three-dimensional model, we adopted an intermediate méthod
where the real and adjoint fluxes were only calculated for the
reference core and the two voiding stages corresponding to the
voided inner core and the most reactive core. In addition, the perturba-
tions for the intermediate voiding stages were made by using appropri-
ately these real and adjoint fluxes to approximate the exact

perturbation.

4.3.3 Results and Discussions on ZPPR-2

{1) Sample Worth Distribution of Sodium

In the calculations of the small sample worth of sodium, the FOP .
method was used since the sample size was so small that it would not
disturb the environment. The real and adjoint fluxes were obtained for

xyz geometry in order to reflect the three-dimensional effect. The value
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of k was 0.9980 without including any corrections. The radial traverées

eff
are compared between the calculations and the measurements in Fig.4.3.7
at z = 0, 7.711, 17.871, 28.031, 35.651 and 55.971 cm. The measured
values at z = 0.0’and 17.871 cm do not fit to a smooth curve and also
have the large experimental uncertainties. We can see from the figure
that the calculations give consistently more negative values than the
measurements except for the results at z = 55.971 in the axial blanket,
where a better agreement is found. The discrepancies were nearly
constant over the entire radius as shown in the figure at z = 7.711,
28.031 and 35.651 em. As seen from Fig.4.3.7 (g), the slot ﬁeasurements
at z = 0 are not consistent with the tunnel measurements at the other
locations because of the systematic experimental errors due to the
streaming effect through a slot. The observed trend of discrepancy in

the sodium sample worths is similar to the results of the large scale

sodium void worths as described below.

(2) Sodium Void Worth

The calculated and the measured sodium void reactivity worths are
presented in Table 4.3.1. The calc;léted values are corrected for the
neutron streaming effects. The C/E values are indeed constant,
1.10 ~ 1.20 over the range of zone sizes from nine to 93 drawers voided
for *30.54 cm. The C/E value for oﬁe drawer voided for *30.54 cm seems
to be quite.good but the measured value has a large experimental un-
certainty. The measured value for the nine drawers voided for +30.54 cm
is thought to be in consistent with the others because those specific:

4 Ak/k, nevertheless the nine drawers

4

worths are about 0.31 ~ 0.34 x 10
case gives a too small value of (.28 x 10 ' Ak/k. Therefore, if omitting

this case it can be concluded that the calculations predict more positive
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worths by 10 ~ 20 percents than the measurements for all the voided
regions. The deviations of the specific worths from the measurements

are consistently 6 X 10_6

Ak/k/kg for the 9 ~ 93 drawers, of which the
spread is apparently small. Here, it should be noted thaﬁ the calcula-
tions for MZA and MZB gave more negative worths than the measurements
in contrast with those for ZPPR-2. The rz model adopted here was examined
its accuracy by comparing with xyz model for the 69 drawers. As shown in
Table 4.3.1, the result in xyz model is smaller by 6 percents than that in
rz model. The difference would be contributed mainly from the leakage component.
Table 4.3.2 shows the results for the off-central regions. These
calculations were made in xyz geometry for obtaining the worths from the
difference of keff (DC)} or EP methods corrected and uncorrected for the.
neutron streaming effect. In the inner core (region A), the C/E value
is consistent with those for the central zones, but in the outer core
(region B) the calculation gives a fairly negative value than the

measurement. The additivity of the worths for regions A and B is well

realized for both the measurements and the calculations.

4,3.4 Results and Discussions on ZPPR-3

(1) Effective Multiplication Factor

The effective multiplication factors are compared in Table 4.3.3
which are cobtained by using different models in two and three-dimensional
calculations. It should be noted that keff by rz geometry is about three
percents lower than that by xy geometry, In rz model, CRs and CRPs were
smeared into annular regions with equal volumes and the disadvantage
factor was not accounted in the calculation. Since this large difference

is thought to be caused from the annular models of CRs, we compared keff

— 100 —
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between other two models in r® geometry of which configurations are
shown in Fig.4.3.8. One model represents CRs and CRPs as the annular
regions and the other does them as the isolated regions. The results

show that the annular model is 3.5 percents smaller in ke "than the

ff

isolated model which gives ke close to the xyz model. This fact means

ff
that the rz model will be inadequate for ZPPR-3 and it may be also true
in the calculation of the sodium void worths. The underestimation of
keff arises from the fact that in the annular model fhe absorption
becomes larger than the isolated case as the spatial shielding effect
decreases,

Moféover, Table 4.3.3 shows that the average value over the two quarter
symmetric cores is in a good agreement with the value of the half core
symmetric core, so this treatment will be reasonable in three-dimensional

cases. The calculation in xyz geometry thus obtained predicts keff as

0.99591 which is very close to the value in the xv model mentioned above.

(2) Sample Worth Distribution of Sodium

The small sample worth tfaverse is comparéd between the calcula-
tions and the measurements in Fig.4;3.9. In this direction (nggative X
direction at ¥y =0 and z = 0), the sodium worth was measured across two
CRs, so Fig.4,3.9 shows large depressions there. The calculation agrees
very well with the measurement in the region, 0 ~ 90 cm, while it under-
estimates slightly in the interval, 90 ~ 110 cm., At the outer CR, the cal-
culation predicts more positive value than the measurement and a more
fine mesh calculation will be required to follow the deep minima.

In Fig.4.3.9, the calculated sample worth traverse is shown also in
another direction {positive v direction at x = 0 and z = 0) where

CRP is present at the outer boundary of the inner core (r = ~65 cm) as

— 101 —
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seen in Fig.4.3.4. A positive peak value appears there, It can be
seen that the two sample worth traverses are fairly different from each
other in the.region, 20 ~ 100 cm. It suggests that CR or CRP will
influence signifi&antly to the sodium void worth in theif neighbour—

hood.

(3) Sodium Void Worth

Table 4.3.4 shows a comparison between the calculated and the
measured void worths in each voiding stage. The symbols represent the
voiding stages corresponding to the regions in Fig.4.3.5. In the steps
Al ~ A3, the worths were measured at the central CRP by varying axially the
voided regions. The real and adjoint fluxes used in the perturba-

tion calculations are also shown in the table. They were selected to

provide approximately the unperturbed adjoint flux and the perturbed

real flux for each voiding stage. The calculations were corrected for
fhe neutron streaming effects. Examination of these calculated results
reduces to the following:

1) At the central CRP, the C/E values of steps Al and AZ are much
lower than that for A3 in the-core,.which shows good agreement with
the measurement. Hence, the worths will be underestimated.in the
axial blanket.

2) In the inner core, the C/E values of the most steps are 0.8 ~ 0.9,
and in the outer core the sign of the worth is reverse for some steps
although their absolute values are small.

3} TFor the steps B3.8 ~ B3.10 which correspond té the outer ring of
CRs and CRPs or their adjécent drawers, it seems better for the pertur-
bation formula to use ¢Iv and ¢*V, the real and adjoint fluxes in the

*
voided state of the inner core, than to use ¢Iv and ¢ , because the

=102 -~
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reference state of these steps are rather closer to the voided state of
the whole inner core than to the reference core. Consequently, their
C/E values ére improved by using ¢Iv and ¢:v.

4) All the caléulations give more negative Worths.than the measure-
ments, showing a similar trend observed for MZA and MZB.

The cumulative voiding worths are shown in Table 4.3.5. The C/E
values are 0.84 ~ 0.93 in the inner core and 0.74 ~ 0.86 in the outer
core. These results are illustrated in Fig.4.3.10 where the results
by FOP method is also presented. The present method (VP)} is clearly
superior to FOP. The radius which provides the maximum worth is slightly
different between the calculation and the measurement. The deviations
of specific worths (C-E)/kg are shown also in Table 4.3.5 which reveals
that they are almost constant, -4.0 X 10_6 Ak/k, throughout the
core. Therefore, we can reflect the results to the design of demonstra-
tion reactors by using this value as the bias factor in the meodification
of calculations.

The results of direct k calculations are presented in Table 4,3.6
for the large voided zones. The worths are shown also in dollar units
in parentheses. Taking account that the target acquracy of prediction
for a large voided zome is 0.5 dollars, the present results may be

satisfactory.

(4) Effect of Control Rod and Control Rod Position on Sodium Void Worth

As discussed before, CR and CRP affect significantly to the sodium sample

worth, so it is interesting to examine this effect on the sodium void worth.

In Table 4.3.7, the sodium void werth of a single drawer is compared among
different void positions: CR, CRP, fuel drawer adjacent to CR(F/CR), fuel

drawer adjacent to CRP(F/Na) and fuel drawer at the intermediate

— 103 -
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position (Fuel). These drawers are selected both in the inner and in
the outer rings of CRs and CRPs as illustrated in Fig.4.3.4. It can
be concluded from the table that:

1) The CRP (sodium filled channel) has a negative void worth but

CR a positive one for both the inner and the outer rings.

2} The fuel drawer at the intermediate position has the most positive
worth among three fuel drawers.

3) The worth per drawer or per kg-Na is the most positive for CR.

4} The worths of F/Na and F/CR are nearly the same in the inner ring
but the latter has a larger negative worth in the outer core.

. To éxplain phenomenisticaly these results, the real and adjoint
fluxes are shown in Figs.4.3.11 and 4.3.12, respectively. The neutron
flux at Fuel is softer than that at F/CR but harder than that at F/Na.
The neutron flux at CR is the lowest among all of them throughout the
~energy range. The adjoint spectra are almost the same for CRP, Fuel
and F/Na, but at F/CR it decreases helow 100 keV and attains the minimum
around 10 keV. The adjoint spectrum at CR decreases monotoneously with
decreasing energy because of the strong absorption due to a 1l/v capture
cross section of lOB. The sodium worth at CR is positive since the
scattering component has a large positive wvalues in almost all the energy
range. On the other hand, the minimum of the adjoint flux at CRP is
around 30 keV, so the scattering component is positive below this energy.
It is inteiesting that the absorption term eof CR is negative in contrast
with other drawers. Usually, the macroscopic capture creoss section of the
cell decreases when sodium is lost. However, in the cell of CR, the |
weighting flux distribution is varied to increase the welght of boron
region, accordingly to increase the cell averaged capture cross section

even if sodium is voided.

— 104 —
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Among three fuel drawers, Fuel has the most positive worth although
the magnitude of the scatfering term is in the order of F/Na < Fuel
< F/CR and tﬁat of the leakage term F/Na > Fuel > F/CR. In Figs.4.3.13
and 4.3.14, the édjoint and real fluxes are compared between Fuel and
F/CR in the immer core. The adjoint flux at F/CR decreases with energy
more steeply above 10 keV than that at Fuel, so the scattering and also
the non-leakage components become more positive. In other words, CR
shifts the non-leakage component of its adjacent fuel drawers to the
positive side. Moreover, sodium in front of the outer CRs plays a role
to shield the core from boron in CRs, so it reduces. the control rod
worth in the reference core., When sodium is removed, this effect is
lost and consequently the sodium voiding introduces the additional
negative reactivity change. As a result, it cén be said that CR or CRP
may cause the change of the sodium veid worth by several tens of percents
at the neighbouring fuel region. Hence the spatial distribution of the
sodium void worth is substantially distorted by CRs. In addition,
it should be noted that CR has a large positive void worth. The in-
fluence of CR on the cell averaged cross sections of fuel regions is

not accounted in the present investigation.
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Table 4.3.2

JAERI-M 8138

Sodium void worth at off-center of ZPPR 2

(x 10°% Ak/K)

Calculation
Voided region Experiment
%
DC EP C/E

Inner core 4,28
3.72x.08 4.55 1.12+.02

A 4.19

Quter core -2.82
-1.52+,08 -2.98 1.42+.05

B -2.15

Inner + Outer 1.42
2.14%,10 1.51 0.94%.05

cores, A+ B 2.02

* Lower values are corrected for the neutron streaming

effects.

Table 4.3.3 Comparison of effective multiplication factor

Geometry Comment kaff
R-Z 0.96384
X-Y Half core 0.99625
X-Y Average of 1/4 symmetric 0.99659
core
R-9 Annular CR & CRP 0.96422
R~0 Isolated CR, & CRP 1.00084
X-Y-Z Right 1/4 symmetric core 0.98974
X-Y-Z Left 1/4 symmetric core 1.00208
X-Y-Z Average of 1/4 symmetric 0.99591
core
X-Y-Z Right 1/4 symmetric core 0.99518
with voided inner core
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Table 4.3.4

JAERI-M 8138

Comparison between calculation and measurement

for sodium void woérth in step at ZPPR 3, phase 3

(107% Ak
Voiding ‘Trgzzi dd;zgers Real and
half Experiment | Calculation C/E
stage (in step) adjoint flux
Al 4 (36 in.) | - 3.18 - 2.1 0.66 o ., ¢
A.2 4 (218 in.) | 2.45 1.55 0.63 | ¢ , ¢
A.3 CRP-1 4 (#12 in.) 1.27 1.41 1.11 b, ¢
Ak = 42 (+38) 8.318 7.332 0.88 o1V, ¢F
B.3.1 60 (+18) 4.290 3.408 0.79 ov, ¢F
B.3.2 100 (+40) 8.328 6.954 0.84 ¢r% o
B.3.3 146 (+46) 11.26 11,07 0.98 o1V,  o*
B.3.4 = 188 (+42) 8.767 7.262 0.83 A
B.3.5 228 (+40) 7.948 6.156 0.77 oV, ¢*
B.3.6 [ ] 278 (+50) 7.438 5.586 0,75 0.V, oF
B.3.7 ¢ 324 (+46) 5.413 4.392 0.81 o¥, o
B.3.8 Gl 358 (+34) 4.054 2.425 0.60 o;7  o"
* 3.226 | 0.80 | ¢V, ¥
B.3.8a iy 370 (+12) | - 0.5462 = - 1.014 1.86 ;% o*
* 020762 | L.36 | gy, o
B.3.9 410 (+40) 1.982 1.022 0.52 o1V ¢¥
x 2.739 | 1.38 | ¢V, ¢V
B.3.10 A 434 (+24) 3.903 2.780 0.71 o7, ¥
11 B 480 (+46) 3.777 2.047 | 0.54 | ¢V, o¢r
12 c | 500 (+20) 0.8377 0.1800 | 0.21 9”77
13 D 522 (+22) | 1.028 | - 0.2573 | — o' 07
14 E 542 (+20) 0.2639 | - 0.4878 | —- T Sud
15 F 566 (+24) 0.8224 | - 0.6051 | — s 7V
16 6 586 (+20) 1.694 0.2709 | 0.16 o ofY
17 H 608 (+22) | - 1.019. | - 2.253 2.21 0ovs  ¢RY
18 I 632 (+24) 0.1596 | - 0.9305 | -—— o odY
¢ : Normal flux, ¢* : Normal adjoint flux
¢£V : Inner core void flux, ¢iv . Inner core void adjoint flux

*
¢ V : Maximum void worth flux, ¢ov
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Table 4.3.5 Comparison bétween caleulation and measurement
for cumulative voiding worth at ZPPR 3, phase 3
0™ ak/i)
:VZ:gézg calec, C/E (C-E)/kg
A3 0.8559 0.93 -0.012
Ab 8.188 G.89 -0.035
B.3.1 11.60 0.86 -0.046
B.3.2 18.55 0.85 ~0.048
B.3.3 26,62 0.89 -0.059
B.3.4 36.88 0.88 -0.036
B.3.5 43.04 0.86 -0.041
B.3.6 48.62 0.85 =-0.044
B.3.7 53.15 0.85 -0.041
B.3.8 56.38 0.85 -0.041
B.3.8a 55.63 0.84 -0.040
B.3.9 58.37 0.86 -0.033
B.3.10 61.15 0.85 -0.035
B.3,11 63.20 0.83 -0.037
B.3.12 63.38 0.83 -0.038
B.3.13 63.12 0.81 -0.040
B.3.14 62.63 0.80 -0.038
B.3.15 62,03 0.79 =-0.043
B.3.16 62,30 0.77 -0.045
B.3.17 60.05 0.76 -0.046
B.3.18 59.12 0.74 -0.047

Table 4.3.6

Comparison between calculation and

measurement for large scale sodium
void worth in ZPFR 3

Voided region Experiment Calculation C/E(C-E)$
Inner core 68.17 (2.22 $) 60.88 (1.98 %) 0.89 (-0.24 %)
Maximum void 65.38 (2.13 $) | 0.81 (-0.49 $)

worth region

80.50 (2.62 §)

Calculated values were cobtained from the differences of direct k

calculations.
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Comparison of sodium void worth at Na~-CRP, CR and

Table 4.3.7
- neighbouring fuel regions
_'6 :
(10 Ak/K)
!
. Position Total Absorption Fission Scattering Leakage
i Inner Core
| o
| CRP - 66.79 42,35 0.0 200.1 -309.3
‘ (-12.63) (37.80) (-58.49)
F/Ba 23,03 39.19 -29.39 107.2 - 93.97
(8.732) (40.65) (-35.63)
Fuel 38.67 37.85 -29.84 133.C -102.3
(14.66) (50.43) (-38.80)
F/CR 24.50 30.51 -27.06 182.6 =171.4
% (9.364) (73.04) (-64.98)
!"
CR 135.0 ~-60.38 0.0 _ 420.6 -225.2
(35.17) {(109.6) (-58.69)
Quter Core
CRFP - 54.73 27 .36 0.0 112.7 -194.7
(-10.35) (21.31) (-36.83)
F/Na - 19.46 24.75 -21.64 59.69 - 82.26
(-7.94) (23.7) (-32.71)
Fuel - 15.80 23.34 -20.63 74.05 - 92.56
(-6.283) (29.44) (-36.80)
F/CR - 32.78 13.20 ~13.34 104.7 -137.3
(-13.03) (41.62) (-54.60)
CR 50.01 -19.36 0.0 149.3 - 79.91
(27.92) (83.74) (—44761)
( ) /kg-Na

Sodium weight :

Inner core fuel=2.637 kg, Outer core fuel=2.515 kg,

Na-CRP=5,287 kg, CR(I/C)=3.838 kg, CR(0/C)=1.791 kg
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Fig.4.3.1 Interface view of ZPPR 2 and location of off-central
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4.4 Calculation of Sodium Void Worth Distribution in Proto-Type Fast

Breeder Reactor

The proto-type fast breeder reactor in Jaﬁan, "MONJU"(14) is a sodium
cooled reactor fueled with plutonium oxide of pin type clad with
stainless steel. The core is composed of two zones, inner and outer core
with a height of 46.5 cm and equivalent radii of 59 em and 89.4 cm, respec-
tively. The cross sectional view of the core is shown in Fig.4.4.1.

A main concern in safety related problems is to predict precisely
the reactivity change due to sodium loss. In this section, we intend to
predict the sodium void worth distribution in the core and axial blanket
regions, and also the maximum positivé reactivity change.

In the present work, we treat only the core with initial loading
composition. As discussed in Ref,(61), the sodium void worth of a power
reactor varies to a more positive side as proceeding with the burn-up and

as accumulating fission products.

" 4,4,1 Calculational Method and Model

The group constant sets used are the JAERI Fast set version 1R and
version 2. - The detailed contents of these sets were explained iﬁ
Ref.(51). Since the heterogeneity effect is not significant for a pin
cell, the homogeneous model 1s adopted here. By using the effective
cross sections for each region, one dimensional diffusion calculations
have been performed and collapsed into eighteen groups from seventy groups
for two dimensional calculations. The lower boundaries of gfoups are as
follows; 6.5 MeV/4 MeV/2,5 MeV/1.4 MeV/800 keV/400 keV/200 keV/100 keV
/46.5 keV/21.5 keV/10 keV/4.65 keV/3.6 keV/2.78 keV/2.15 keV/1 keV/

46.5 eV/0.215 ev/.
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The calculational model in rz geometry is shown in Fig.4.4.2. The
hexagonal layers consisting of the hexagonal fuel assemblies are approxi-
mated by annﬁlar regions with the equivalent volumes and distances from
the core center.‘ Accordingly, the inner core consists of six fuel
régions and the outer core two fuel regions. All the control rods are
replaced by the sodium channels. The neutron source is replaced also by
the sodium channel. They are circularized in the same manner as shown
in Fig.4.4.2. The third layer of the inner core includes the sodium
channel region internally.

The sodium void worths were calculated for the fuel regions but not

for the sodium channels. To obtain the spacial distribution, each annular

region is axially divided into three regions, ¢ ~ 15.5 cm, 15.5 em ~ 31.0 cm,

31.0 cm ~ 46.5 cm, in the core and into twe regions, 46.5 cm ~ 62,75 cm,
62.75 cm ~ 79 cm, in the axial blanket. The maximum void worth is deter-
mined by taking summation of the positive worths.

The one dimensional diffusion calculations were pérformed by using
SLAROM and the two-dimensional calculations by CITATION. The sodium
void worths have been obtained by the first order perturbation routine in
the CIPER code. TFor some regions the exact perturbation or direct
criticality calculations have been also performed to compare the results

with the first order perturbation. The radial and axial buckling values

-used for the one-dimensional calculations in slab or cylindriecal

geometry, are given in Table 4,4.1.

4,4,2 Void Worth Distribution and Maximum Worth

The results is presented in Table 4.4.2, where the upper value in

each row is obtained by the JFS wversion 1R and the lower by the version 2.
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The eigenvalue of the reference core is 1.0338 and 1.0264 by the versiohs
1R and 2, respectively,

The soaium void worth in the axial blanket is negative for all the
regions. In the.inner core, it is positive in the region, 0~31.0cm
and turns to negative in the region, 31.5 ~ 46.5 em. In the outer core,
the worth is negative except for the region, 0 ~ 15.5 cm, of the seventh
region.

The specific worth (worth / kg-Na) is presented in Table 4.4.3 for
each region. The characteristics of spatial distribution can be easily
séen from the table. That is, the specific worth varies to negative side
with approaching to the outer boundary and is almost constant in the
axial blanket. There are large differences between the seventh aﬁd the
eighth regions, because the radial gradient of the neutron flux varies.
rapidly in these regions and the leakage component is propertional
to it. The specific worth is the most positive at the core center and
the most negative at the region, 0 ~ 15.5 cm of the eighth region. Its
radial dependence is shown in Fig.4.4.3 for the regions with total core
height. The two sets give a similar shape to each other.

The cumulative void worths of the core, and the core plus axial

"blanket region are shown in Fig.4.4.4, The worth becomes more positiﬁe
with increasing the radius and arrives at the maximum value around the
boundary between the inner and outer core, and then decreases rapidly in
the outer core. The figure reveals that the void worth slightly decreases
around the sodium channels at the third and fifth regions. This may be
due to the enviromment effect of the sodium channels. |

The maximum positive void worth is presented in Table 4./ .4 together
with each coﬁponent obtained by the perturbation calculations. The cor-

responding void region is composed of the regions, 0 ~ 31.0 cm in the
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inner core and 0 ~ 15.5 cm in the outer core. The direct criticality
calculations by the version 2 gives 1.01 % Ak/k (~ 3.4 dollars) which is
in a good aéreement with the first order perturbation calculation. It is
interesting thafithe scattering term becomes dominant at the méximum void
worth by the cancellation between the leakage and the absorption terms.
When the whole core and axial blanket are voided, the version 1R gives

a negative worth of -0.37 7 Ak/k and contrarily the version 2 a small
positive value. As a result, it should be taken into account in the
safety analysis that the positive reactivity of about 3.4 dollars will be

inserted with the sodium loss.

4.4.3 Comparison between Results by Version 1R and 2

From Table 4.4.2 we can see that the results by the version 2 are
more positive than those by the version 1R in all the regions. The dif-
ferences are about 30 ~ 40 percents in the core and 20 percents in the
axial blanket. Such quantities may be significant for an accurate
prediction of the sodium void worth, As shown in Fig.4.4.4, the difference
becomes larger with an increase of.the void worth, and attains at the
maximum around the boundary between the immer and outer cores. However,
the shape of distribution and the zone giving the maximum worth are almost
the same for either version.

In the following we examine the contents of difference. Fach reac-
tivity component is compared in Tables 4.4.5 ~ 4.4,8, As for the fission
term, the version 2 gives more negétive values by about tgn percents: than
the version IR as shown in Table 4.4.5. However, since their absolute
values are small and their contribution to the total reactivity is minor,

such a difference may not be significant. Here we note that the fission
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term is larger in the outer core than in the inner core because aﬁ'
enrichment of plutonium is higher in the outer region.

The abéorption terms by the version 2 given in Table 4.4.6, is more
positive by abouf 10 ~ ;5 percents than by the version iR over the inner
and outer cores, but in the axial blanket the difference between them is
negligibly small,

Table 4.4.7 shows that there exists a significant difference in the
scattering term. The version 2 gives more positive values by abouf 20
percents in the core ané by about 10 percents in the éxial blanket, Since
iﬁs absolute value is large, it plays a dominant role in the total
reactivity,

Table 4.4.8 shows that the version 2 results in a'less'négativé
leakage, but this difference is only a few percents. Tt Should be
noted that the leakage term varies rapidly with increasing the radius .
in the core and consequently moves the total reactivities to the negative
side.

From the above discussion, we can conclude that the main reason why
the version 2 gives more positive reactivities than the 1R, is firstly due

to the difference in the scattering term and secondly due to that in the

"absorption term. Such a conclusion can be inferred from Fig.4.4.3, where

the radial distribution of the total reactivity and the scattering term
are compared between both the versions. It can be seen that the difference
in the scattering terms is similar to that in the total worths throughout the

whole core. Moreover, in order to examine the scattering term méers. in-

detail, its group-wise contributions are presented in Table 4.4.9, which
shows the values for the region 0 ~ 15.5 cm at the core center. There exist
large differences in groups 9, 10(100~21.5 keV), 12(10~4.65 keV) and 15, 16

groups (2.78~1 keV). Above 100 keV, the version 2 gives rather more negative
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worths, Further, to decompose the reactivity change we present the

neutron flux and the adjoint flux in Fig.4.4.5. It reveals that the neutron
flux obtaine& by the version 2 is lower in the energy range 1 MeV ~ 50 keV
and higher below 2 kevV, ﬁhat is, softer spectrum than that by the iR. They
agree well in the neighbourhood of sodium resonance at 2.85 keV. Hence, the
neutron flux does not cause the large difference., On the other hand, the dif-
ference in the adjoint flux is important. It contributes to the reactivity
change as a factor of (¢:+1 - ¢:) in the scattering term, which is very

sensitive to the change of the adjoint flux. Remembering that the change of

macroscopic scattering cross sections accompanied by sodium loss was not

s¢ much different (within five percents) between the two sets, the dif-
ference in the factor (¢:+1 - ¢:) dominantly causes that of the scattering
term. The similar discussion can be applied to the case of the maximum
void worth presented in Table 4.4.4. 1In this case, the difference in the
scattering term is 0.153 % Ak/k and that in the absorpticn term is

0.067 % Ak/k. The characteristic of the adjoint flux mentioned ébove is
thought to arise from the revision of cross sections from the version 1R

to the version 2 for 239Pu, 238U and light elements. Such a revision for

239Pu and capture of 238U affects mainly to the groups 15 and 16, and that

for capture of 238U and light elements does to the groups, 9 ~ 12.
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Table 4.4.1 Group independent buckling values
(x 10"4 cm )
Region Axial bucking Radial buckling
Central

sodium channel
Inner core
Outer core
Axial blanket
Radial blanket
Axial reflector

Radial reflector

6.30

6.80

7.20

6.182
6.211.(6.125)
6.255 (6.156)

6.211

5.777

( )

Sodium voided case
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Table 4.4.4 Maximum sodium void reactivity worth
by first order perturbation (% Ak/k)
vV - 1R V-2
Fission -0.064 -0.072
, Absorption 0.390 0.457
Maximum
Scattering (.794 0.943
positive worth | ;. .vage -0.395 | -0.384
Total +0.73 +0.94
Direct calc. +1.01
Figsion ~0.125 -0.139
Core + axial Absorption 07653 0.750
blanket void Scattering 1.465 1.711
worth Leakage -2.360 | -2.311
Total -0.37 +.01
Direct calc. +3.20
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Table 4.,4.9 Comparison between group-wise contributions of scattering

terms by JFS-V2 and 1R (x 1078 Ak/k)

Group | JFS-1R | JFS-V2 ?%gfefe?ig)
1 4oh 5.0 0.6
‘ 2 10.9 10.3 - 0.6
| 3 bbb 41.1 - 3.3
| 4 78.2 76.4 - 1.8
3 5 51.0 46.1 - 4.9
| 6 85.4 83.3 - 2.1
| 7 75.1 76.2 1.1
8 62.5 61.2 - 1.3
9 69.7 86.1 16.4
10 - 2.3 15.3 13.0
11 ~12.2 -16.2 - 4.0
12 ~46.7 -33.5 13.2
13 -23.0 ~19.7 3.3
14 ~13.4 -10.3 3.1
15 —42,2 -32.5 9.7
16 ~45 .4 -30.2 15.2
17 - 8.1 - 8.2 ~ 0.1
18 0.0 0.0 0.0
Total | 292.7 350. 4 57.7

Calculated by first order perturbation for
0.0 - 15.5 cm of the first region in the

inner core.

- 140 —



JAERI-M 8138

I039eal Iapasiq 1SeJF

1030801 Iopesiq 3sey adL1-0r0xid Jo MoTA TeUOTIDAS §S0X7)

92IN0G UONaN @

T*v v 81d

poy dn ¥ovg @

Oy oul , poy Mealbg
ad43-0301d Jo topow uorlRINITE) 2'v v 8tg oy e AHV AHV
poy 9s4p0) Auv
jemoliod oN 77
2 8 8 o 280 2 R 3 oo
[\ [o] W [{e] O =N A Py b () O
(-] —— =} © o O -0~ o [4)3
b ] 1] 2] w —=-® H COND O m w o
] g
0 P 7
> W b — - \ILl 1'|||l._“
£ o ~ ~N ™~ NN~ S~ e
m . o la la alo alo |o
m = o [~ o o|siPule |-
i _|_ l-\15;|-||wm
g9t
] >
m x
=
x
064
43 XY

Q804

- 141 —



* Sodium Void Worth (16" ak/k /kgq )

JAERI-M 8134

T T T f T I T l
—_— JFS-V-2
0.4 - ~—- JFS-V-IR
] Na Follower
0.3 |- ' -
Core
0.2 | \"'"---..____ ScatteringTerm —
0.1 - Core Total .
\

0.0 - —
-0.1 + -
-0.2 —

\\ ]
~0.3 1.C. , 0.C.
Na Na Na
A | % ! | | 1
0 10 20 30 40 80 60 70 80 90

Rodius (cm)

Fig.4.4.3 Spatial dependence of specific sodium void reactivity
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5. Analysis with Use of Multi-Group Creoss Sections Produced by ESELEM 5
5.1 Cross Section Preparation

The sodium void worths were calculated for MZA and ZPPR assembly 2
by using ESELEM 5 described in Chapter 3. In order to keep the consis-
tency with the calculaticons made by using the broad group constants set
{broad group method), the similar models and methods were carefully employed
in the present calculaticns. The main difference of the methods exists
essentially in the production method of cell averaged cross sections.

In the fine group method, a fundamental mode neutron spectrum is cal-
culated at first for a hetexogeneous cell or a homogeneous medium.

The fine group width is 0.0084 in lethargy (2100 groups for 10.5 MeV

~ 0.25 eV). The cross sections of each region are averaged over the

cell and collapsed to the broad group structure. In the present cal-
culation, the number of broad groups is 70 and they are collapsed further
to 18 groups by one-dimensional diffusion calculations in the same manner
as in the broad group method. Therefore, a discrepancy observed befween
the results obtained by these methods will certainly arise from the dif-
ference of the production method of cell averaged cross sections.

Hence, this comparison is helpful to assess the capability to predict the
sodium void reactivity.

The heterogeneous cell calculations have been made in the normal
and voided states by using the buckling values which give keff = 1.0
in the broad group method, and by usiﬁg the fission source distribution
obtained in the SLAROM calculation as the initial guess. When this
guess is used, the source distribution sufficiently converges usually
after one outer iteration. The heterogeneity effect on the rescnance self-

shielding was taken into account on the basis of the rational approximation
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both the methods. The anisotropy of elastic scattering is considered
up to the Pl order of the Legendre coefficients for oxygen and sodium.

The transport cross section is defined by the P, weighting as follows;

1
g * .
Sum-fzzll d, AE
- i - JEK tr,]
tr,K &. ’
Sum = AE
jeK tr,j
% f vt o % av
) i Yeell Lotr, 87
¢, = ufﬂ ¢, dv . ) =
3 o117 J tr, j o

where j stands for fine group, K broad group, i nuclide and % cell region.
In the ESELEM 5 code, the isotropic diffusion coefficient is cal-
culated, so the neutron streaming effect is assumed to be the same as in
the broad group calculations given in Chapter 4.
The fundamental mode spectra are presented in Fig.5.1 for the normal
and the voided cells in the imner core of ZPPR-2. The spectrum hardening
is found for the voided cell, that is, the flux increases above ~100 keV

and decreases below it.

5.2 Intercomparison Calculation for MZA

The fine group method gives keff = 1.0062 which agrees very well
with the measured value as shown in Table 4.2.1. - The results of the
sodium void worths are compared with the measurements in Table 5.1;
The corrected and uncorrected values for the streaming effect are
presented and all the measured values lie between these wvalues. The
calculations can predict the measurements with a high confidence

though the uncertainty is included in the estimation of the streaming
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effect. Especially, the agreement is excellent at the core center.

The corrected values are slightly more positive than the measurements for
the regions,'c, D and A%D. The compohents obtained by EP calculations are
intercompared in Table 5.2 between the fine and the broad group methods.
It reveals that the fine group method gives consistently larger scattering
components by 15 percents and smaller leakage components by 6 ~ 8

percents than the broad group method. As a result, these components

cause more positive worths by about ten percents at the core center for
the fine group method. Such a discrepancy is not serious under the
present status of the uncertainty in cross sections and calculation
methods. Therefore, the reliability of the broad group method is
supported by the detailed method and the results can easily be corrected

for the fine spectrum effect by using these consistent bias factors.

5.3 Intercomparison Calculation for ZPPR-2

The fine group method gives the criticality keff = 1,0010 for
ZPPR-2 and the broad group method does 0.9979, and the difference
between these methods is within the.target accuracy of 0.5 %. The cal-
culated sodium void worths are shown in Table 5.3 where the results are
expressed in terms of void worth, C/E and deviation of specific worth.
The calculations overpredict considerably the values to the positive side
for all the voided regions. The C/E values are 1.40 = 0.07 for the 9 ~ 93
drawers voided for #30.5 cm except for the 9 drawers case as mentioned in
Chapter 4.3. The (C-E}/kg values are about 0.140 X 10"4 Ak /k for these
cases. Hence, the fine group method results in a larger discrepancy
with the measurements than the broad group method, To compare the cal-

culational results, the perturbation components are presented in
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Table 5.4. We can see from the table that the scattering component by
the fine group method is 12 percents larger and thé leakage component is
6 ~ 8 percenés smaller tHan the broad group method. These discrepancies
are consistent with the conclusions obtained previously for MZA.
Though the difference between the fine and the broad group methods is
consistent between MZA and ZPPR-2, the results by the former method show
a better agreement with the measurements than those by the latter ﬁethod
for MZA but, on the contrary for-ZPPRfZ, the broad group method giﬁeé.a
better agreement than the fine group method. Here, we investigate other
neutronics parameters in order to check an adequacy of the fine grdup
method and the cross sections. The selected parameters are the sémple
worth distribution of scdium, the small sample worth at the core |
center and the neutron spectrum. The results are discussed |
below.
(1) Sample Worth Distribution of Sodium

The sample worth distribution of sodium was calculated for the
model used in Chapter 4.3, The results are presented in Fig.5.2
(a) ~ (d) where the dotted line shows the fine group values and the real
line does the broad group ones. We can see from the figure that:-
(a) The fine group method gives more negative values by 10 ~ 15 percents
than the broad group method at the core center. Such a discrepancy is
consistent with the results for the large scale sodium.void worths.
(b) The discrepancy tends to decrease with approaching to the outer
region and is hardly found in the region beyond r = 80 cm, where the
leakage component is dominant. {(c¢) At the axial blanket, the measuré—
ments and the calculations agree very well (see Fig.5.2 (c¢)). (d) The
axial traverse shows the same tendency as the radial one. Therefore, it

can be concluded that the main source of discrepancy between two
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calculations arises from the non-leakage components. This conclusion

is consistent with that drawn for the large scale void worths.

{2) Central Saﬁple Worth

The reactivity worths of a number of fissile, fertile, absorptive
and scattering materials were measured at the center of the normal plate
core and in the 93 drawers voided zone. These were méde at the reactor
midplane (z = 0) in the slot emviromment. The calculations were made
for 239Pu, 235U, 238U, carbén and sodium, and compared in Table 5.5 with
the measured values which were corrected for the sample size. As for

(62)

central reactivity worths, systematic discrepancies have been found

between the calculations and the measurements for ZPR and ZPPR

assemblies. Therefore, to exclude the uncertainty in the measurements,
. 239 .

the normalized values to the worth of Pu are also presented in the

table. The calculations give smaller relative sample worths for 235U

and 238U by about ten percents than the measurements. On the other

hand, the G/E values of carbon and sodium are considerably greater than
unity in the reference core. From the point of view of the sodium void
worth, the most interesting informafion lies in the change in the C/E values
between the normal(N) and voided(V) states, because this relates directly to
the situation of sodium voiding. The last column of Table 5.5 presents the
ratio R defined as (CN/EN)/(CV/EV). The R values for 239Pu, 235U and 238U
do not so much deviate from unity because they are insensitive to the
spectrum hardening due to the sodium loss. However, as for 238U the

fission reaction is affected to some extent due to the threshold at 1 MeV,
so the contribution from fission for 238U increases by about 8 percents in
the voided state but that for 239Pu does by only 3 percents. The fact that

the deviations of the R values from unity are in different directions
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between 238U, 239Pu and 235U'may indicate that the fission cross

section of 238U should belre-evaluated. On the other hand, the R values
for the scatterers, carbon and sodium, considerably deviate from unity,
The result for carbom is in consistent but that for sodium has a probable
error as seen from the fact that the deviation from unity is about two
standard deviations. Since the worths of scatterers are sensitive to

the adjoint spectrum, the calculations would have predicted an over-

hardening spectrum for ZPPR-2

(3) Neutrén Spectrum at Core Center

The calculated neutron spectrum was compared with the measured
values at the core center for the normal state. The measurement extended
over an energy range of about 2 MeV to 1 keV, which covers 93 ~ 95
percents of the total flux. Figure 5.3 presents the bunched neutron
spectrum by the measurements and the calculations with use of the fine
aﬁd the broad group methods. The experimental data have been averaged
over 0.5 lethargy width and the calculated values are obtained in the
18 group structure with the rz model. The sum of the fluxes is
normalized to 100, Both of the calculations agree fairly well with
the measurements throughout the energy range., At the 2,85 keV
sodium resonance, the figure indicates a slight discrepancy among them.
Especially, the broad group method gives a too hight value below this
energy. This is caused by inadequate resonance shielding factors given
in the broad group constant set. It is difficult to conclude about the
source of discrepancies in the sodium void worth between the calculations
and the measurements from the comparison of the neutron spectra.

The detailed analysis has been performed by Beck et. al for ZPPR2
assembly with use of MC2-2 and SDX code system. The C/E values are 1,39
for 93 drawers void and 1.36 for Na sample worth in normal core, which are
similar results obtained by ESELEMS.
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Table 5.4 Component of sodium void worth in ZPPR-2 calculated
by brecad and fine group exact perturbation method

(107% Ak/k)
i:?girlzigi;awers + z%ziiggion Scattering ‘Leakage Total
1 0.025 0.170(0.87) -0.0125(1.08) 0.182
+15 cm 0.023 0,194 -0.0116 0.206
1 0.044 0.300(0.88) -0.091 (1.09) 0.254
+30 cm 0.042 0.343 -0.083 0.302
4 0.169 1.22 (0.88) -0.361 (1.08) 1.03
+30 cm 0.173 1.39 -0.334 1.23
4 0.217 1.54 (0.88) -1.05 (1.08) 0.711
*45 cm 0.221 1.75 -0.968 1.01
9 0.207 1.56 (0.88) -0.113 (1.04) 1.65
+15 cm 0.216 1.78 -0.108 1.89
9 0.367 2.77 (0.88) -0.807 (1.08) 2.33
+30 cm 0.383 3.15 -0.748 2.79
21 0.813 6.51 (0.89) -1.88 (1.06) 5.45
+30 cm 0.966 7.35 1,77 6.54
45 1.64 14.1 (0.88) -4.00 (1.06) | 11.7
+30 cm 1.93 15.9 -3.78 14.1
69 2.41 21.6 (0.88) -6.11 (1.06) ! 17.9
+30 cm 2.84 24.4 -5.78 21.5
93 3.17 29.3 (0.90) -8.67 (1.11) | 23.8
+30 cm 3.73 13207 -7.78 23.7

Upper : by broad group method
Lower : by fine group method

( ) : ratio of broad/fine
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6. Improvement of Elastic Removal Cross Sections in Broad Group Constant Set

6.1 Introduction

(9),(41)

The multi-group constants sets have usually been used in

the analysis of fast reactors. This approach has many advantages over a
detailed specfrum method because of their computational economy, simplicity
and existence of utility codes. There still exist, however, some inade-
quacies in the constants sets. One is concerned with the treatment of

the elastic removal cross sections of light and medium nuclides, as

(23), (24) The main reason of errors arises

puvinted out in many studies.
from using the self-shielding factor of elastic scattering cross section
for that of removal cross section. This inadequacy brings an inaccuracy
in the caleulation of the neutron flux and reactivities due to Doppler
coefficient and sodium-void worth as mentioned in Chapter 5. Hitherto,
the efforts improving the elastic removal cross sections-were mainly
devoted to develop accurate or approximate methods in order to obtain the
detailed spectrum for an individual composition as discussed in Chapter 3.
Such methods will be more accurate than the group constant method, but
require some additional calculations for every compositions to obtain the

elastic removal cross sections. It can be said that these methods intend

directly to obtain the exact or the almost exact values in order to over-

.come the shortcomings of conventional sets even if consuming a large

computation times
On the other hand in this chapter we intend to improve the accuracy
of the elastic removal cross sectlons without changing the conventionai
concept of the group constants sets and to show that the practical improve-
ment has been attained. Therefore the composition dependency is to be
characterized by a single parameter, that is, the so-called admixture
(41)

cross section, 00, as defined in the ABBN set.

The effective elastic removal cross section was defined, in the ABBN

set as
- 160 —
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<g_>=—2__ 3 (6.1)

where AU is a gréup width, £ is the mean lethargy increment per collision,
and b is a correction factor for spectrum, which is usually assumed to be
unity based on 1/E spectrum. The quantity, < Gs > is. the effective
elastic scattering cross section which is calculated from the infinitely
dilute scattering cross section times the self-ghielding factor, that is
Esm-fs. This definition can not take into account the dependence of the

effective cross section on the location of resonances within the group.

On the other hand, the JAERI Fast set used a little more precise

definition:
- 0
<g > =G of ,
er,g er,g ' s,g
E /o E u u'+
g 1 g g n
dE' F a (E' - E)dE du' O’S(u' -+ u)du
oE' S b -n
o ® . _8 ‘ __ 8 g
er,g Eg—l
i/E dE ‘ AU
E
g
(6.2)

with
2
o= 8= 1)

A + 1)2

and
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n= 4 l/a ,

where the notation is conventional. In this representation the infinitely
dilute elastic removal cross section was defined rigorously, so the loca-

[2.0]
tion of resonances was reflected upon Oor . contrary to the definition

s
(6.1). However, the composition dependency of < O, > Was represented
through the self-shielding factor for the elastic scattering fS which

was computed by the interpolation from the tabulated values.

The effective cross sections have conventionally been obtained by
using the weighting spectrum l/(ot(u) + UO) based on the assumption of the
constant collision density. As well-known, this assumption is not so
accurate in the vicinity of strong resonances because the collision density
largely deviates from the constancy assumed. Particularly, the effective
elastic removal crosé sections are very sensitive to the flux shape in
the interval of £ measured on the lower boundary of the group. We obtain
here the weighting spectrum by solving numerically the slowing down equa-
tion with use of the recurrence formula developed by Kier.(as)

In the higher energy region, fission spectrum and inelastic scattering
contribute to the slowing down process as an additional contribution.

This contribution was considered in the present work by adding a fixed
source term. Moreover, anisotropy of elastic scattering becomes stronger
in this energy region. Since this effect can not be accounted in the Kier's
formula, the new recurrence formula derived in Chapter 3 was used to fake
account of the anisotropy up to the Pl term of the Legendre expansion

coefficients of the scattering angular distribution. The influence on

the elastic removal cross sections was investigated for the oxygen resonance
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region.

The improved self-shielding factors will be compared with the conven-
tional ones ér with the exact ones. In addition the improvement in the
neutron spectra Qill also be shown for an iron assembly and a typical

FBR.

6.2 Numerical Method
The slowing down equation can be written as follows for an infinite
homogeneous medium in the energy region where the fission and inelastic

sources are negligibly small:

u'-u

u .
‘ - J T w €& ' :
I, (W) = I j 2 @Dt ey dt (6.3)
J u-n, ]
J
where scattering is assumed to be isotropic in the center-of-mass system

and j stands for nuclide,

The recurrence equation is similarly given aé Eq.(3.9) by

+e s, .- P 5 J

i-1 L.,] s,i—L,-l¢i—L,~l} ’
] ' J J

1 ~(%-1)Au ~Au (6.4
— e - e

where Lj is the maximum number of groups through which a neutron can be
slowed down. Si—l is the slowing down source into the (i-1) group.

Using the flux thus obtained, we can calculate the elastic removal cross
section and the self-shielding factor of a broad group £ by performiﬁg the

following numerical integration
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u'n
j‘ Oi(u‘+u)¢(u')du du’
i1 gy ¢

<0 =
er Q. 1- aj Up 1 .
j dp(u')du’
Ye
j = J —~ m’j
fer,l < Uer >2 / Uer,JL - (6.5)

(46)

The calculations have been performed by the RLFFH code with a
lethargy width of 0.0025 in the energy region from 200 to 1 keV, where is
a typical resonance region of light and medium nuclides. The treatment
with the strong anisotropic scattering of oxygen will be discussed later.
The following assumptions were introduced for the numerical calculations.
1) The background nuclides have constant scattering cross sections in
one group in order to preservé the concept of the self-shielding
factor which depends only on the admixture cross section GD.
2) The absorption in the system is neglected.
3) The background nuclides are replaced, collectively, by a single
imaginary nuclide,
The atomic mass A of the imaginary nuclide is determined so as to

reserve the average lethargy increment per collision, £, of a mixture

composing a typical FBR

L . &,
= 4 %3] G-, A+1
£=J-—f-z———-—-—-=_1— — in 5 (6.6)
P 5, 2A -1 )

The A determined in this manner is fixed for all the values of OO.
The accuracies of the assumptions were estimated for a sample core
‘s . . 238 . A
composition of oxygen, sodium, iron and U. The atomic number densities

are given in Table 6.1, which are similar to those of a prototype fast

reactor. The assumption (1) may be supported by the fact that the strong
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resonances of the nuclides under study, such as oxygen, sodium, iren,
cromium and nickel, fortuﬁately do not overlap with each other below 100
keV, so the interference effect is small between the resonances of dif-
ferent nuclides.l However, even if the scattering cross section of one
nuclide is constant, the elastic removal cross section depends on the
composition via the flux distortion due to the resonances of other
nuclides. The self-shielding factors for the removal cross sections are
calculated for oxygen in 100 keV - 1 keV where the scattering cross section
is constant, and the results are shown in Table 6.2. Though they are to
be unity when the resonances of another nuclides are not taken into
account, they become (.75 at the group including the 28 keV iron resonance,
and 0.64 or 1.34 at the two groups near the 2.85 keV sodium resonance.
However the macroscopic removal cross sections of the medium do not get a
serious error Because in the resonance energy region the contributions of
the resonance nuclides are very large compared with those of nuclides with
constant cross sections.

The macroscopic removal cross sections obtained from the present
revised method are compared in Table 6.3 with the exact values and with
those from the conventional method using Eq.(6.2), for the energy region
including the 28 keV iron resonance and the 2.85 keV sodium resonance.

The maximum difference of the present value from the exact one is still
17 percents, but the present method is significantly improved in comparison
with the conventional method.

Though the absorption cross sections of heavy elements may affect
the flux gradient in an energy group, the elastic removal cross sections
of light and medium nuclides were affected by only a few percents above
1l keV in our calculations when they were neglected (assumption 2).

However much effects of the neglect of the absorption may appear in the
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lower energy region (below 1 keV), where the resonance absorption is
stronger.

When thé effective group-cross section is defined in the concept of
the self-shieldiﬁg factors, its dependence on the masses of background
nuclides 1s assumed to be small. The validity of this assumption was
estimated for iron as shown in Table 6.4. 1In this case, Eq.(6.6) gives
A = 33, The results obtained by using the number-density-weighted atomic
mass (A = 23) are also given in this table. The differences of the values
based on the definitien (6.6) from those for the exact mass are smaller
than 0.05 except the energy range 27.8 - 21, 5 keV. The definition (6.6)
seems superior to using the number—density-weighted A as shown in the
table. It can, therefore, be concluded that the assumption (3) based on
the definition (6.6) is reasonable.

For oxygen, the important resonances are lccated in 400 keV ~ a few
MeV region. 1In this energy region, some assumptions made previously
become inadequate, that is, the fission and the inelastic scattering
considerably contribute to the sources. Furthermore, the anisotropy of
the elastic scattering is pronounced. Therefore some modifications are
necessary to the slowing down equations. In this study the inelastic
source was not explicitly treated but included in the fission source term
and added in the right hand side of Eq.(6.4). However, the effect of this
source on the elastic removal cross sections was small for the typical
composition of FBR, since its distribution was fairly smooth in the group.

In the following, the anisotropic effect was investigated by comparing
the case for the isotropic scattering with that taking into account Qp to
the P1 term of the Legendre expansion. The weighting flux was calculated
with use of the ESELEM 5 code.

The effective elastic removal cross sections and self-shielding factors
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of oxygen obtained by such calculations are compared in Table 6.5 in the
energy range 6.5 MeV ~ 200 keV for o, = 0. The effective cross sections
are significaﬁtly different from each other, that is, amount to about

30 % below 0.63 MéV. On the other hand, the differences of the =elf-
shielding factors are only 2 % at the maximum. It can be said that the
self—shielding factors are hardly affected by the anisotropic effect,
though the infinite diluts cross sections are considerably different.

As a result the sélf-shielding factors for oxygen were also calculated

by using Eq.(6.4) ~ (6.6) for all the values of Oy-

6.3 Comparison with Conventional Set

In the light of the studies made in the previous section, we have
prepared the table of self-shielding factors for oxygen in the energy
range, 6.5 MeV ~ 100 keV, and for sodium, alminium, cromium, iron and
nickel in the energy range, 200 keV - 1 keV, and revised the JAERI Fast
set version 2 with 70 groups and 25 groups structures. These energy ranges
include the important resonances of these nuclides. The present result
for the self-shielding factor of sodium is compared with the old values in
Fig.6.1 based on the conventional method and wifh the exact values which
was obtained by the RIFFH.code without the assumptions (lj ~ (3). The
figure shows the 9, dependence of the self-shielding factors for the group
numbers 22, 23 and 34 in the 70 groups which include large resonances.
The exact valueé are shown for the 00 value corresponding to the core
composition of a protc—type FBR presented in Table 6.1. It can be seen
that the self-shielding factors are remarkably improved compared with the
0ld ones in the vicinity of resonances. Since these self-shielding

factors vary smoothly with the values of Uo’ the conventional interpolation
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method(34) can be easily applied to obtain the effective broad-group croés
sections, with a slight modification.

With ihé use of the revised version, the neutron spectrum is cal-
culated and compafed with those from the o0ld version and the fine group
calculations, Figure 6.2 shows the neutron spectrum in the infinite
medium of iron, where the fine group calculation has been performed by
using the ESELEM 5 code with the group width of 0.,0084 in lethargy.

The neutron spectra are normalized at the energy range, 77.3 ~ 100 ﬁeV.
The errors of removal cross sections appear sensitively in the neutrom
spectrum, The present version shows a very good agreement with the fine
spectrum, On the other hand, the old version gives lower values than the
fine spectrum, especially below 21.5 keV constantly underestimates it.
Since its elastic removal cross section is fairly small compared to the
present version at the energy range; 21.5 ~ 27.8 keV, the difference of
slowing down source at this energy group propagates to the lower energy
groups.,

The fundamental mode neutron fluxes in the core of a prototype FBR
are also compared in Fig.6.3, where.the same buckling values were used
for three cases. The present set considerably decreases the large dis-
crepancy between the results from the old version and the fine spectrum
calculation at the sodium, iron and oxygen resonances.

Some neutronics of a proto-type FBR have been calculated and compared
in Table 6.6, where the results by the conventional set, the revised set
and the fine spectrum method are presented, The effective multiplication
factor, Doppler effect and sodium-void reactivity have slightly approéched
to the values by the fine spectrum method when the present set are used.

_ 2 .
The central reactivity worths for 3SU and iron change more than ten

R 238
percents from the conventional set thought the value of U is not
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necessarily improved. It will be difficult to conclude that the revised
set becomes better or worse compared with the old sét, at this stage.

One of the céuses of the discrepancies between the results obtained from
the present method and the fine group calculation can be attributed to
the mutual effect between the resonances of other nuclides. This dis-
crepancy will become smaller if the removal cross sections of other
nuclides are properly obtained at the resonances. Especially, the inter-
ference effects between oxygen and sodium seems to be very important in
the energy range, 400 keV ~ 2 MeV and about at 3 keV. The further study
will be required te introduce the interference effect between strong

scattering resonances of different nuclide.
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Table 6.1 Sample core composition and background cross sections
Isotope Atomic density (x10™2%) Scattering cross section (b)
0 0.01402 3.7
Na 0.00877 3.1
Fe, 0.02094 11.4
238y 0.00701 10.6
Table 6.2 Self-shielding factor of elastic removal

cross section for oxygen

Energy range {(keV) fr
46.5 - 36.0 0.961
36.0 - 27.8 0.746
27.8 - 21.5 1.076
21,5 - 16.6 0.979
l6.6 - 12.9 0.984
12.9 =~ 10.0 0.974
10.0 -~ 7.73 0.851

7.73 - 5,98 1.018
5.98 - 4.65 0.958
4.65 - 3.60 0.888
3.60 - 2.78 0.637
2.78 - 2,15 1.338
2.15 - 1.66 1.067

The composition is given in Table 6.1.
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Table 6.3 Comparison of macroscopic elastic
removal cross section (cm™!)
Energy range Exact Conventional Revised

E C C E R R ,.E
(keV) Zer Zer (zer/Zer) Zer (Zer/Ler)
46.5 - 36.0 0.05372 0.05764 (1.07) 0.05600 (1.04)
© 36.0 - 27.8 0.0925 0.1678 (1.81) 0.1034 (1.12)
4.65 - 3.60 0,1058 0.1269 (1.20) 0.1191 (1.13)
3.60 - 2.78 0.3352 0.5485 (1.64) 0.3924 (1.17)
2,78 - 2.15 0.2248 0.1230 (0.55) 0.1950 (0.87)

Table 6.4 Comparison of self-shielding factor of iron

obtained from various background masses

Energy range (keV) Exact calc. A =33 A= 23
77.3 - 59.8 0.975 1.005 1.014
59.8 - 46.5 1.068 1.033 | 1.038
46.5 - 36,0 0.927 0.931 0.943
36.0 - 27.8 0.345 0,359 0.387
27.8 - 21.5 0.978 1.137 1.104
21.3 - 16.6 0,965 0.969 0.978
16.6 - 12.9 0.973 G.973 0.980
1.29 - 10.0 0.942 0.946 0.956
10.6 - 7.73 0.628 0.645 0.684
7.73 - 5.98 0.958 1.008 0.981
5.98 - 4,65 0.953 0.981 3.971
4.65 - 3.60 1.064 1.035 1.052
3.60 - 2,78 0.980 0.984 0.986
2,78 - 2,15 0.946 0.946 0.960
2.15 - 1.66 0.944 0.950 0.954
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Table 6.5

Anisotropic effect on elastic removal
cross section of oxygen

Energy range (MeV) < Tor >0 or > rO* frl**
6.5 ~ 5.1 0.7510 0.5989 0.980 0.985
5.1 ~ 4.0 0.8758 0.6403 0.983 0.988
4,0 ~ 3.1 1.3540 0.9862 1.005 1.014
3.1 ~ 2.5 0.6356 0.5377 1.000 0.995
2.5 ~ 1.9 0.7800 0.7810 0.917 0.921
1.9 ~ 1.4 0.9065 0.9420 1.014 1,002
1.4 ~ 1.1 1.649 1.526 1.006 1.011
1.1 ~ 0.8 1.294 1.308 1.082 1.105
0.8 ~ 0.63 1.540 1.464 0.973 0.979
0.63 ~ 0.5 1.999 1.581 0.948 0.965
0.5 ~ 0.4 5.423 3.783 0.920 0.932
0. ~ 0.31 1.860 2.341 1.036 1.020
0.31 ~ 0.25 1.889 2.306 1.018 1.016
0.25 ~ 0.2 1.821 2,115 1.003 1.007

* frO =< Uer >0 / OZr,O
#x f =<0 _> [0
rl er 1 er,1
Suffices 0 and 1 mean the PO component and the P0 plus Pl

components of elastic scattering cross section, respectively.

The composition is given in Table 6.1.
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7. Summary and Conclusions

The.main purposes of the present work are to develop numerical
methods to analyse accurately the neutronics parameters of fast neutron
facilities with heterogeneous arrangements of cells, and to apply these
methods for the analysis of the experiments for the sodium void reactivity.
At first, the analysis has been made by using the broad group constants
set, JAERI Fast set, and by using the SLAROM code newly developed to
perform the heterogeneity calculations. In addition, the fine group
spectrum and multi-group cross section calculation code, ESELEM 5, has
been developed to investigate the adequacy of the broad group constant
method and also to make detailed analysis. The sodium void reactivity
worths have been calculated on the basis of the first order and the
exact perturbafion theories by using the CIPER code.

The main results obtained in each Chapter are summarized as follows.
In Chapter 2, the solution method for the multi-group integral transport
equations has been derived on the basis of the collision probability
method. The heterogeneity effect on rescnance shielding factors is
taken into account based on the rational approximation in which the
Dancoff factor is defined for a multi-region cell. The critical buckling
value can be searched iteratively to obtain the fundamental mode flux
by treating the leakage from a cell as a psudo-absorption term. In addi-
tion, the SLAROM code can obtain the anisotropic diffusion coefficient
with use of the directional collision probability. In this code, some
devices have been incorporated to decrease significantly intermediate
hand works of users.

In Chapter 3, the fine group spectrum and multi-group cross section

calculation method has been developed.
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In this method, the heterogeneity effect can be taken into accounf
explicitly in the stage of a fine group structure, The main character-
istiecs of tﬁe method adopted in ESELEM 5 are as follows: 1) Heterogeneous
flux distributign is obtained by the collision probability method for the
fine group. 2) The slowing down sources due to elastic scatterings can
be calculated by using the recurrence formula which ean take account of
the anisotropy up to the Pl component of the Legendre coefficients.

3) The sources from inelastic scatterings and (n, 2n) reactions can be
obtained also by using the recurrence relations, so the computation time
and the computer core storage are significantly saved. 4) The transport
cross sectilon is defined by the Pl weighting., 5) the heterogeneity
effect on resonance shielding factors is considered by the consistent
method used in SLAROM.

The data library has been produced from the JFS$-V2 nuclear data
library. The PRESM code has been developed to produce the library of
ESELEM 5 from the ENDF/A or /B type files.

In Chapter 4, the sodium void reactivity worths and related neutronics
parameters have been extensively calculated and compared with the experi-
ments performed in FCA V-1, MZA, MZB, ZPPR-2 and ZPPR-3 assembliés.
Through the analysis of the sodium void worths measured in FCA V-1
assembly, it has been seen that the heterogeneity effect and the neutron
streaming effect are very significant and by taking into account them
the calculations can predict satisfactorily the channel- and the large
zone-voided cases (C/E = 0.92#0.04). The spatial heterogeneity effect
shifts the sodium void worths to the negative side by 10 ~ 20 percents
for the central veoid case.

The sodium void worths measured at the central regions of MZA have

been calculated within the experimental uncertainties except for the
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element voided case, The JFS-V2 gives slightly more negative values
than the measurements throughout the core. The sddium void worths
measured in.MZB have been calculated by using JFS-V1, -1R, -N and -V2
sets for the central regions in the plate and pin configurations.

The new evaluation of sodium cross sections has resulted in the revision
of JFS-1R set, Through a comparison of the results by each version, it
has been found that JFS5-V2 gives the best agreement with the measure-
ments throughout all the voided locations. The C/E values at the center
are 0.98 for the plate and 1.03 for the pin enviromments. The deviations
of the specific worths are almost constant for all the cases. The other
versions has considerably under-predicted the void worths. The correc—
tions due to the neutron streaming effect are positive and increase with
approaching to the core boundary for both the assemblies. They amount
to several times of the uncertainties of experiments. It has been shown
however, that the streaming effect is not so significant for the pin
cell compared with the plate cell,

In ZPPR-2, the sample worth distribution of sodium has been cal-
culated by FOP method in xyz geometry. The calculated values are con-
sistently more negative by 10 ~ 20 percents than the measurements in the
core but in a good agreement with them in the blanket regions. The
sodium void worths measured for the central regions with 1 ~ 93 voided
drawers have been calculated in rz geometry. The C/E values are
1.10 ~ 1.20 and the deviations of the specific worths are ~6.0 X 10_6 Ak/k
for the regions voided over *30.5 cm. These discrepancies are consis-
tent with the results for the sample worth distribution. Since ZPPR-23
has a complex configuration with many CRs and CRPs, the calculations
have been made for the three-dimensional model. It has been seen that

the rz model is inadequate to treat the CRs and CRPs at the off-central
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positions. The calculations predict well the sample worth distribution
of sodium in the inner core but slightly underpredict it in the outer
core. The C/E values of the sodium void worths for each voiding step
are 0.8 ~ 0.9 iﬁ the inner core, and those for the cumulative voiding
worths are 0.84 ~ 0.93 in the inner core and 0.74 ~ 0.86 in the outer
core. - The deviations of the specific worths are constantly about

6 Ak/k for all the cumulative voiding cases. The influences

-4.0 x 107
of CR and CRP on the sodium void worths have been investigated in detail
for the inner and outer rihgs of CRs and CRPs. They may cause the change
of the sodium veid worth by several tens of percents at their neigh-
bouring fuel regions, It has been found further that CR has a large
positive sodium void worth.

The sodium void worth distribution has been calculated for a real
proto~-type fast breeder reactor. The calculations have been made with
use of JFS-1R and JFS-V2. The maximum void worth is 1 % Ak/k (~3.4
dollars) which is attained for the void region composed of the regions
of 0 ~ 31 cm in the inner and 0 ~ 15.5 cm in the outer cores. The JFS-IR
gives a smaller reactivity by 12 percents than JF5-V2, in which the dif-
ference arises mainly from the scattering components.

Through the analyses of the sodium void experiments, it has been
concluded that JFS5-V2 gives a better agreement with the measured values
than any other versions, so the revision work on the JAERI Fast set has
been successifully proceeded.

In Chapter 5, the fine group method has been used to examine the
adequacy of the conventional broad group method. The multi-group cross

sections have been produced by ESELEM 5 for the normal and voided cells.

- The sodium void worths have been compared for MZA and ZPPR-2. The fine

group method gives more positive worths by about ten percents for MZA
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and by about 20 percents for ZPPR-2 than the broad group method. The
perturbation calculations indicate that the fine group method gives

larger scatfering components by 12 ~ 15 percents and smaller leakage
components by 6‘~ 8 percents than the broad group method. It is empha-
sized tﬁat these discrepancies are consistent between both the assemblies.
In ZPPR-2, however, the fine group method overpredicts still more than
the broad group method. To examine the adequacy of the fine group cal-
culations and the cross sections, the sample worth distribution of sodium,
dentral reactivity worth, neutron spectrum have been calculated. The
sample worth distribution shows a consistent result with the large scale
sodium void worths. The results for the central reactivity worths of

235U, 238U, 239Pu, C and Na indicate that the fission cross section of

238U should be re-evaluated and the spectrum hardening caused by the
sodium removal would be over-predicted. The neutron spectrum at the
core center agrees fairly well between the measurement and the calcula-
tions except for the fact that the broad group method over-predicts it
below the 2,85 keV sodium resonance. As a result, we can say that the
broad group method can predict the sodium void reactivity worth with a
high confidence and their results can be easily corrected for the fine
group effect.

Chapter 6 has been devoted to improve the accuracy of elastic
removal cross sections without changing the conventional concept of
group constants. The self-shielding factors for elastic removal cross
sections have been obtained and tabulated as a function of 00. It has
been shown moreover that the anisotropy of elastic scattering: hardiy
influences the self-shielding factors although they are significant to
the elastic removal cross sections. The neutron spectrum obtained by

the revised set shows a better agreement with the fine spectrum calculations
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than the conventional set, Tt is expect to take account of the mutual

interference effect between different nuclei in future works.
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Appendix 1. SLAROM Code

The SLAROM code(30)

has been developed to analyse neutronics in
fast facilities consisting of heterogeneous cells, The code was
programmed to decrease intermediate handworks in the course of analysis.
The calculation starts with the broad group constant set and geometrical
informations. At present, the JAERI Fast set version 1 and version 2
are prepared as a standard library. The effective cross sections for
each region in a unit cell are obtained with use of self-shielding

4.(34) To take account of the heterogeneity

factors as used in EXPANDA~
effect on resonance self-shielding, some subroutines have been extended.

The subroutines to calculate collision probability, to solve integral

transport equation and to edit cell averaged cross sections are substantially

32) developed by Tsuchihashi.

based on the programmes used in the LAMP code
These subroutines have been modified to take account of the leakage from
the cell in the form of the psudo-absorption. The function of buckling
search is also provided.

The I/0 of SLAROM is devised to decrease a trouble of user. The
free format input is quite helpful to decrease input errors. The cell
averaged cross sections obtained are saved in PDS file and can easily
be called later by identifying their member names. Some parts of the subf
routines, RWPDSF and PDSERR are written in the assembler language of
FACOM 230/75. These I/0 subroutines have been developed at JAERI
computing center.(63)(64)

The contents of the output are listed in the following,

1) PREP routine

Title, input data list, effective cross sections for homogeneous

media and their member name in PDS file.
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2) PATH routine
Input data list, volumes of regions, collision probability.
3y PIJF réutine |
= Input aata list, effective cross sections of regiomns, monitor

print of buckling search and outer iteration, converged eigenvalue

-

and its relative error, neutron fluxes in regioms and in groups,
cell averaged neutron fluxes, normal diffusion coefficients,
effective cross sections for each reaction type.
4) EDIT routine
Control data list, anisotropic diffusion coefficients, cell
averaged éffective cross sections and their member name in PDS file.
5) FEIND routine
Input data list, macroscopic cross sections in regions,
converged eigenvalue, source distributions, point-wise and/or
integrated neutron fluxes, collapsed cross sections, results of
perturbation calculation.
The SLAROM consists of about 9000 cards subdivided into 63 subroutines.
The programme utilizes eight segments overlay structure, The recommended

overlay structure is shown in Fig.A.l.
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Segment 0
SLAROM

— PNCHS

— REAG

— READ

—— PDSERR

-— RWPDST

— MATINV

f I I - i I I
Segment 1 Segment 2  Segment 3 Segment 4 Segment 5 Segment 8
PATH PLIJF EDIT ESIMJ EIND Segment 7 BSEAR
| Fro | meir L morrs | erepic ko6 SPD2
—— INSERT —- INP2F — ALPHA CINED DUMMY
—— ELIM — INP3F — BETA EXPAND SYMPSN
— DELT — ITER — CLEAR JSERCH
— PREPA — TEDIT — INPT STHMPS
REGION KRGN
—— MAKEPT — JAERI
r— PAINT — SHIELD
—— PAEDT -— SSET
— SLAB r~— RSRCH
—- CYL — IXTERP
— HEX2 — YY
— SQ2 — BUHOMO
r— HEX
— 8Q
— ONE
F— TWO
— FKIN
— ENX
— COMPAR
— DIVIDE
—— PAIN
—~ KIDATA
Fig.A.l Overlay structure of SLAROM
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Appendix 2,  ESELEM 5 Code
1. Calculation Flow

The brief caiculation flow of ESELEM 5 is shown in Fig.A.2. The
first locations of variable arrays are defined in the subroutine SSET
which consists of four entries. The locations are determined at four
stages of the calculation in order to save core memories. For the case
where the resonance shielding effect of heavy elements is not necessary
to take into consideration, the routine to calculate the shielding
factors is bypassed. If it is required, the JAERI Fast set with 70
group structure is read in. The library data consist of three files, the
JAERI Fast set, the fine group cross section data and the Legendre coeffi-

clents for anisotropic elastic scattering. The second file is read at
every fine group from the temporary file. The third file is stored in the
fast core memory and used in the calculation of elastic slowing down
source,

In the ESELEM 4 code, the broad group treatment was adopted above
2 MeV in order to save the computation time. Howevér, ESELEM 5 uses the
fine group structure throughout all the groups. By this revision the
accuracy is improved and the preparation of broad group library can be
suppressed. The subroutines to compute the averaged v value and fission
spectrum are called at every fine group energy point. Then, the slowing
down sources from upper groups are computed on the basis of the recurrence
relations. The slowing down sources due to inelastic continuum levels and
(n, 2n) reactions can be stored either in the core memory or in a teméorary
disk file. 1In the latter case, the direct access 1/0 is used. Then, the
required core memory is significantly saved but the computation time is

increased about a few tens of percents.
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The initial fission source distribution can be given by input, and
otherwise the flat source distribution is internally set. From a view-
point of coﬁputation economy, it will be helpful to use the SLAROM code
to obtain the cfitical buckling value and the fission source distribution
to be used as the guess. Usually one iteration is sufficient to obtain
the converged eigenvalue if such a guess is input.

After each outer iteration, the multiplication factor is calculated
ana the convergence test is performed. If the outer iteration is con-
verged, the edit routine is called from the main program. The plotter

routine can be used to draw the neutron spectrum.

2, Description of ESELEM 5

The ESELEM 5 code consists of eight overlay segments with 40 sub-
routines. The structure of overlay is shown in Fig.A.3. The ESELEM 5
is written in FORTRAN IV for using on CDC 6600 and FACOM 230/75 computers
with H level-compiler. Since important variables are stored in the
block with an adjustable size, the required core memory depends on the
preblem type to be solved. It is ﬁrinted in the subroutine SSET after
setting the locations of wvariables. If the slowing down sources due to
the inelastic continuum levels and the (n, 2n) reactions are kept in
the core memory, the following core storage in words are required in the

‘subroutine ECSR:
M = NMS % 1450 % JJB

where NMS and JJB stand respectively for the numbers of meshes and

elements.
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3. Library Preparation Code : PRESM

The PRESM cede produces the data library for the ESELEM 5 code

(65) (66)

from the ENDF/A™ or ENDF/B format nuclear data file. The file

is fed in the BCD mode. The ENDF/B type file is converted at first to

the ENDF/A format by using the CORBA code.(67)

All the cross sections
should be given in the file 3 type of the point-wise data. When a
nuclide is assigned in input, PRESM reads its elastic and inelastic scat-
tering, fission, capture and (n, 2n) cross'sections. The capture cross
section is produced as the sum of (n, y), {(n, p) and (n, o) cross
sections. At first, the point-wise cross sections are produced at the
same energy points as for the elastic scattering cross section., If
such energy points are not given in other reactions, the cross sections
are interpolated to those energy points. Then, the fimne group data are
produced by averaging them with 1/E spectrum over the lethargy width of
0.0084, The maximum number of inelastic scattering levels is limited
to 25 discrete levels and one continuum level for each nuclide. The
Legendre coefficients of anisctropic elastic scattering are prepared

up to P1 term in another file.

The structure of PRESM is shown in Fig.A.4. The present library
was produced from the JAERI:Fast set version 2 data file. The nuclide
and the energy region of available resonance self-ghielding factors are
presented in Table A.l. In the resonance energy region of heavy
elements, the standard JAERI fast set library should be loaded if the

option to use the self-shielding facters is selected.
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Table A.1  Nuclide in JAERI Fast version 2 library
sogence | otice | Thetlon | U eneny o

1 1OB

2 llB

3 C

4 0

3 Na

6 A

7 Cr

8 Mn

9 Fe

10 Ni

11 Mo

12 23y yes 10 kev

13 238y 46.5 keV

14 e yes 21.5 keV

15 e 10 kev

16 2M‘Pu

17 ' 242Pu
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Read input data
Set array location

¥
Read library data

L Yes
Set array location

\
Read JAER! Fast set
Effective cross sections in homogenized medium
Heterogeneous resonance shielding factor

\
Exclude unused library data
>
Set array location

Initialization of source distribution
>
Set cross section at the first energy point

1G=]G+1 »
Read fine group cross sections

v
v, fission spectrum calculation
Fisslon source of group IG

Slowing down source due to elastic scaitering,inelastic sca’r?enng,tn,zm reaction
Matrix element of integral transport equation

=™ (Collision probability

Neutron flux by matrix inversion method

ez o>
Yes
Eigenvalue kg

=.._Convergence test .

Yes

Cell averaged macroscopic cross section
Cell averaged microscopic cross section

Qutput

Yes
¢ Plotter routine

_ ‘No
Terminate  or start new case

Fig. A.2 Calculation flow of ESELEM 5
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Segment 0
—— SSET
— F
H— OUTPT1
— QUTPTZ
— SWITCH
— SECOND
— CHGECO, CHGEC1, CHGFLO, CHGFLl, CHGFL2, LOCF
— CLEAR
Se mlen_t_l Segmlent 2 Segment 3 Se lent 4
BROAD — ALFPHA — EAXIN — PATHSL EDIT
~— INPUT — BETA — ECSR — SEMIC DRAW
+— TXTERP — EEDEL — STMIC
—— JAERI — ELAST — XSECN
—— RSRCH — ELDCN — XSECP
- SHIELD “{— ESELEM — P1ELAS
— YY - FLUXR — P1ELDC
— INECN — P1SIGR
— INEDS — P1SEMC
— MATINV — P1SCAT
— NUKAI — N2N
Fig.A.3 Overlay structure of ESELEM 5
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FORBA

L READF4

PRESM
CLEAR
SET
H | I | i
=1 D =2 ID = 3 ID = 4 In =5
DATAIN EDIT [ NEWIN LPlSCAT
t— FILEIR L CHCK FINAL T—-BROAD
— FILE2R +— COMENT I -+ SHORT
- FILE3R ————— HEADLC — pect — XSECP
—— FILE1235R HEAD2C ~—— DCT16 DISPO — XSECN
- LISTUP HEAD3C — XLOAD
HEADA4C ' ENDF’
FORMC T
SECC — DICT
ENRC ~— CHANG
PARTC — FITE
DCClce — TRAC
ENDC
FILE4R
BTOA2
DCC2C
Fig.A.4 Structure of PRESM
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