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Th\s paper pr_esents a comprehensnve analysis performed by a new cluster analysxs‘ ‘; .. AP
code MESSIAH’ on reactor physics constants measured in the critical facility for @ ¢ """ = & .o
pressure-tube- type, heavy-water-moderated reactor. The MESSIAH code system utxllzes"_‘i;_‘ we T
‘the ‘method of the collision probability to solve the neutron transport equation. -‘The . "\

" effective space dependent cross sections are calculated in the thermal and resonance energy . SLooo Tl

range before the eigenvalue * calculation for the whole energy range. With use of these k
cross sections, the muln-group, space dependent transport equation is solved, and the flux- ::° ..~
distribution, spectrum and’ k.ﬂ are obtained to the input bucking. In the above three steps s
the method of the collision probability is used consistently and extensively. The treat--:
ment of leakage neutrons from lattices in MESSIAH is also confirmed by an independent
method using a Monte Carlo calculation. The calculated reactor physics constants, espe-
cially the micro-parameters and the activation traverse of Dy, agreed fairly well with the-
experiment. The diffusion calculation with use of the group constants calculated by’
MESSIAH predicts the reactivity of 0% void core excellently (<0.12%). However, for a

100% void core, the calculated reactivity was slightly lower than the experiment (~0.74%),

which was attributed to over prediction of the diffusion constants.

KEYWORDS: heavy water reactors, collision probability }net.hp'd; cluster-type
fuel assembly, cluster physics code, lattice parameters, void reactivity, criti-
cality analysis, neutron leakage, advanced thermal reactor, computer codes

1. INTRODUCTION

The heterogeneity for the clustered fuel of heavy water moderated reactors is a
mixture of the following two componenets or superposition of two concepts; (1) a fuel
pin and its surrounding coolant and (2) clustered fuel and coolant confined within a pres-
sure and calandria tubes, and heavy water moderator.

The other characteristic of the cluster-type fuel assembly is the large area of its unit
cell. The lattice pitch is usually greater than 20 cm, which is equivalent to several mean
free paths for thermal neutrons in heavy water. As a results of this large unit cell,
criticality can be achieved with very few assemblies for a clean core. Therefore, if the
core is loaded with many fuel assemblies, the heavy water level has to be kept low to
increase neutron leakage along the vertical direction. The neutron physics constants meas-

ured in this pan-éake shaped core are usually affected by the anisotropic neutron leakage.

* Nihonbashi Hon-cho, Chuo-ku, Tokyo 103.
** Oarai-machi, Ibaraki-ken 311.13.
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In the present paper, we will ‘analyze the ‘reactor physics constants measured in the
DCA core” with a new code system ‘MESSIAH’. Deuterium Critical Assembly (DCA) is

Ya cri_tical experiment facility for ‘FUGEN'®, which is a heavy-water-moderated, boiling-

light—water—cooled, pressure-tube-type ‘power reactor developed in Japan. The MESSIAH

is developed by taking into. account ‘the ' characteristics of a unit cell of a. cluster-type

fuel lattice, namely, (1) large cornphcated unit cell geometry with strong heterogenelty
and (2) amsotropte neutron leakage from the core.
Since the appearance of the THERMOS code®, the method of solving the Boltzmann

' equatton for the neutron transport problem has been centered on the collision probability

method. There are other promtsmg procedures’ .such as the response matrix method“’
whnch 1s, however, rarely used in a productlon phase code. “ W

T he typlcal -cell analysrs codes that have been used for developmg FUGEN ‘are’
'_,METHUSELAH-II“’ CLUSTER™ and WIMS-D™. All of. these codes: utxlxze the- ‘collision

. probabxhty method ‘more or less, in" accordance thh the needs requxred for :ach’ code‘_-
s *The: collxsxon probabxlxty method is believed to be one’ “of the few' rehable analytxcal i

R ) methods to solve the integral transport equatron of neutrons in the complncated umt cell
a geometry, and  also is one of the -few procedures proven by many - appllcatlons ‘t6 power
" _reactors ‘as well as cnttcal assemblxes Therefore we - selected the collxsxon probabllrty-

method as the basrc numerxcal techmque rn the MESSIAH code System.”

) However in’ view of the applxcatron ‘to the DCA core, existing codes seemed unsatls-'
. factory in the use of the collision probability method. That is; (1) the collision probability

method is ‘used approxnmately to describe the neutron distribution in a* unit cell“"" 2

"-the thermal. neutrons are treated: in one group"’ or two over-lapping group model®, (3)

the effective resonancé cross section is calculated by the equivalent theorem with Dancoff-
Ginsburg correction®®, and (4) the space and energy variables are calculated separately,
which results in unsatisfactory _evaluation of the neutron leakage effect on the flux distri-
bution and spectrum. The objective in developing the new code system ‘MESSIAH’ is
to overcome the above problems by extensive and consistent use of the collision probability
method. . y Coe

Although the colhsxon probabllnty method is a well established procedure one of the
important disadvantages is-that it requires long computing times. Even with the use of
present computers, only the calculatxon of the two-dimensional collision probability is
feasible. Therefore, we are oblxged to depend on some approximation to treat the axial
leakage of neutrons at least. As the critical water level of the DCA core is low compared
with its radms the experunental “data might be affected by this effect. ‘To check the
approximation used in MESSIAH, and to obtain the magnitute of this leakage effect, we
simulated the fuel assembly of the DCA core with the Monte Carlo code KENO-IV®. An
analysrs by the Monte Carlo method can be regarded as, in a sense," a kind of -an inde-
pendent experlment whlch enables us to control the neutron leakage artificially.

The other feature of the MESSIAH code system ‘is that the new scattering kernel for

heavy water is mcorporated m the nuclear library. In'a thermal neutron reactor the f'.

major reactor physics property is’ determmed by the moderator and the thermalization of
neutrons is essentially governed by its scattermg kernel. The scattering kernel for heavy
water is calculated in the incoherent’ scattering approxxmatron““""’ which agreed well
with the scattering law for heavy water
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II. DescripTiON OF MESSIAH

1. Oautline

The MESSIAH code system has been developed to comprehend the lattice physics of
a pressure-tube-type fuel assembly by calculating reaction rate distributions for the lattice,
an eigenvalue for a given buckling, and average cell constants for use in overall reactor
calculations. The conceptual flow of the calculation is shown in Fig. 1. In MESSIAH,
the neutron transport equation is solved three times. The collision probability method is
consistently applied to solve each equation. The first transport equation is that for thermal
neutrons with a given epithermal source distribution. A few group cross section set is
calculated with the use of the fine group (50 groups) neutron flux. The second equation is
concerned with the resonance. The flux for each resolved resonance level. is’ calculated :
for the super fine energy mesh. The effective resonance cross section for each resonance °
nucleus is generated following the GAM-I®®» type fine group structure._ Finally " the'

"elgenvalue equation. is solved for the whole energy range using the cross: sectlon llbrary

_corrected by the above thermal and resonance cross sections. e B e R

. -.' R
Iy ‘ . . .
H

Nuclear data for Level parameters
thermal neutron for resonances

; B

Epi-thermal neutron . Thermal neutron Resonance K !
.distribution calculation calculation ) oLk
. Few group thermal Resonance e
cross section cross section

| - ]

_Muiti-group cross
sectuon set

Il Buckling HJ.;: calculation
t
‘Space dependent

|| Nuclear data for
fast neutron

e

Data neutron spectrum

Y
Calculational Reactor physics constant,
block few group cross section

Fig. 1 Concepmal calculatxon flow of MESSIAH

One of the dlfﬁcult problems we are forced to resolve in applymg the collision prob-
ability method to an actual, finite system is the evaluation of the neutron feakage from
the system being analyzed. Essentially the evaluation of leakage neutrons in MESSIAH

" is perfomed in the diffusion approximation.

2. Basic Nuclear Library

The basic nuclear library for’MESSIAH is composed of three parts, namely the fast

Cross sections, thermal cross sections and resonance parameters. The fast cross section

library was generated from ENDF/B-II¢» with use of the SUPERTOG codet’®. We used
GAM.I type. group structure (67 groups) for the fast neutron library. The resonance level
parameters given in ENDF/B-II were transferred to the library for the resonance calcu-
lation. We adopted 50 groups for thermal neutrons of energy less than 1.98eV. The
Teaction cross sections for thermal neutrons were also generated from ENDF/B-II with
use of the FLANGE-29% code.

The scattering kernel of a hydrogen atom in light water is calculated by the frequency
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éistribution or the spectral density proposed
by Haywood®'®.  The theoretical model used
for calculating the heavy water scattering
kernel is the incoherent scattering approx-
imation to the kinetic model of the heavy
water molecule by Kadotam & lijima“”‘“’ B

The ‘actual calculation of the kernels were
performed with the GASKET“”-I‘ANGE‘“’

code combination. The total . cross section”

s
N
J

» Experimentt®)
—MESSIAH library

»n
=3
<7
.

—
-
T

" Total cross section(barn)/D;0

mental data®” in Fig. 2. The dip in‘the” ~~ o - s s
experimental cross section around 10- eV.i 1s e 'b,liutron energy'(oeV) ' o
due to the coherent scattermg effect whlch' B F:g. 2. Comparison of total cross section
was neglected in the present calculatxon L T for heavy water molecule B
3. Treatment of Neutron Leakage Lo :
"The treatment of neutron leakage from the lattice being analyzed in MESSIAH is
essentially a simple dxffusxon approxxmatlon That is, the total and absorption cross

sections are corrected by addmg ‘DB’ The MESSIAH code system is “provided ‘with two -

methods for calculation of the diffusion coefficient. The simple one is defined as 1/(3%,,),
where 3, is the flux-volume average transport cross -section for a unit cell. The second
:s more sophisticated" deﬁnmon of the ‘diffusion coeﬂ"xcxent based on Benoist's model®®,

-ff. B §§§;{S§ ¢<r>dr'dr/ fagotr, w
where Z,,(r) is the transport cross sectxon at a position r, ¢(r) the neutron ﬂux at r, and
P(r—r’) the collision probability tha; a neutron appearing isotropically at r will make its
first collision at r’. Since we ‘need to know in this procedure the neutron flux prior to
the calculation of D, the whole . calculatlon becomes 1terat1ve

4. Collision Probability®? . .= ‘

The one-speed form of the equatxon to be solved in the collision probabthty method

with isotropic source and scattermg is

ZigVi= ,_E"P,.':V,(Efgbﬁs,), i=1,2, -, N, : 2y

where ¢¢ is the flat flux and V, the volume of i-th region, ¢ and S} the total and
scattering cross section of i-th region, P,.; the collision probability defined as above, the
source term s; the external source for a source problem or the fission neutrons divided
by the eigenvalue k.4 for an eigenvalue problem and N the total number of divided regions.
The extension to the multi-group formula is straightforward. For the cylindrical geometry
- Py is calculated by the double mtegral of Bickley function®®. In MESSIAH the same
scheme of this integration used as CLUP‘m and Eq. (2) is solved with adoptmg PIJF
code(ﬂ) ) . .

Since the assumption of 1sotropxc scattering is essential for the colhsxon probabnht&
method, we took the anisotropic ‘scattering process into account by replacing the total
cross section with the transport cross section. The self scattering cross section is modified

artificially to maintain the balance of the cross section.

— 4 -

i e e IS Y

R
PR

v .

i
¥
3
¥

t
3
o

1
o

Vol

_neutro
1.98e}
reduee
eV, 0.4
the T}
distrib
be the
tion of

Tl

~ in Fig
| were

(2

Tt
were t
tions
Were ¢
The |
region
!S.SU' ¢
were ¢
of RIC]
rings
regions

“,; region

moder;



chnol.,

2t
library

SIAH is
1 Cross
ith two
/ (32 lv)-

“second
l(!o)
14

(1)

t r, and
1ake its
prior to

method

(2

otal and
ove, the
; divided
regions.
reometry
he same
ng PUF

-obability
the total
modified

eV, 06~045eV and 0.45~25x10-*eV, by

Vol. 19, No. 9 (Sep. 1982) 693

5. Resonance Calculation

The energy and space dependent resonance flux is calculated for each resolved reso-
nance level separately, neglecting the effect from higher energy levels and overlappmg of
resonance levels. As far as this assumptxon is valid, the neutron balance equation can be
solved with much finer energy mesh to express each resonance profile, and with the
boundary condition of the spatially flat 1/E flux at the highest energy mesh. The collision
probability which is necessary to calculate the resonance flux is evaluated by interpolation
of the pre-calculated table for different cross sections. The scattering source in Eq. (2)
will be generated by slowing down neutrons for the resonance calculation. The integral
to calculate this source term is performed in either NR (narrow resonance) or WR (wide
resonance) approximation. At the user’s option,. this integral can be treated rigorously. The
resonance calculation modulé for MESSIAH is called RICM-M, which is an updated version
of the RICM code®¥.

Since, in the final elgenvalue calculatxon in MESSIAH the fuel rods in a cluster are
treated hetemgeneously, we. should calculate’ the resonance cross section. Therefore,

“the usual procedure is’ used. to- generate group-wxse cross sections for each .resonance

level.
6. Procedure and conditio’n for'M:ESSIAH Calculation
(1) Thermal Cross Sections .
The nuclear library for the thermal °
neutron cross sections has 50 groups up to.
1.98eV. The fine-group cross sections were
reduced to three groups, narhely 1.98~0.6-

Pressure tﬁ:
\

Calandna tube

Heavy water

the THERMOS type calculation. - The source -
distribution above 1.98eV was assumed to
be the measured epi-Cd activation distribu-
tien of Au-foil.

The modeling of a unit cell is shown

in Fig. 3. In this model, the fuel pins ° ' he
were not subdivided into annular rings. :
(2) Treatment of Resonance Region Material Outer radius (cm)
. 225¢m pitch 25.0cm pitch
Cross Section il £m pie
1(RY) - Fuel 074 - OM
The resolved levels of *'U and **U gggﬁ; ci'fddmg 0&css 02365
. - 1 3 g
were treated rigorously, and the cross sec- ggg.; _ -gue.d.ng g-;i“ g.glias
4 . ‘ U uel N 3
tion: i 6(Ry) . Claddi 0.8365 0.8365
s for the unresolved energy region Z% f',; &}-;" gﬁm g_gm
e e e o ys ant -
were evaluated assuming infinite dilution. TR &olant 15 s
The lower boundary energies for this 10¢9 Goclant, R ¥z
region were 4keV and 83eV for *'U and S Fressure tote s s
. :lsU - . . . 14(1s) Calandria tube 6.825 6.825
, respectively. The geometrical regions %gg.g {:{leavy water ;9836 _7,2@
v - . - N - T, .Heavy water - .3008 6
were greatly simplified due to limitations - }gg-; , Heavy water ;% 8.2020
. . . ) eavy water . ,.3800
of RICM-M module. We distinguished three ;3{5'3 ﬁ:::‘; water B 11248
) ol ..
rings for the. fuel pins, cladding, two. g ~ -
g f P di & t Hanger wire (Al) is diluted homogeneously into
regions for the coolant; one homogenized eoolant of this region.
region consisting of the calandria tube and Fig. 3 Calculation model of DCA

moderator. cluster for MESSIAH
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(3) Group Constants for Bare Fuel Part
‘For the calculation of k.y, the DCA core was modeled as a multi-layer structure (see
Fig. 1 and Table 2 of Ref. (1)). The cross section for the structural material was evaluated,

* assuming the fission plus 1/E spectrum for fast neutrons and the Maxwellian spectrum at

room temperature for thermal neutrons. Concerning the bare fuel part (layer) where no
coolant and moderator, but only fuel pins exist, however, the precise .group constants

- should be calculated because more than 1% of the neutron multiplication is made in this

part. We used only the WIMS-D code -for this calculation, which was selected to obtain a
clear comparison of the group constanﬁs for the core region calculated by both MESSIAH
and WIMS-D codes. But, as far as the diffusion coefficients are concerned, the calculated
values from this code were questionable. Therefore, we calculated the dxffusnon coefﬁclent

with MESSIAH in - Benoist’s approxnmatxon Here, we used the transport cross secuon -

calculated by WIMS—D
(4) Flux- and k.,,

: . 25.0cn ’
the updated - .cross ’section ST

library, which Consists of the
fast cross section (62 groups)
corrected by the resonance
shielding effect and the ther-
mal cross sections (3 groups).

-2
_ i .
‘The experimental total buckl- T SR —1 —1 T =T 45(A])
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ing was used for the leakage }f | e /:\L é 1 I
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level .(bare fuel part), for the region contains fissile material. We simplified other regions
like the upper and lower grid plates into a multi-layer model for crmcahty analysis (see
Fig. 4). :

The effective void fraction of the expenmental coolant to simulate actiial boiling . and
the loss of coolant condition was changed from 0 to 10025 (complete loss of coolant) with
two intermediate fractions of 30 and 7024. These two conditions were simulated with
D;0-H,0-H,BO, mixtures specified in Table 1. Here, adjustment of the moderation ratio
and the thermal absorption cross section was made for obtaining those of the actual
“yoided coolant.

Table 1 Composition of experimental coolant mixture

- Coolant void . : »
fraction (%) 0 30 70V : . 1,,00; .
T HO 100 63.17 18.07 . . 0.
M‘z%’a' D,0 0 36.82 81.91- . - -0 '
‘ H,BO, 0 0.0092 0.0215 A

*." 2.. Reactor Physics Paramecters Analyzed
( 1 ) Micro-parameters
The micro-parameters p**, ¢** and §* defined by Egs. (3)~(5) are analyzed

=l B EaE/[HampEaE, 3
6"=S:N”a}'(E)¢(E)dE / S. N* o E)HEVE, o (4)
5"=S: HE(EVIE / S o3E), : | (5)

where we used the conventional nomenclature, and 25 and 28 designates ***U and uiy,
respectively. We can relate these parameters to the gross neutron spectrum; p to
resonance neutrons, §** to lower edge of neutrons of epi-Cd energy region and 6** to fast
neutrons above the fission threshold of ***U.

(2) Thermal Neutron Distribution

Since micro-parameters were measured only in the fuel pins (in each fuel rmg) within
the pressure tube, we analyzed the distribution of Dy activation in a unit cell including
the pressure and calandria tubes and heavy water region. As the activation in the epi-Cd
energy region was subtracted by using‘ Cd-ratio measured, this traverse is almost the same

" as the thermal neutron distribution.

(3) Criticality
We analyzed the critical water level at 22.0+4°C. Here, coolant and moderator level
The purity of heavy water was 99.4 ™4 and impurity was
assumed to be light water.

(4) Void Reactivity

The coolant void coefficient of reactwnty is one of the most important constant for a

"FUGEN type power reactor, because this coefficient is apt to have a positive value, which

is unfavorable from not only the safety aspect but also the operational stability. For
estimation of this coolant void coefficient, the reactivity introduced by the change of
toolant void fraction was measured by the pulsed neutron source method®®.
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. An analysis of 225 and 25.0cm pitch lattice with 0, 30, 70 and 1002 void clusters " :cﬁvi
» ‘has been performed and the results have been compared with the expenmemm i for th
: 1. p* ' ' - we -si
In Fig. 5 the calculated mxcro-parameter p* is compared with the expenmenc , error
We compared them  with T 1 T T T T T T —— ,? Cd rat
calculation by WIMS-D™ also o _ o 25¢cm pitch’ i' : is, the
in this discussion. The agree- lattice & ‘was 1
ment of calculation with the Z}p actual
experimental data other than i If-
1009 void cores is fairly ..1'0 5 .g\;/I _— } at the
.. good except for 70% void, : . £, . level .1
' 225cm pitch and -30% -void, ) ;3 - voidice
25.0 cm pitch lattices. - These A ) ' ring. W
discrepancies may be ascribs e ——— Lt ! 1! of abou
ed to random errors in the L 22.5cm pitch become:
s ) experiment. _ ‘ ‘ o P o ' T - - lattice also - éer
The anomalous distibu-  4-9[ P - - : : - 1" o} though
tion of p* is seen for 100%° - ™ |* S o o R I S suggest:
void lattice especially in 22.5 . pY ey
em pitch lattice. This has . x tematic:
remained as a long-pending 4 2,
problem which has not been * o MESSIAH “The
explained analytically. The *WIMS-D . shown ij
phenomenon is also unex- ' : T Experiment . ment.
plained by MESSIAH. How- - : : S ~ calculat
ever, we propose here the 0.5 9%"’:@ %O%LV?Ld 79%1V9Ed 190% Veid I . ‘experim
following interpretation. The . 123 123 123 123 indicates
sub-Cd activation within fuel . ‘ Fuel Ring : 7 .neutrone
pins were measured by **U ! -’ -Fig. 5 Comparison of p?* with experiment . MESSIA
and *U foils which should (22.5 and 25.0cm pitch lattices) - 3. .
agree with each other, because —T T ——T T In ¥
the (n, 7) cross section of ***U ~1.0F . 0% with
and the fission cross section £ . The
of ®U have 1/v type energy 23 “eXperim,
dependence, except for the . & ", €& somy
small deviation of **U'fission 35 08} . 1 “Calculate
cross section towards the <& _Experiment | = . €Xperime
* Cd-cutoff energy. - 2 (Error:t2%) 2 “\Esgs”
Figure 649D shows E g o ;::3::: gzl::":;" Trefereng,
that agreement of the meas- oy T, Was calc
ured sub-Cd activation of 0’ 0%Void  30%Void  T0%Void  100%Veid ca=0.4
25 and **U foils are ascer- 123 123 F!uelzrx:g 123 ergy wa
tained for 0, 30 ?nd 0% . "Fig. 6 Distribution of sub-Cd activity of #*U and #*U ';::f:-ﬂatu
void cores, but not ‘for 100% . foils (normalized to 1.0 at the 3rd ring) for
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void core. On the other hand, the
calculated results of these sub-Cd
activity agreed with each other even
for the 100% void core. Therefore,
we suspect that an experimental
error in the measurement of the **U
Cd ratio exists for this lattice. That
is, the Cd covered activity of *'U
was -measured smaller than the
actual one (see ApPENDIX).

If the sub-Cd activation of ***U
at the third ring is increased to the

level measured by U for 100% .

void core, the p** of this particular

ring will be decreased in amount. ..

of about 10% and the distribution -

becomes flatter. This tendency is
also seen in 25.0cm pitch lattice,

.though lesser in quantity, which

suggests that the experiment in the
p'' measurement bears some sys-
tematic error.

2. o

The micro-parameters ¢** are
shown in Fig. 7(a) with the experi-
ment. The agreement of the o*°
calculated by MESSIAH with the
experiment is satisfactory, which
indicates that the behavior of fast
neutrons is properly treated in
MESSIAH.

3.

In Fig. 7(b) the comparison of
0% with the experiment is shown.

The agreement of 3** with the
experiment is fair, though we can

.See some general tendency that the

calculated 4** is higher than the
experiment. Originally, the 6** by
MESSIAH as well as by the present
reference calculation code WIMS-D
was calculated for Cd cut-off energy
Eca=045eV, sirice this cut-off en-
érgy was adopted in the previous
Calculation using METHUSELAH-
I® for comparison with the same

= 0.05 R&l - -
%
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Fig. 7(a),(b) Comparison of 5** and 4% with experi-
ment (22.5 and 25.0 cm pitch lattices)
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However, 'systematic

expenmental data®,
- deviation (over prediction) was - observed in
the detailed calculation by both MESSIAH
and WIMS-D. Therefore, we ‘scrutinized
the dependence of the values 6™ on Cd

cut-off energy ‘as shown ' in vag. ‘8 by
changing Ecq=045, 05 and :0625eV,
artificially. As Fig. 8 shows that the 5
is strongly dependent on Ec4, we obtained
3 for Eca=0517¢V by the interpolation

ffor comparlson "with the experxment. Here,

_we selected Ecd=0 517eV for #5U activation
‘."'.thh the Cd cover of 0.5mm thickness®?,
. “The accuracy of & is stnctly ‘deter-

g _:mmed by ‘the correctness of Eca." Therefore
L-o'a detailed analysis of Eca will clarify. the
" _ambxgurty that still exists m “the present

comparison of the experxment and - the
analys:s. .
"4, 'Thermal Neutron Distibution
The actwatlon traverse of Dy-foil . is

_ compared with the experiment for two typical cases in Figs. 9(a) and (b) The analytrcal
- results are normalized to the experiment at the outside of a calandna tube where the unit
The “activity traverse is measured along

Fig. 8 Dependence of 8 on Cd cut-off energy - :
calculated for 225cm: pitch lattnce, Iy

"cell is divided into moderator and other regions.

the line to the nearest ne:ghbor unit cell (0° direction) and the next nearest neighbor unit

cell (45° direction) in the square lattrce.
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The agreement between the experiment and the analysis is fair for the 0 and 100%
void cores of 22.5cm lattice pitch. But the flux depression within a pressure tube is
smaller than the experiment. This tendency is seen for the sub-Cd activation distribution
measured by other foils like ***U. This is probably caused by the mesh volume which is
a little too coarse for the coolant regions and fuel pins. Especially this is caused by the
space meshes for the fuel pins of which division into semi-circle regions was made only at
the pin center by using coaxial circle lines having its center at the cluster center. How-
ever, this has not been ascertained by the calculation.

5. Criticality .

The eigenvalue k., was calculated for a given critical height with CITATION code®®,
in the approximation of the diffusion theory, R-Z geometry and 4 group model The cal-
culated Beq whxch should be unity, is shown in Table 2. ‘ ) S

* Table 2 Calculated k.4 for experimental crmcal water level .

. . . Experimental critical. . Effective multiplication factor
-Lam(:ngntch \(l;x;i water level , ; OLRE, .
@ (cm) MESSIAH WIMS-D
0 96.41 -0.99979 * 0.99860
2.5 30 96.85 0.99769 0.99779
i 70 102.02 0.99366 - 1.00190
100 111.48 . 0.99260 1.00784
.- 0 105.42 1.00124 . 1.00053 -
25.0 30 102.58 0.99917 . - 0.99864
. 70 102.21 0.99634 . 1.00414
100 104.81 0.99712 . 1.01146

The difference from umty of the calculated k.4 is very small for 02 void, lattice of
both 22.5 and 25.0 cm pitches. However, as void percentage becomes larger, this difference
becomes larger. The maximum difference of (kex—1) is 0.0074 for 225 cm pitch lattice at
10026 void and 0.00366 for 25.0 cm pitch lattice at 70% void. Hitherto, the calculated k.4
for 1002 void core were greater than the experiment by about 1%, This tendency is
also seen for WIMS-D results.

The reason for this tendency was ascribed to the under prediction of p** for 100%
void core®®. The small p" means the small resonance absorption by **U and this results
in the over prediction of k.. This interpretation is applicable for the present WIMS-D
results (see Fig. 5).

The calculated p** is much improved in the MESSIAH compared with the one with
WIMS-D. However, the calculated k.y with the MESSIAH group constants becomes lower

" than unity as the coolant void increases. This indicates that the interpretation of the

former analysis is inadequate for the present case.

Let us assume here that the reactor physics parameters in a unit cell are calculated
accurately. This is equivalent to assuming that the reaction cross sections for a homo-
gepized cell are calculated properly. And this assumption is supported for the DCA
core by the comparison of p*, 0 and.Jd®. Therefore, the only possible cause for the
under prediction of k.q is an error in the diffusion constant. This is likely because the
deviation of k., from unity increases towards 100% void core, which is the same indica-
tion that the leakage from the core becomes more important.

The diffusion coefficient is calculated by the Benoist’s method in MESSIAH. In this
method the dependence of the diffusion coefficients on the direction is treated in principle.
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However, the present diffusion calculatlon is performed with use of the isotropic diffusion

coefficients, resulting in some possxble error. To evaluate the effect of amsotropxc leakage
in the diffusion approximation, we’ compared k.y for 225cm pitch lattice, 100% void core
with the isotropic and amsotroplc "diffusion coefficient.” The difference of k.y in both
approximations was found less than ~0. 2/ which cannot explain the present disagree.-
ment. Since the anisotropy in the dlffusmn coefficients is greatly enhanced in the case of

" 100% void core, thxs difference must be reduced for other smaller void cores. Therefore,

we can attribute the ‘disagreement of the reactivity to the error of diffusion coefﬁcnem
itself,  if the above discussion is apphcable to the present comparison.

6. Void Reactivity S
The calculated void reacnvnty m dollar umt ‘is compared w:th the experlment in Fig,

10, and is defined as

]
o.
T

x
X

1

p(v% VOid)=( k{ kg )/ﬂeﬂ) . (6) ‘ ,_\ 1.0 - : ‘ ‘
| LR = ]
where k% is Ren calculatéd. by the group :"_'j"‘g_,_o.. 25.0cm pitch lattice ~ ° © |
_ constants of v% void’ core for the’ crxtxcal'_ . 1'_; 1
-water level of 0% void .core, and Bais S T
the effective delayed neutron fraetxon 2 1ok * i
0.729 9. S - e
The void reactivity calcu’lat'éd by’ L =10k .
MESSIAH is closer to the ‘experiment than -2 _jql -
that by WIMS-D. The over prediction of  §_agq| u
the reactivity by WIMS-D corrésponds to -:_4_0 T Experiment i
the fact that kes by WIMS-D is greater  &_jol o MESSIAH
than unity for larger void core, for ks of - 2_5ql ‘ -
02 void cores is almost unity for both U_m_ ‘ 225 " itch latti o
. MESSIAH and WIMS-D as shown in Table —sol- ~em piieh Tatiee |
2. -The void reactivity by ME§§IAH was ; ) — : o 3
calculated slightly smaller (more negative) veid (%)

than the experiment, which corresponds to
the fact that k.s by MESSIAH is smaller
than unity for larger voxd cores.
V. CONFIRMATION OF CALCULATIONAL
ADEQUACY BY MONTE CARLO METHOD

" It is recognized ihat the ‘efféct of the anisdtropic neutron leakage from the DCA core

Fig. 10 Comparison of void reactivity
with experiment

*is not sufficiently estimated by~ MESSIAH because ‘it treats this effect in the diffusion

approximation. We performed a Monte Carlo calculation with KENO-IV to establish the

- validity of the method used in the MESSIAH code system by chekmg thns leakage effect.

Although the basic method used to solve the neutron transport equatxon in KENO is
completely different from that in MESSIAH we utilized a 4 group cross section set
calculated by MESSIAH. However, we can assume that Monte Carlo approach can evaluate
exactly neutron leakage as far as geometrrcal effect are concerned such as the core shape-
The calculation was performed for a unit cell with the reflective bounday condition for
the radial boundary, while the vacuum boundary condition was applied to the axial end
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. points. -The radial neutron leakage was estimated by adding DB? to the absorption cross

section, where B? is the radial buckling of the DCA core (24x10-*cm~?). The calculation
was done within the P, (isotropic scattering) approximation. The bare fuel part and the
upper and lower structure of the core were neglected for simplicity. The length of the

- fuel rods was changed to simulate the variation of the axial neutron leakage caused by
:the critical water levels.

. The neutron flux distribution in the central region of the 20 cm length was monitored

. by. the track length estimators and the flux was converted into the form of p**. The
-. results are compared with the MESSIAH
.. calculation in Fig. 11. The values for p*

|4 : 14

.are independent of the change of axial M .

be greater than that of the MESSIAH
calculation, especially for inner rfngg. This ek L |
is probably due to the’limited number of E -
neutrons tracked in the Monte Carlo ‘calcu-

lations. . Rl Monte Carlo J

. . . I Low Critical Water Level
To estimate the leakage treatment in Core(111.5¢cm)
MESSIAH, the simulated calculation was - - 4, High Critical Water Level

A A A X Core(200cm) ~
done for the core with no leakage but

DBt loss, where B} is the total geometrical 0 faskegs in terms of DY
buckling. The results has again ‘agreed S wessian ]
“well with that for the axial neutron leakage o Loskeze in terms of DB
core. Therefore, the treatment of leakage £
of neutrons in MESSIAH is considered to ¥ : t 3
be justified in the worst case of the DCA Fuel Ring

core of 22.5cm pitch lattice and 1009 void T g- 11 Monte Carlo calculation of p** depend-
. N A ence on  change of neutron leakage
by the independent procedure, in which the from lattice (22.5 cm pitch lattice, 100%
leakage effect is expected-to be most en- void, statistical errors for X and OJ are
hanced. smaller than indicated one for )

VI. CONCLUSION

The MESSIAH code system that utilizes the collision probability method extensively
was developed and used to analyze the reactor physics properties of a pressure-tube-type,
heavy-water reactor, measured in the DCA core.

Almost all of the experimental data are predicted successfully by this code system.
The discrepancies we encountered in the analysis are, (1) p* in the 10025 void lattice,
and (2) under prediction of k., for larger void cores.

The p” anomaly was not explained and the discrepance with the _analysis still exists
in the present anaIysxs. However, we proposed an interpretation of this disagreement,
that this was caused by the experimental condition which is characteristic to the DCA
core, (see ApPENDIX also).

We established the adequacy of the diffusion approximation to treat neutron leakage
in MESSIAH through a Monte Carlo calculation. ,

Concerning the deviation of 2.y from unity, we concluded- that the diffusion coefficient
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was the possible error. Some further study seems necessary to improve the accuracy of

the diffusion coefficients in a system with strong leakage and heterogeneity.
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[APPENDIX]

Re-measurement of p** in DCA Core with High Critical Water Level

In order to check the effect of the anisotropic neutron leakage, the reactor physics
parameters were measured in a new core whose
shape was altered from the original one by making ul i
the critical water level much higher. That is, the
number of loaded fuel assemblies was reduced to
increase radial leakage of neutrons. The reactor
physics parameters were measured for this altered-
hight core of the same 225cm lattice pitch.

However, every parameter agreed well with the ®
" one -which- was measured in the core with the HE 1 -
~ original low critical water level except for p* of - .
1009 void core (see Fig. ADUD, o ‘I""..'.'QT crica water Lovet ]
" The anomaly observed in Fig. 5 disappeared Corativgem) - C
and the agreement with the MESSIAH calculation o Low Ciucal Woter Level J
has been greatly improved. By this phenomenon, L ey .
however, it cannot necessarily be understood that . 0 ° :m - : )
the axial neutron’ leakage directly influenced the ! ,.-_: Reg :

distribution of p** in the 1009 void core with Iow  Fig. A1 Measured ' p® 'dependence on

critical water level because the anomaly of p** change of - neutron leakage

observed in the core might be caused accidentally from® lattice (22.5cm pitch
. .o : lattice, 100% void core)

by the experimental cbnditions.

The angular dependence of neutron flux in the pressure-tube-type core at low critical
water level condition, like the DCA core, is strongly peaked in the axial direction of the
tubes, And this peaking of the angular flux will be increased towards the upper or lower
end of the DCA core which has no axial reflector. This effect is, from the view point of
void in a unit cell, stressed at the outside of a third layer of fuel rings in the 1002 void
lattice. The experimental configuration of p** measurement, which is shown in Fig. A2
(2)®, shows that a small gap ‘exists along the cladding in the Cd-ring; The Cd-box
consists of a ring for the circumferential cover and two disks. for the cross-sectional
cover. The leakage of thermal neutrons through this gap is increased greatly when
we use UO,-buttons. Because the solid angle of the gap spanned by the Cd-ring and
disk is effectively increased, when it is seen from the foil side. As the peaking of
neutron flux coincides with the direction of this gap towards the end of the core, the Cd
tovered activity is increased appreciably by the leakaging thermal neutrons.

: Since the existence of UO,-buttons affects the measured 3%* by the order of 10%, this
effect was corrected with use of a correction factor measured in the DCA core. The
equivalent correction factor was not measured for p** because the factor was found small
for almost' the same lattice performed with the SUMITOMO critical facility®®. However,
this circumstance may not be applicable to the DCA core for the following reasons:

(I) The SUMITOMO core has a thick axial reflector. Therefore, the angular flux along

‘the axial direction does not have a peak even in the vicinity of the third ring.

() As it is shown in Fig. A2 (b)®®, the structure of the Cd-box, consisting of a

vessel (a ring and a disk in one body) and a lid (disk), is different from the one used
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in the DCA experiment. By this Cd-box, irradiated foils were completely shieldeq

from thermal neutron leakage. *
' Enlarged inner

7 diameter (16.25mm)

_"_/ A : F/I/ o
l<1.14.8mm . - Li"s‘“‘“ - ) .
e | 1]
& Lo, £ vo, )
N N
l /Al ring (0.5mmt)
Cd ring (0.5mm?) L t
€d-disk (0.5mmty Ve Cd ring (0.5mmt)
. T Cd disk {0.5mmt)
Foil pack (0.21mmt) e
o, 5 = Foil pack {0.26mmt)
£ UO: button (20mmt) 2 i ol pack {
S pme— U0 button (2.5mmt)
~ Al tape (Adhesive 0.01mmt)
_L [T cd disk : one body with
the Cd ring
Normal inner
b~ 15.03mm - 1 5.25mm]] diameter
i 16-73mm N L PR |
i — = | . .
(a) Cd-cover used in * (b) . Cd-cover used in Sumi-
DCA experimentt? : tomo experiment(?

Fig. A2 Difference in shape of Cd-boxes

“‘Consequently the change in the value of p** ';at_'t:he,-"tﬁir_d iiﬁg ‘between the high and low -

cores does not necessarily mean a change in. the neutron ‘spgbtidqi‘between the two kinds
‘of core shapes. S
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