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cea

A multigroup method of calculation is presented for describing the neutron behavior in a cluster-
type fuel lattice. It solves the integral transport equation by a semi-analytical method proposed in a
previous paper for calculating collision probabilities in the lattice of a clustered fuel element. Using
only fundamental nuclear data, it gives spai:e and energy dependent neutron flux. The method has
been programmed for HITAC-5020F (comptiter code named CLUSTER-1m). .

The accuracy of the method has been tested by companng the calculation thh the experiment
described in Part (1) of this paper. The lattices are 28-pin clusters of UO, or PuO,+UOQ, fuel pins, with
heavy- or light-water moderators and with light-water coolant containing varying void ratios. The
quantities studied are micro-parameters, reaction distributions in energy and space, thermal disadvantage
factors and the multlplxmnon factors. It is found that the calculated results are generally in good
agrecment with experiment, typically within 10% for micro-parameters and thermal dxsadvantage factor,

and within 14 for the multiplication factor.

KEYWORDS: neutron behavior, cluster-type fuel lattices, multigroup method, semi-
analytical collision probability method neutron Ilux, neutron transport theory, uranium
dioxide, plutonium dioxide, reactor latﬂce parameter, mlxture fuel pins, voids, multipli.

cation factors

I INTRODUCTION

The behavior of neutrons in a cluster-type

fuel lattice is complex because of its highly hetero-
geneous structure in a unit cell geometry. . This
heterogeneity affects the various -parameters of
the reactor, such as power peaking and.void
coefficient.. It will be a key problem . in a cell
calculation of this type of reactor to represent the
heterogeneity effect on reactor parameters thh
necessary precxslon !

Several approaches have been proposed sov

far®~®, Most of them are based, more or less,
on collision  probability. The validity of - these

approaches depends on the - availability of an -

accurate and fast method to calculate collision
probabilities. Previously, two of the authors have
proposed a semi-analytical method for calculating
collision probabilities in cluster-type fuel latticest®.
The values obtained with this method have been
compared - with exact numerical method " with
favorable results,

X

1

In this paper a multigroup method of calcula-
tion dealing with a unit cell of a clustered fuel
element is presented with the above mentioned
semi-analytical .method for calculating collision .
probabilities. It solves coupled integral transport

.- equations using fundamental nuclear’ data and
. obtams the space dependent neutron flux through

- the neutron life cycle.. Using the neutron flux
... thus obtained it yields energy integrated or aver-

aged quantities such as micro-parameters, few group

_constants, and multiplication factor. The method
."has been programmed for the 'HITAC-5020F
_ (computer code CLUSTER-II).

The accuracy of
the method is tested by comparing the results of
the calculation with those of experiments, the
details of which are reported in Part (I) of ‘this

- paper.

* The work paitially supported by a contract be-
tween the Power Reactor and Nuclear Fuel
Development Corporation (PNC) and Hitachi
Ltd.

** Ozenji, Kawasaki-shi.
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II. MegrHop oF CALCULATION

1. Basic Equation

Starting from the integral form of the time
independent Boltzmann transport equation, the
basic equation of the collision probability theory
can be obtained as follows®™.

Let ¢(—r:, E, .6) be the neutron angular flux.
The integral transport equation is, then,

¢(r, E, Q)
dr

N 4_[;?'(:-“-;'.;.” S(E, @), (1)
Z|\r—r

where S(?, E, 5) is the total neutron source den-
sity at the space point ;, at energy E and in
the direction 2. In general, S(:, E, -.é) contains
fission, scattering and external sources; t(?’,?, E)
is the optical length between the space points r

and 7 for a neutron of energy E.

Consider an infinitely extended periodic lattice,
and subdivide a unit lattice cell into N small
sub-regions. In each of the small regions the
nuclear cross section is assumed’ constant. Under
this assumption the integral transport equation is
reduced to a set of N coupled transport equations :

VS EXFE)= S VPl EYSn(E), (2)
(n=1, 2, =« N)

where @x(E) and Sa(E) are integrated with respect
to angle, the region-average neutron flux and the
region-average neutron source density in sub-region
n, respectively ; Vx is the volume of a small sub-
region 1, and Za(E) the total cross section in the
sub-region n, at energy E; Pam(E) denotes the
probability for a neutron of energy E born in a
sub-region n to undergo its first collision in a
sub-region m. This quantity depends on the
source distribution, but for the sake of simplicity,
the flat flux and isotropic scattering approximations
are usually adopted :

— — 1 - -
dr SJ{EN\dr! ———=—et".7.D
P"m(E)= reVs ( ) r’eV.47r|r—r’|3

(3)

Equation (2), together with Eq. (3), are the
basic equations of collision probability theory.

J. Nucl. Sci. Technol.,

The source density is expressed more explicitly
in the form

Sw(EV=UEN_ 02 snlE)fn(EAE"

+S:Z,,..(E’-—>E) Sm(E')AE!
+Qn(E). (4)

Here, Y rn(E) is the fission cross section in a sub-
region m at energy E, and y(E) is the distribu-
tion of fission neutrons; Xsm(E—>E') is the scatter-
ing kernel in a region m, and Qm(E) is the
external source supplied from outside to the system
considered. In a self-sustaining system, Qn(F)
must be zero. To perform the numerical calcu-
lation, /2, the continuous variable of energy is
changed into the discrete variable ¢, say group
¢. Equations (2) and (4) are thus reduced to:

N
Vnz'n’¢nq = 8 le)n»’-\.m' ( H )

mz1)

G 5
Sm =xv S D:,rm"'t/lm"'l' N .y“..""’l/lm"'
g'=1 o'z

+Qu | (6)

where Zx? and other cross sections are averaged,
and the neutron flux @.? is integrated over the
energy interval AE? belonging to group ¢.
Collision probabilities are calculated group-wise.

2. Collision Probabilities in Cluster-
Type Fuel Lattices

Although Eq. (3) can be solved without any
knowledge of flux, it is not so easy to obtain the
numerical values of collision probabilities for
lattices of complex geometry like those of cluster-
type fuel element. Approximations must there-
fore be necessary. Let the clustered fuel region
be subdivided into concentric annuli, numbered
outwards from 1 up. Each fuel annulus contains
fuel pins and associated coolant (Fig.1). Cladding
of the fuel pin is permissible. Each boundary of
the fuel annulus is so chosen as to give an equal
amount of coolant to each fuel pin. The fuel
region is surrounded by homogeneous annular
regions. '

The collision probability is calculated for a
neutron proceeding from one sub-region to another.
The fuel annulus from which a neutron starts is
treated accurately by taking into consideration the
non-uniform structure of the annulus using the

— 10 —
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Fig. 1 Unit lattice of 28-pin cluster
subcell model.

The other fuel annuli, h'owé‘jei',

are treated approximately as if it were homogene-
Homogenized cross sections' of the ’
annuli are so determined that the number of out-
going neutrons from the homogenized annuli is”

ous -annuli.

equal to that from the actual non-uniform fuel
annuli. The collision probability is then partmoned
among fuel pins and coolant in the annulus. A

detailed description of the methed is found in ‘the

prevxous paper‘®.

3. Multigroup Calculatlon Scheme .‘;;

In the method presented here, a 69-energy
group . scheme is adopted. The group constants
for this scheme are assumed to be mdependent of
the weighting spectra used to generate them,except
the thermal group (the 69-th group of the scheme)

constants and the resonance cross sections. These

are calculated space-point-wise for each case prior
to the 69-group calculation, usmg the same type
of cquations as Egs. (5) and (6) in’ each re-
stricted energy interval(®~¢®, p

.In order to obtain the weighting spectra for
effective thermal group constants, Eq. (5) is splved

in the cnergy region below £, with fundamental |

library data of 30 groups‘®. The upper boundary
I, of the weighting thermal spectrum must be
chosen sufficiently large so that only few neutrons
scatter up across £,. . The first term of Eq. (6)
is set to zero, and Q% represents the source of
epithermal ‘neutrons above E,;. The" scattering
kernel in this case is the thermalization kernel.

- is replaced by Zai+DB?,
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.Group constants are obtained by energy integra-
tion within the thermal energy region between 0-

and E/(E:<E)). The thermal cut-off energy Ec
is given as input data.

"For the resonance absorption of heavy nuclet
contained in the fuel, the flux varies so rapidly
even in one group that effective cross sections
must be obtained by including more detailed
information on the flux within a resonance level.
For this purpose, Eq. (5) is solved for each re-

“sonance level P® with much finer energy intervals,

where g is to be read as energy mesh instead of

. group. The following assumptions are adopted :

(1) Resonance levels are treated separately.

(2) The neutron flux has an asymptotic form
(1/E) at the top energy of each ‘resonance

~ level.

(3) Resonance absorbers and moderating nuclet
in the fuel are treated with narrow or wide
resonance approximations, or purely numeri-
cally, according to. the character of the
resonance level, but other nuclei outside the
fuel . are all treated with narrow resonance
approximation.

‘With the resonance flux thus obtained, the effec-
tive cross sections of group ¢ of the 69-group

- scheme become

0zi%'= So.%(E)$:!(E)] S¢:'(E), (7)
Eeg ) Eeg -

where I and { denote resonance level and space

point, respectively and x is fission or absorption,
and E means energy mesh. The statistical model .

" is used for the unresolved resonance region and
" the effect of the cluster is considered in the form

of Dancoff factor, which is calculated from Pasm.

" The values of the calculated resonance integrals
“for infinite dilution are compared in Table 1

“with those of experiment.
. damental data used in the calculations are consis-

It shows that the fun-

tent with experiment.

The neutron leakage effect on the spectrum is
included under the assumptions of fundamental
buckling mode B and of diffusion approximation.
The absorption cross section Xa: of the region ¢
The diffusion constant
D of the lattice, while it will be finally obtained

. by the Benoist method, is obtained provisionally
.. from the volume average in the lattice.

. The neutron flux distribution over the whole

+ energy range in a lattice of cluster geometry is

=11 —
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Table 1 Resonance integral (RI~ barn)

J. Nucl, Sci. Technol.,

Resonance integral RI~
. Isotope | Reaction - higher 1/v (>05eV)
Resolved Unresolved CLUSTER-H | Exp. (BNL-325)
sy f 92.2 112.7 17.9 40.3 263.1 274+10
Sl ®) c 272.2 2.0 2.7 1.2 278.1 28012
9Py f 136.1 80.2 21.1 97.8 335.2 335+15
40Py c 8378.0 50.9 0.4 9.3 8438.6 8280t
1Py £ 254.0 165.4 20.2 75.8 515.4 537+27
t Draxe, M. K.: Nucleonics, 108 (Aug. 1966)

Table 2 Exﬁerimental and calculated values of #*U resonance integral for 19-pin clusters

' Coolant H0 l D.O Air
- O e mm e . . [ e et e e s ———
Position Exp.” | Cal. 1| Cal. 2 Exp.0¥ Cal. 1 |Cal 2 _Exp.“”’ Cal. 1 | Cal. 2
1f 12.94 15,35 13.71 10.75 12.48 | 12.18 9.59 10.78 | 10.78
2f ; 13.12 15.44; 13.92 11.11 12', 771 12.55 10.20 11.18 | 11.18
3f ! 13.93 13.43 12,53
. 15.31 14. - 14, . .
3f’ 14.41 16.66 3 14.20 %0 50 13.91 13.63| 13.63
Av. 13.8+0.3| 16.21{ 14.81| 12.8+0.3| 15.30 | 13.80| 12.1+0.3| 12.71| 12.71

Cal. 1: Isotrupic scattering only

Cal. 2: Includes anisotropic scattering approximately with transport correction

obtained by solving Eq. (5) with effective thermal
and resonance cross sections and the other 68-
group data.

The spectrum is calculated under the condition
that the effective multiplication factor is equal to
10 by seeking the self consistent buckling
(material buckling), instead of solving the eigen-
value problem with geometrical buckling.

Neutron scattering. is, in practice, not isotropic
and a convenient way of taking this into account
in neutron transport calculation is to use the
transport approximation. In the thermal energy
region, the following form of transport approxi-
mation is recommended by Honeck®® :

2,0-'9':2',0'-"'—6,,'2,.', ’ (8)
Za'=8 I a7, (9)
I 'd

where 8, is the Kronecker dJ-function, and
25?9 and F19? are isotropic and anisotropic
parts of the scattering kernel, respectively. In the
present work, Eq. (8) is used for all transport
equations. To justify the validity of this proce-
dure, a comparison with experiment on resonance
integrals is shown in Table 2. The transport

correction reduces the resonance integrals by 1.5
and 0.4 barn for the lattice of H.O and DO

coolant, respectively. The resonance integrals in
Table 2 (Cal. 1) are in good agreement with the
results by RICM®? under the condition of narrow
resonance approximation in moderator.

All the fundamental data used here derive
from the RBU.library.

The above multigroup scheme has been pro-
grammed for HITAC-5020F as the computer code
CLUSTER-I. Computing time is about 15 min
for UO; fueled lattices, but about 25 min for
PuO:+UO: fueled lattices, as typical examples.

III. ComPARISON BETWEEN CALCULATION
AND EXPERIMENT

The accuracy of the method of calculation is
tested by comparing the results of calculation with
experiment. The calculation gives detailed infor-
mation on neutron flux in space and energy. The *
experiment, on the other hand, gives energy
integrated quantities, the energy region being
separated at most into two. If the theory correctly
predicts neutron flux spectra, then the integrated
or averaged quantities of neutron flux spectra
should be correct. The converse of this statement
is not true since the agreement of averaged pro-

—12 —
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Table 3 Dimensions and enrichment of lattices studied»aoun

Fuel pin~ - Coolant |Pressure tubeCalandria tube

Pitel . d Moderator
Lattice itch : . Vol Rert
(Cl’“) Enrich Ty Tain rs ratio R;In Rp out Rcln Reour (cm)
(%) | (cm)|(cm)|(cm)| (%) (cm) [ (em) | (cm)|(em) |-

——————— e oty e

U0:D:0-225 [22,5(5)1{UO: | 1.5 0.75 {0.76250. 8425/ 0, 30,100 | 5.8 6.1 16.6 6.75 | 12.650
U010 26, (S)HjUO: | 1.5 0.75 |0.76250. 8425 30, 100 5.8 6.1 | 6.6 6.75{ 14.105

Pu0:-D0 25. (SP|UO:z+4-) NU+ | 0.75 [0.76250. 8425 0,30,100 | 5.8 6.1 16.6 | 6.75| 14.105
PuO2 | 0. 493ttt - o

UO0:11:0 “;%h)" Uo: {1.5 0.5 0.57 o.61 |0,80,100{4.25) 455/ — | — | s5.881

t 8 square, 1t A: hexagonal, 1t Weight 9 of PuO; to (Pu0,4-UO;)
r,: Radiue of fuel pin, raia: Inner radius of fuel sheath, rs: Outer radius of fuel sheath

perties does not necessarily imply the correctness 28-pin clusters with various void ratios in light-
of the detailed  distribution"®, However,” com- water coolant, of various lattice pitches, various
prehensive comparison of various quantities"of a - kinds of fuel (UO: or PuO,-UOz) and of moderator
lattice with different dependence on energy should . (heavy- or light-water). They are located in two
provide an indication of the degree of accuracy . regioned critical cores with surrounding driver
of the method of calculation. ' region. Measurements are performed in the central
Here the following quantities are studied: * unit lattice of each cluster lattice region. The
{I) Micro-parameters of lattices SN void ratios in coolant vary from 09 void (filled

- (2) Reaction distribution in space - with light-water in coolant passage) to 10094 void
(3) Thermal disadvantage factor B (filled with air coolant). Intermediate void ratios
‘(4) Thermal spectrum index BRRE - are simulated with light- and heavy-water mix-

(5) Multiplication factor, or what is known as  tures. The definition of effective void ratio is
the four factors, which is a combination of :
the avove quantities.

The lattices studied here are four kinds of
ooolv. void
2
.
w ]zu
v
~
s
2t 3r,31°
!
225
73
2t s1,3¢"
K
SSreo
S, 228
223 l]“
)23 T
2 " 21 [ ] 2t R 330 1 21 c“ P
26 P * 22.3¢m piteh lottices [ !
2¢ 23cm pirch Lotrices
e
. Rk 2N
"‘~... .
. -
x, )23 *ﬂzs
24" ‘
. N 3 .
"t 21 31,31° it 2 a3t [ 2t ar st . it 21 3r,3¢ " 21 AT [g 2t E1X14
Fig. 2 Micro-parameters of UO:-D;0 lattices . Fig. 3 Micro-parameters of PuQ:-D:O lattices
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06} s .\'\J ==t
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WoF T L T 't 27 ST 21 37
) 28 28
o s s &i’ —
=
o8] N%\g B
e
04
VT 3° 3T ] Y 2 37
: p28 o, P ,28
19 %‘L\{ o~ S eeas z
.8 T~
T FQ E T FL £ ) 37 5t

Fig. 4 Micro-parameters of UO:-H:O lattices

not the same for D;0-309% lattices and for H.O-
8094 lattice: in the D.0-3094 lattices it means
the light-water volume ratio in coolant, but in
the H.0-809; lattice it denotes the effective light-
water density of the mixture in reference to the
absorption-to-scattering rate ratio. The necessary
data for the calculation are listed in Table 334,

Figures 2~4 show the micro-parameters.
The thermal cut-off energy E. is set equal to the
effective Cd cut-off energy, for which a value of
0.45eV is used in all the lattices, considering the
foil thickness used in the experiment®®, In these
figures the abscissa is the point in space where
the measurement is made, for instance, 1f means
the fuel of annulus 1 which corresponds to that of
T-1 in Part (I) of the present series. From the
discussion in Sec. II[-2 of the present report, the
calculation assumes that positions 3f and 3§’ are
equivalent, although they are distinguished in
the experiment.

Among the micro-parameters, - 623, the ratio
between the fast fission rate of #**U and the total
fission rate of 235U, agrees well between measure-
ment and calculation. Most of calculated results
are within statistical error of the experiment.
Since only the first few groups in the 69-group
scheme contribute to the numerator of §%, the
above mentioned results show that the correspond-
ing part of the energy is correctly calculated
relative to the thermal part.

The epi-to-thermal fission ratio of 2¥U (3%%)
represents the epithermal neutron behavior relative
to that of the thermal neutrons. Figures 2~4
show that the calculated value of §%° is a little
lower than that of experiment, especially for
D,O-lattices and in 1009 void. The calculated
value of RI., the resonance integral for #5U in

J. Nucl. Sci, Technol.,

infinite dilution, is 5% lower than by experiment
(see Table 1). If this difference is corrected, the
agreement becomes much better, almost within
statistical error of the experiment. In the 1009
voided D;O-lattices, however, a 109 discrepancy
still remains even after the correction. The
calculated epi-to-thermal capture ratio of 23U
(0®) at 3f in 1009 void for the Pu0,.-D,O
lattice is about 1024 lower than experiment, but
there is good agreement for the UO:-D;O lattice.
Figure 2 shows that the resonance quantities 025
and p?* are much more dependent on lattice pitch
than is d%. This results from the fact that the
moderator plays a more important role on resonance
quantities. For the UQ;-H;O lattices, the agree-
ment of p** is poorer, and the observed plots vary
irregularly.

Lastly shown is the relative conversion ratio
C*, the ratio of the total capture rate of 23U to
the total fission rate of **°U in the lattice relative
to the same ratio in the thermal column. Calcu-
lation gives a 3~159; different value than experi-
ment. Some discussions are given in Chap. IV

30 % wid 100 % void
18
ZSSU' - zssu,
e we=-Cd sue=-Cd
(K] —— 2P, fd
aenee CL-X /
12
10 / _""‘

o ¥ 7T sv.Bvﬁ_r " 2T LA
2 235 epe-ca 233y epi-Co .
o . —_—

- -
08
| . N s

T 21 3 f 2t 331"
1.2
10 . —

" 235U' z:sau' bt o4
L 2T I T 21 3%
10
238, 238,
-8 swb-Ce sub~Cd
S
6 / /
s !

4 |.-t-'/’—’ samans?

L ir 21 ETS AT 21 31,31
10

238, 28,
8 epl~Cd epl=Cd
.
[3 § L A s n——" __/
-

—-‘—_l_ﬁ_,‘ T e ————— e —— e ]
it 2t 34,3t [ 21 3,31°

Fig. 5 Distribution of #$U-fission, **U-fission
and #*U-capture (UO:-D:0 lattices)
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in this respect.
C"* has not been measured. .

The micro-parameters directly relate to th_e
multiplication factor (four factors). However, for
the purpose of examining the accuracy of the
method, o( calculation, groupwise information ¢ on
the reaction rates themselves, instead of the epx~
to-thermal renction rate ratios, should be _more
useful.  Figure 5 shows the distribution of ’”U-
fission, 2*U-fission and 29U. -capture rates in UO;-
DO Iattices,

epi- nnd sub-Cd contribution of each reaction at the
position of the fuel in the annulus 1. The figure

shows that” all of the calculated distribution of -
renction rates in each “energy group agree well ~

with measurement.  For the Pu lattices similar
comparisons arc given in the Ref. (6.

Thermal  disndvantage factors are given. as
avernge Dy reaction rate ratios in the homioid
region (coolant, sheath and outside homogeneous
annuli auch as pressure tube, calandria tube-and
moderator) in reference to that of the average of
all the fuel - pins. The results are. shown in
Table 4unavan_ For D,O-lattices the disadvan-
tnge factors of coolant to fuel in each fuel annulus

vt

In UOz-HzO lattices the quantlty E

" calculation and experiment.

The reactions in Fig.5 are norma-
lized so ns to give the unit value for the sum of . .

711

are also shown. The calculated disadvantage
factor tends-to be a little smaller than the
measured. This ‘t'ehdency may come from the
treatment based on the subcell model. (It must
be remembered that the coolant region was parti-
tioned into annuli in portions that differed between
No correction has been
made in this respect). _

- In Table 5 the thermal spectrum index is
given as Lu/Mn reaction rate ratios normalized to
thermal column values. This is another important

.integral quantity of thermal flux showing the

hardness of the thermal neutron spectrum. For
UO:; fueled lattices the calculated results are in

good agreement with measured values. However
“for Pu0;-UO: fueled lattices, the calculations
: result in values somewhat lower than measure-
- ment in all space points and void ratios. Theo-

retically, the fact that the Lu/Mn reaction rate
ratios are lower for PuO;-UO; than for UQO; fuel
lattices is due to the large resonance of 3°Pu at
0.3eV (see Fig. 6). However, the measured Lu/
Mn reaction rate ratios in PuQ;-UO; {fueled
lattices are higher than in UO. fueled lattices
even for those at the outer-most point of the
moderator. It may suggest that effect of the

Table 4 "l‘?_hermal disadvantage factor

—

\w " U0#DO Pu0;-D:0 UO:-H:0
T Void (%) T :
X : .30 100 0 ‘30 100 0 80 | 100
@ Sheath Exp. 11.10+.03 | — 1.134.05 1.07+.05 1.03+.05( 1.18 | 1.06 | 1.15
L : CL-II 1.112 1.112 1,114 1.114 1.117 1.088 1.086] 1.083
£ Coolant Exp. =~ | 1.2464.034] 1,109,033 1.33+.06| 1.25+.06 1.11+.05 1.23 | 1.25 | 1.11
- CL-Il ~ |1.210 1,163 - |1.225 1.213 1.172 | 1.149 1.128] 1.117
. , : .
ey T Exp. - 2.164-.06' | 1.784.05 | 2.42+.11] 2.504-.11] 1.70+.08 1.58 | 1.61 | 1.38
_ a% CL-I  |2.004 | 1.784 2.033 2,055 |1.821 1.548] 1.540] 1.431
© & cT .- Exp. 2.17+.06 |1.79+.06 |2.48+.11}2.55+.12)1.81x.088 . | | __
(g CL-Il 2.109 1.896 12.130 2.159 1.929 .
Qal——
v Mod Exp. 2.77+.14 |2.81+.14 |2.96+.13 3.28+.14] 2.80+.14] 2.03 | 2.28 | 2.12
. CL.II 2.837 - | 2.818 2.867 | 2.961 2.934 2.001} 2.132 2.089
-, 1 Exp. | 1.2184. 025 1.040+.031] 1.23%.06) 1.11+.05{ 1.024:.05{ — | — | —
s . . CL-X 1,204 1.120 | 1.228 1,217 1.138 | 1.149 1.121} 1.091
=y . - — — I :
GRS 2 Exp. - |1.236%.021 1,108,033 1.31:+.06] 1.25+.06/ 1.06+.05| — | — | —
8.5 CL.II . 1.208 - |1.166 1,223 1,212 1,185 1,150 1.128 1.115
*m - -
o 3 Exp. 1.319+.041| 1.187--.036{ 1.40+.06 1,31+.06| 1.18+.05 — | — | —
ReE :CL-II 1.212 - 1171 1.227 1.214 1.189 1.150{ 1.130] 1.122
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Table 5 Thermal spectrum index (oL%/o™M2),/(aL%/0M®) i hermal cotuma

Lattice]

Position \, . U0:-D:0 PuO:-D;0 UO:-H:0
z oid (%)
=771 w0 100 0 30 100 0 80 100
[, £1 Exp. 1.38 | 1.57 [1.45+.04] 1.464.04] 1.56+.08 1.20 |1.40 1.43
CL-IE 1.396 | 1.570 | 1.317 1.339 1.459 1.309 | 1.428 | 1.462
2 £ Exp. 1.36 | 1.49 |1.43+.04 1.38+.04 1.47+.05 1.25 |1.35 1.40
’ CL-IT 1.345| 1.508 { 1.285 1.297 1.415 1.288 |1.390 | 1.425
1.28 | 1.34 |1.32.04] 1.33%.04 1.424.05

(3, £1 Exp. 1.28 | 1.35 | 1.37%.04 1.40x.04) 1.43x.05 1-21 |1.29 | 1.39
CL-II 1.293 | 1.410 | 1.242 1.255 1.345 1.250 |1.319 | 1.372
. Exp. 1.05 | 1.15 |1.10+.03 1.18+.04] 1.20+:.04 1.03 | 1.08 | 1.09
(outermost) CL.If - 1.104 | 1.133]1.008 1.104 1.130 1.095 |1.108 | 1.119

spectral disturbance from the driver region is felt
in the Lu/Mn reaction rate ratios, which are
sensitive to the component of the spectrum.

o

]
\
]
\
1
]
1
\
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- U0y fueled lettice \
comem PuOp=U0; fusied lettice )

0! e "3
Energy (ev)
Fig. 6 Thermal neutron flux spectrum in a fuel
pin at the innermost annulus of D;O
moderated 28-pin cluster lattices with
100% voided coolant

The multiplication factor can be determined
from the micro-parameters and disavantage factors
(see Appendix). In Fig. 7 comparisons are given
between calculation and experiment on the fast
effect €, resonance escape probability p, thermal
utilization factor f, and the multiplication factor
k., with various void ratios of coolant density*.

- For D:O-lattices, the general tendency of the’

calculation to give lower values of resonance
reaction than experiment, especially in the case
of 1009 voided lattices, results in a lower €

(owing to U fission) and in higher p (owing to
2357 capture and 2*U capture). For the H;O-lattice
of 095 void the calculated resonance escape pro-
bability p is 295 higher than experiment. The
discrepancy results mainly from the lower value
of p®* especially at 3f. The discrepancy in the

thermal disadvantage factor does not so severely °

affect the thermal utilization factor if the system
embodies heavy-water moderator. For a system

e} UO2-D0 ond 4 ) PuO2-D20 Uo2-H20
U02-020 =225
B
/ v had S 4
[ . _...,.'-—-" ke a-x
——‘: : | ./ ot ®
Caasered CTFIe
el ] vesd iatecd ot
Clnp., 300 04 (101,
€ ’,/ ‘ ’
CX -
— / | < -
R
1.01 p
1 '
S {1 =
| S
ok '\’Qx <& -
\ =
N \‘s ]
s __,.../
¢ 30 00 63 150 8500
void % void % void %

Fig. 7 Multiplication factor

* For UO:-H:z0 lattices Cexp®=Clat® is assumed, and
for PuQO:-D:0 lattices, moreover, 34*'/% and 3’
(see Appendix) are used to obtain (., of which
no comparison has been given in this paper (see

Ref. (i6).
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_with light-water moderator, however, the_ di-
vergence more severely affects the thermal utiliza-
tion and multiplication factors. The ¢celc_ulated
multiplication factors k. agree with expenment
within 194, except the cases of UOz-DzO .22.5
1009 void and UO:-H,O 0 % void, although some
discrepancies in € and p are cancelled out in k.
The void dependence of the multlplxcatlon factor
is fairly well reproduced.  For UOz-DzO—225
lattice of 1009 void, half of the dxscr_epancy ‘be-
tween calculation and experiment in k. results
from the disagreement in C°. For the UO:}H:O
lattice of 0% void, the calculated k. is Jlarger

_than experiment by 2%, and this is due to the
lower p”

IV. DIScUSSION

Examining the void dependence of the ‘four
factors in cluster-type fuel lattices, it is seen from
Fig. 7 that the multiplication factor has a tendency
to rise with increasing void fraction. ~ This réults
from the fact that coolant and moderator ‘are

separated from each other and that the void océurs
only in the coolant. Generally the presence of
void brings an advantage to the thermal utilization
factor f (loss of absorber effect) and disadvantage
to the resonance escape p (loss of slowmg down
effect).

In cluster lattices, neutrons are moderated
mainly in the zone outside the fuel region. Even
if the coolant becomes 1009 void, neutrons  pass
into the fuel region from outside the moderator
reglon It results in less change of p thh voxd

merical trial shows that the change of fina cluster ’

lattice is about one half that of a regular lattlce)

Since the change of pis smaller in cluster-type .

than in regular fuel lattices the repression “effect
is so much lower in the former type fuel lattices.
Although moderation in coolant is of secondary
importance in a cluster fuel lattice, it becomes
more important as moderator-to-coolant = volume
ratio becomes smaller (compare two UO0:-D;:0 lattlces
with different pitch in Fig. 7).

The loss of slowing-down effect also renders
harder. the thermal neutron spectrum in” the ‘fuel
region.
from the loss of absorber -effect.

o calculated and experimental values.

. reported in Part (1):

It reduces the advantage of f resulting
A ‘numerical
trial shows that the decreasc of 0un?** with void
in a cluster fuel lattice is about one half of that
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in a regular lattice, and that in some cases the

thermal neutron spectrum in the fuel region of
100% void is softer than with other void fractions.
Comparisons between calculation and experi-

- ment have proved that the present method has a
., .tendency to underestimate the micro-parameters

such as 3% and p?, especially when the coolant
becomes voided by 100%5. The calculated neutron

. flux spectrum corresponds to the spectrum for a

single region critical core whose configuration is
the same as the test region (characteristic spectrum
of the cluster lattice). On the other hand, the ex-
perimental lattices studied here are located at the
center of the inner test region in two-region

“critical cores. Thus, in the experiment, the

characteristic spectrum might be dxsturbed by the

" surrounding driver region.

A recent study‘“’ on the UOz-DzO cores

. indicated that the characteristic spectrum is realized

in good approximation at the center of the test
region if the spectrum is calculated under the
assumption that the effective multiplication factor

is equal to 1.0 (cf. self consistent buckling iteration

method described in -3 above). The four-group

‘ j_calculatxon of the study gives a 3% lower ¢sf/da
" value than .the characteristic spectrum at the
_center of the test unit lattice of UOz-DO for
100% void and almost the same ¢s/¢s for other

) _void percentages (for PuO:-D;O lattices a little

larger disturbance may occur). This could prove
useful for correcting the difference between the
In this con-
nection, we recall the experimental venﬁcatxon
It was there stated that in
the test region the deviation of the observed

. spectrum from the characteristic is negligible.

Next, the Cd cut-off energy sxgmﬁcamly affects

- such mxcro-paxameters as where the fast-to-thermal
. reaction rate considered in small, and the reaction
" around the Cd cut-off energy is relatively im-

‘portant

For example, -the changes of the values
of 8%, p®*, 0% and C* corresponding to a change
of Cd cut-off energy from 0.45eV to 0.625eV,
for example, were found by calculation to be about
10, 3, 1 and 1%, respectively. Among these
parameters, 0%° is the most sensitive to Cd cut-off
energy. ,

" In the experimental analysis studied here the
thermal cut-off energy is equal to the Cd cut-off

', energy of 0.45eV. This might be consxdered
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excessively low compared with the thermal cut-off
energy generally used in multigroup calculations.
A theoretical verification based on a simplified
model shows that this value of thermal energy
cut-off is still reasonable®? ¢ Moreover numerical

- calculation reveals that the effect of this treatment
.'on the overall flux is small (less than 0.3% in k)
* at least for the cases considered here.

The relative conversion ratio is expressed by

T, [140®
O of =I‘(f+_§z§)‘

.- Ti=(CaB®Fy®)1/(Ca** | F2*)thermal cotumn.

The notations used here are found in Appendix.
The change of C:**/F3*® depends on the thermal
spectrum, so that the remaining independent
information contained in C;*is I;. Generally the
value of I; is 1.0 for the same spectrum at that
in the thermal column, and exceeds 1.0 for harder
spectra. This holds in calculation, but not for
the I; derived from experimentally determined
values of p?, 3%® and C*. No successful explana-
tion can here be given on this point.

The criterion of validity of the calculated flux
distribution in the coolant is the thermal disadvan-

(10)

! tage factor. The calculated disadvantage factors

of the coolant are lower than experiment, especially

. .when the coolant is not voided, and are almost

same for all fuel annuli. This is the result of

_ adopting a subcell model in which an equal

amount of coolant is attributed to all fuel pins.
This model partitions the coolant in equal amounts
to all fuel pins and locates the coolant nearer to

the fuel pin than in actuality. Hence, the local

water peaking becomes almost the same for all

fuel annuli and lower than actual, giving a smaller

disadvatage factor. The lower values of the cool-
ant disadvantage factor reduce, in turn, the tube

disadvantage factor. This is the limiting factor

for the validity of the semi-analytical model used
here. For the multiplication factor, however, the

resulting effect is small for heavy-water moderated
systems. '

Y. CoNcLusioN

A study has been made on the neutron behavior
in cluster-type fuel lattices to obtain information
on neutron physics data directly from experiment
(in Part (1) of this paper), and to develop a method

J. Nucl. Sci. Tech;zol..

of calculation, the validity of which being con-
firmed by comparison with experimental results.

In Part (I[) of this paper a multigroup method
of calculation has been proposed for cluster-type
fuel lattices, using a semi-analytical treatment for
calculating collision probabilities. The method
has been compared comprehensively with experi-
ments on micro-parameters, reaction distribution,
thermal disadvantage factor, thermal spectrum
index and multiplication factors. The studied
lattices cover a range of parameters such as fuel
material, lattice pitch, moderator material and void
fraction.

The overall result has proved that the calcu-
lated values are generally in good agreement with
experiment, though there is a tendency to give
somewhat underestimated values for the resonance
reaction. One of the reasons for this tendency
may be the small deviation of spectrum from the
characteristic, in the experimental system. Studies
in single region cores are called for. In particular,
more studies on Pu-fueled lattices are indispensable
for ascertaining the accuracy of theories relating
to burn-up calculations.
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(APPENDIX]

Experimentally, energy is separated at most

4' into two regions: epi-Cd and sub-Cd, correspond-

ing respectively to energies above and below the
Cd cut-off energy. Thus in the present work,
the four-factor formula is expressed with the
quantities based on the two-group scheme, although
this treatment obscures somewhat the traditional
distinction between fast fission and resonance
escape probabilities. -

- If Pu exists in the system, then the following

* parameters must be added as Pu micro-parameters :

649-_Epi-Cd fission in Pu
" Sub-Cd fission in Pu,

where 49’ means the summation of all isotopes of

Pu, and

6‘9'125 Total ﬁSSlOn 1mn Pu
Total fission in 25U,

(1) Multxplxmtxon factor and four factors

ko=epnf _ (A1)
(2) Fast fission factor

e=14 (UZI)1¢1__1 , 625+(DZB/D25)838(1+625)+(D(9'/D25)649'[Fz“’/Fz!S]

TeIp TR RELE ] ~, (A2) -

where [qu'/Fzzs:' 649'{zsiigzs ,_‘::1" - (A3)
(3) Resonance escape probabxlxty AR
S 1. %

f’ Sot+3a I+fPR, (Ad)

(1+a128)-1+ (1 +a125)625/p28[Fz!5/C228] + (1 + allg')aﬂ '/p28[F249'ICzZBJ +A1non luel/ClZR

1+(1+a;”)[Fz==/Cz"J+(1+az"')[Fz‘°'/Cz"] ) (85)
1+p 1 ‘ capture -to-fission ratio.
where [F’n/c’n:l 1+6® CR, - (AG) (4) - Thermal utlhzatxon factor and /]
L 1402 .549'/;5_ aj o ViZal e
[F* /sza]_l_*—gw . _ER— (A7) f _lf}-‘ff::‘z.—zm(awl 4‘/?'[,,‘)[D'F 1(Dy)]

Here, CR is the conversion ratio (total capture
rate of 2*'U to total fission rate of 2U), Pz the non-
escape probability of sub-Cd _neutrons, and a the

.
P}

‘ o ) B (A8)
7;=(LTZ'});/Z'“‘“°‘ .

The calculated value is generally used for 7.
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Thorium dioxide amounting to 1.3kg was irradiated for 241 days at an average neutron flux of
6x 10" n/am?-sec, and allowed to stand for 1.2yr. This cooling lowered the r-activity of the irradiated
ThO, sufficiently to permit handling without special shielding. Nine milligrams of *’U were extracted
with TBP in dodecane, and determined by «.ray counting. The mass ratio of the uranium isotopes

obtained was determined by mass spectrometry.
natural uranium.

It was indicated that the U was contaminated with

KEYWORDS: uranium 233, irradiation, preparation, thorium dioxide, mass spectrometry,
neutron flux, solvent extraction, TBP, alpha radiation counting, Japan Power Demonstra-

tion Reactor, neutron beams

I. INTRODUCTION

The fertile nuclear materials 2**U and #*Th
exist on earth in large quantities, compared with
the fissile material 2°U. It is thus thought that
these fertile materials should play an important
role in the large scale nuclear power generation
expected in the future. o

The preparation of very small quantities of
233(J by irradiation of gram amounts of Th target
has ,reviously been reported by the authors®,

The present study aims at preparing 2*U with
relatively small quantities of fission products (F.P.)
by irradiating large amounts of Th in a reactor for
long periods under low neutron flux. About 1.3
kg of ThO; was thus irradiated for 241 days at
an average thermal neutron flux of 6 10'°n/cm?2-
sec, and allowed to stand for 1.2yr. The 7-ray

activi: 7 of the sample was reduced sufficiently to

permit its handling without special shielding.
From this sample, 9mg of 23U was obtained by
extraction with TBP in dodecane, and determined
by a-ray counting. Mass spectrometric measure-
ment revealed that the 2%*U was contaminated
with natural uranium. Technical considerations
for the production of 23U are also discussed.

II. EXPERIMENTAL

1. Target Assembly
Three assemblies of target materials were

prepared, each assembly containing 0.43kg of Th
in the form of ThO: pellets. The pellets were
cylindrical—12.5mm in outside diameter and 10.5
mm long. Each pellet contained 11.1g of ThO;
on the average. The pellets were packed into
Zircaloy cladding tubes, which were then sealed
by welding. The target assembly is shown in
Photo. 1. ’ :

Photo. 1 Photograp of taet asembly
2. Measurement of the Thermal and
Fast Neutron Fluxes

The %°Co(n, 7)¢°Co and **Fe(n, p)**Mn reactions

t IAESTE exchange student from Bern University
(1969).
* Tokat-mura, Ibaraki-ken.




