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The thermal-neutron behavior in a highly heterogeneous cluster-type plutonium fuel lattice
has been studied through the measurements of the dysprosium reaction-rate distribution In a
unit cell covering three plutonium fuel elements, four coolant voids, and two lattice pitches.
The study Included comparison with the results obtained with U02 fuel

A new technique for locating thefoils has been developed, resulting In an accurate measure-
ment of the thermal-neutron flux distribution.

Depression of the thermal-neutron flux In the fuel region is larger in the plutonium fuel
lattice than in the uranium lattice because thermal-neutron absorption in the plutonium fuel is
enhanced by the resonances of 29Put and coyPU at 0.3 eV. In addition, the l/v cross section of
plutonium Is larger than that of uranium. This property of the plutonium fuel appears markedly
at 100% void fraction, but less at 0% because this property is weakened by the presence of
120 coolant

The results of calculations obtained by means of the LAMP-DCA code showed good agree-
ment with experimentally determined data within 5%.
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1. INTRODUCTION

In a plutonium fuel lattice, the behavior of
neutrons, especially of thermal neutrons, is in-
herently more complicated than that in uranium
fuel lattices, because isotopes of plutonium have
large neutron resonances in the low-energy re-
gion, making the physics characteristics of pluto-
nium fuel lattices more difficult to calculate than
those of uranium lattices.

This situation becomes very serious when the
plutonium fuel is utilized In the cluster-type fuel
lattices such as the lattice of FUGEN (Refs. 1
and 2), which is a heavy-water-moderated, light-
water-cooled thermal reactor because, due to
its high heterogeneity, fine thermal-neutron flux
distributions are largely affected by slight changes
in fuel enrichment, in plutonium isotopic compo-
sition, and in the volume ratio between fuel and

coolant and between fuel and moderator. A.
cordingly, accurate measurement of the thermii%,
neutron flux distribution,, as affected by siigQ
changes in the lattice condition, is indispensWbi6t
for clarification of the thermal-neutron behaviWi'
and for the evaluation and improvement of calcuiiL~
lational accuracy. b

The experimental studies, which have the same >
or better measurement accuracy than thoseot`'
uranium fuel,3 7 are relatively insufficient for{he';
cluster-type plutonium fuel lattices.3 '8 "' 0 A
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NEUTRONS IN PLUTONIUM FUEL LATTICES 293

-.;The main objective of the present experiment
Ohio make the thermal-neutron behavior in the
Fjiutonium-lueled lattice clear by measuring the
,sprosium reaction rate distribution in a unit
eii~ following systematic changes in coolant void
frction, fuel enrichment, plutonium isotopic com-L sijion, and the lattice pitch. For better clarifi-

~iton of the behavior, the results- are also
ed with those of U0 2 -fuel obtained in the

previous experiment."
S!he experimental results are systematically

E¢;ipared with (a) those calculated with the
:THUSELAH-II code,"'z on which much of the

j'UGEN core design calculations are based, and
:;<with the LAMP-DCA code,U1i 4 which is de-

;goped for the purpose of obtaining better calcu-
ional accuracy.

Upper Tie
Plate

II. EXPERIMENTAL FACILITY

G . cluster used for the present experiments
biisists of 28 PuO2-UO2 fuel pins with Zircaloy-2

WIing as shown in Fig. 1. The fuel pins in the
a1tter were arranged in three concentric layers;
otiting from center there are 4 pins in the first,
~pin5 in the second, and 16 pins in the third

'j'r,. Inconel-X springs under compression and
at the upper end of the element hold the

ei, * compacted. These fuel pins were arranged
i 28-pin cluster by aluminum spacers that

re supported by aluminum hanger wires between
imp upper and lower tie plates. The total length of
ibe'Icluster was 2223 mm, including the standard
' Alemeat length of 2000 mm.
4. The cluster was located in a double-walled

bdumiinum tube; the inner one is called the pres-
We tube and the outer one the calandria tube.
'iM pair of tubes was positioned in a square

}*ice having a 22.5- or 25.0-cm pitch in a
ylindrical core tank by upper and lower grid

plales also made of aluminum. The core tank was
S3005 mm in diameter and 3500 mm in height, and
ias made of 10-mm-thick aluminum. Heavy water

>47.$'R. ALPIAR, "METMIUSELAHI I-A Universal Assessment
,itrogramme for Liquid Moderated Reactor Cells, Using IBM 7090

STRETCH Computers." AEEW-R 135, U.K. Atomic Energy
lia>Af.hority, Winfrith (1964).

J. BRINKWORTHI and J. A. GRIFFITHS, "METHUSE-
' ^S"1 11-A Fortran Program and Nuclear Data Library for the

; ;P1hsics Assessment of Liquid-Moderated Reactors," AEEW-R
80 U.K. Atomic Energy Authority (1966).

'13K TSUCJIIHASHI, "Analysis of SG3 Lattice by LAMP-A
s ,Code" Preprint Fl 6,1971 Annual Meeting of the Atomic Energy

Society of Japan (in Japanese) (1971).
' 4K. IIJIMA, Y. HACHIYA, }1. SAKATA, and H. KADO-

i .'TAN, "Improvements of Detailed Calculation Code (LAMP-
tCA) for Cluster-Type Fuel Lattice," Preprint A6, 1974 Fall
Meeting of the Atomic Energy Society of Japan (in Japanese)

, (1 l974)

Fig. 1. Schematic drawing of a fuel cluster.

of 99.5 mol% purity was the moderator. The
dimensions and compositions of the present ex-
perimental lattices are listed in Table I.

The quantity and composition of coolant in the
pressure tubes of the cluster were varied to simu-
late a range of effective void fractions from 0%
(when filled with light water) to 100% (when filled
with air). Two intermediate void fractions, 30 and
70%, were simulated by the D20-H 2 0-H3 30 3
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TABLE I

Lattice Dimensions and Compositions

TABLE IIT H

Composition of Experimental Coolant Mixture

Cluster
Radius of each layer

1st 13.13 mm
2nd 30.00 mm
3rd 47.58 mm

Hanger wire
Diameter 2.0 mm
Material Al

Spacer
Diameter 114.4 mm
Material Al

Cluster length 2223 mm
Standard fuel meat length 2000 mm

Pressure tube
o.d. 121.0 mm
L.d. 116.8 mm
Material Al

Calandria tube
o.d. 136.5 mm
i.d. 132.5 mm
Material Al

Moderator
Material D2O
Purity 99.5 mol%

Core tank
o.d. 3025 mm
i.d. 3005 mm
Height 3500 mm
Material Al

Lattice pitch 22.5 or 25.0 cm
(square lattice)

Upper and lower grid plate
Material Al

Temperature 20-C

Coolant Void Fraction (%)
Material

(wt%) 0 30 70

H20 100 63.17 18.07

D2 0 0 36.82 81.91

HDBOj 0 0.0092 0.0215 _

These PuO2 -UO2 fuel clusters were arrangedm
the central part of the core, as shown in Fig.- 2
a square 5 x 5 lattice with one exception, and'-,
surrounding part was loaded with 1.2-wt%-enricj
U0 2 fuel clusters having the same dimensions}
those of the PuO2-UO2 fuel. In the case of
standard-grade 0.87-wt% PuO 2-UO2 fuel with'
coolant void fraction of 0% on the 22.5-cm pW
nine clusters were arranged 3 X 3 in the centi
part so as not to make the D20 critical level4
low. As a result, the experimental D2O levelfi>
heights from the bottom end of the fuel meat t6ih
D20 surface, ranged from 83.0 to 104.0 ci>.7
previous experiment 3 showed that an equilib ium
of the neutron energy spectrum in the central 1
cell was satisfactorily attained in at least AId;i'
clusters.

II. MEASUREMENT

The dysprosium reaction rate distributions
the unit cell were measured by a 0.1-mm-thi
dysprosium-aluminum alloy (4.0 wt% dysprosiw)
foils in the central unit cell as shown in Fig .
Measurement positions of the foils in the units
are shown in Fig. 3. They are within the plutonium
fuel pins, in the coolant, on both the inside and'thf
outside surfaces of the pressure tube and j~i10
calandria tube, and in the D20 moderator. ,a

For measurements within the plutonlum'f-e
pins, four 14.8-mm-diam foils were set inpo
tions F-1, F-2, F-3, and F-3', shown in Fig.,.
The foil arrangement within the plutonium fuel I
is shown in Fig. 4.

The dysprosium foils were covered with 002
mm-thick aluminum foils as a cassette to protect
them from contamination by PuO2-UO2 powder and
fission fragments emitted from adjacent pelletSi
These foil cassettes are shown in Figs. 4 andS..
The foil cassette was placed between two special
PuO2-UO2 pellets, referred to as disk pellts4
having flatter surfaces and the same composition
as the regular pellets. .

mixtures specified in Table II. The mixtures of
light and heavy water simulated slowing down
effects of voids, and small amounts of boric acid
accurately. simulated the effective absorption. In
each experiment, the coolant level was kept as
close as possible to that of the D20 moderator.

Three different mixtures of plutonium oxide in
natural uranium oxide were available for the
present experiment. The plutonium fuel enrich-
ment is defined as the weight percent of PuO2 in
the PuO2-UO2 mixture. Two fuels, of 0.54 and
0.87% enrichment, were made of standard-grade
plutonium (-91% fissile plutonium) and of reactor-
grade plutonium (-74% fissile plutonium), respec-
tively. The specifications for each fuel are listed
in Table lII.
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TABLE III

Specifications of Fuel

I .

I 1".
: q

t,
. � 1,
I '...
! t"
I �L

� IqI k�
i re,

0.54 wt% (s) 0.87 wt% (s)S 0.87 wt% (r)a 1.2 wt% 1.5 wt%
,.; !Fel Type PuOrUOz Pu02-UO2 PuOz-UO2  U0 2b UO 2 C

1 pellet
-,;pensity, g/cm3  10.17 10.17 10.25 10.36 10.38
* A Diameter, mm 14.69 14.72 14.68 14.80 14.77

'U Enrichment, wt% 0.5421 PUz 0.862 0.874 1.203 (5U) 1.499kPLI0z + U0 2 )

Composition, wt%
2, Z35J - 0.6214 0.6194 0.6194 1.057 1.317

86.782 86.503 86.493 86.793 86.563
$X? 3Pu 0.000102 0.000145 0.00641
h*Pu 0.4304 0.6849 0.4953
t-Pu 0.04115 0.06584 0.1661

2Ipu 0.004359 0.00696 0.07217
g 2pu 0.000303 0.00051 0.02296
nit 0 12.12 12.12 12.13 12.15 12.12

gel pin
Cladding material Zircaloy-2 Al
, Cladding id., mm 15.06 15.03
Wladding o.d., mm 16.68 16.73
tOap material Helium Air

Were, (s) and (r) designate standard-grade and reactor-grade plutonium containing -91 and -74% fissile pluto-
ii, respectively.

bUsed as the driver fuel.
ku'iOj used In the previous experiments, Ref. 6.

he disk and adjacent pellets were. carefully
enered in the system axis by adhesive aluminum
pa. Cadmium-covered foils were used to in-
O~stgate epithermal neutrons. For subcadmium
easurements, cadmium covering was provided
i a 20-mm-wide, 200-mm-long ring and end-
dging disks (all 0.5 mm thick), located as shown

Iii;jFig. 4. The foil cassettes with or without
Cdzium disks were loaded together with the

-UO2 pellets into the Zircaloy-2 cladding tube
^aglove box of the Plutonium Fuel Division at

ye Tokai Works of the Power Reactor and Nuclear
Fu, iDevelopment Corporation (PNC). The fuel

iin which the cassettes were loaded was half
th&.normal length (i.e., the fuel was 100.0 cm

-4wig); for easier handling in the glove box. This
'lower section of the fuel pin was connected with
the Upper section before irradiation in the cluster.

lg>iigure 6 shows the pins.
,-3-After irradiation, the fuel pins were removed

bto the cutting glove box, shown in Fig. 7, in the
~P1Utonium Handling Room located near the reactor

,toor where the foil cassettes were recovered.
ereafter the dysprosium foils were picked out

Ot the foil cassettes in the next decontamination

t6;t¼,..:

glove box. The handling procedure necessary for
'obtaining uncontaminated irradiated foils is de-
scribed in detail in a previous paper.1s

For measurements in the coolant region, a
0.1-mm-thick sector foil was used as shown in the
shaded section in Fig. 3 and in the close-up
in Fig. 5. The sector foil, which was sandwiched
in a 0.5-mm-thick acrylic acid resin holder, was
irradiated. After irradiation, the sector foil was
divided into seven pieces, from C-1 to C-7, as
shown in Fig. 8, and each piece was counted for a

'time, depending on its activity and the counting
efficiency. .

The reaction rate distribution in the D2 0 mod-
erator was measured along the 0- and 45-deg
directions by 7-mm-diam dysprosium foils. These
foils were arranged in line on a 0.5-mm-thick
aluminum holder, as shown in Fig. 9, which was
suspended from the upper grid plate by a fine
nylon thread. The holder was accurately and
stably positioned between two calandria tubes by

'Y. NAKAMURA, Y. MIYAWAKI, N. SASAO, Y. HA-
CHIYA, and A. SHIMAMURA, J. NucL Sc. Technol.. 9_ 277
(1972).
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45
,, 1

Cell Boundary
(22.5-cm Pitch)

Dy Sector Foil
5. F
or fc

Fig. 3. Arrangement of dysprosium foils in central ul

Pu'~"O Fel Position for Fbil
* P22-UO, Fuel (Irodiotion in o Cluster)
o Pu02-U02 Fuel
o U02 Fuel

Fig. 2. Core configuration for 22.5-cm pitch lattice.

Rina 10-5 mm)

the two wings that protrude from its ends. Flux
perturbation by the presence of this light-weight
holder is thought to be negligible.

The dysprosium reaction rates at the surface
of the pressure and calandria tubes were also
measured with the same 7-mm-diam foils located
at two identical positions around each surface, as
shown in Fig. 3. The foil setting technique was as
follows. A foil to be set on the inner surface of a
tube was first fixed into a 0.1-mm-thick aluminum
holder. Then, as shown in Fig. 9 (tool A), the
holder was tied at both edges with a nylon thread
and was tightly covered with adhesive tape of
adequate cross section. This setup ivas then
pressed by another tool, B, at the proper position
in the calandria or pressure tube. Tool A is
removed by cutting the nylon thread loop. The
cross section of the adhesive tape was adjusted to
raise the setup easily after irradiation by the
upper portion of the nylon thread.

All the dysprosium foils except the cadmium-
covered foils were located at the same vertical
distance, 40 cm, from the lower grid plate, and
were irradiated for 30 min at a power of 100 W
[ -10' n/(cm2 - s)]. After -2 h of cooling time, the
beta particles from 165Dy (half-life = 139.9 min)

il Cassette
Cd-Covered Irradiation
Disk (0.5 mm) ..

.,,,i

Al (0.02 mr

Dy Foil -- \ 3

Foil Cassette,

.Disk Pellet (2.0 mm)

-Foil Cassette
for Bare Irradiation

-Thin Al Tape
(Adhesive -0.01 mm) c. .

.7. 1
ient:Fig. 4. Foil arrangement in PuO2-UO2 fuel pin.

.9
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C-6 C-7
Identification
of Region

5. Foil cassettes for measurement within plutonium fuel
or foil for measurement in coolant.

It,

(mm)

Distance from Cluster Center

Fig. 8. Sector foil for measurement of the dysprosium reac-
tion rate in the coolant region.

11

I' 41

j�I5

�JI
�It

jiT�

* �11'

'A

4
I

To Upper Grid Plate

r:>t,'' 'Lower Fuel Pin I M:
S5Ssors

Fig. 6. Lower and upper plutonium fuel pins.

'- 'Giove Box for
.bDecontamination

Glove Box for
Cutting

J ,.w ,

,. � i t .. , '.. �t
I . . '. . I ;- :"-- -�

.I I p ,
I - i
-

,. Fig. 7. Plutonium handling room in the heavy-water critical
!xPeri"ent section of PNC

Fig. 9. Holder arrangement for measurement in the D20
moderator and tools for locating foils on the inner surface of the
calandria or pressure tubes.
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were counted by an ordinary beta-particle counting
system having a 2-in.-diam X [in.-thick CaF2(Eu)
scintillator. Each foil was counted more than four
times.

The reaction rate distribution was obtained
from each set of counts by applying corrections
for counting system background and dead time, the
decay time, and the counting efficiency character-
istic of the various foil shapes and weights. In
addition to these corrections, the reaction rate
distribution in the unit cell was corrected for the
epicadmium reaction rate and also for the gross
distribution, which was measured with the dyspro-
sium foils placed at 2.25-cm intervals on an
aluminum holder across the core diameter. The
actual measured distribution, which is the mixture
of gross and intracell distributions, is shown in
Fig. 10 for the case of zero coolant void fraction
in the 0.54-wt% PuO2-U0 2 -fueled lattice. Six
curves (A, B, C, D, E, and F) were obtained by the
least-squares method using the reaction rates on
periodically identical and symmetrical positions
across the unit cells of the plutonium fuel region.
These curves were normalized into one curve, and
by using this resultant curve, the gross distribu-
tion was eliminated. Details of this experimental
method are described in a separate report."6

After these corrections, the experimental error
for the present dysprosium reaction rate distribu-
tions in the unit cell was estimated to be *2%,
taking *1.0% for the statistical error and +1.6%
for the systematic error. This systematic error
includes errors of *0.6% in counter dead time and
counting efficiency, *0.6% in the epicadmium
activity correction factor, and ±0.3% in the cor-
rection for the gross distribution.

II

1.2-wt% UO0
Fuel Region' Clu

! 1 I

ED

10

._

E

8

F-1 F-

I

I :

I.

Radial Length from Core Edge (cm)

Fig. 10. Gross flux distribution for zero coolant vol
tion in the 0.54-wt% standard-grade PuOzUO2 fuel lattice.

. I 1. Dys
t void frac
.S-cm pitc

IV. RESULTS AND DISCUSSION

Figures 11 and 12 show the dysprosium reaction
rate distributions in the unit cell for 0.54-wt%
PuO2-U0 2 fuel at 22.5- and 25.0-cm pitch lattices
and zero void fraction. For the detailed compari-
son among various experimental distributions or
between the experimental results and the calcula-
tion, some normijalization should be made-at an
appropriate space point. In the present unit cell
system, a point between the pressure and calandria
tubes is thought to be proper for normalization,
because the source and sink regions of thermal
neutrons are clearly distinguished by the two
tubes, especially at 100% void fraction. However,
the detailed measurements around the surface of

the tubes have not been made in the earil
experiments 3 '6 ' 7 due to the difficulty of seft
foils in the correct positions on the inner surfai
of the long pressure and calandria tubes.

In the present experiment, the detailed dist
butions could be obtained by the foil-seti
technique mentioned in the preceding seciti
resulting in an accurate normalization at the orut
surface of the pressure tube. In addition totl
problem of normalization, the thermal-neukt
behavior around the boundary was made ciear;c'
shown in the figures.

- Results of the present systematic experimenl
led us to the following discussions of the dep'ei
dence of thermal-neutron behavior on coolat'-V0
fraction, fuel enrichment, plutonium isotopicdc6on
position, and lattice pitch.
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IV.A. Dependence on Coolant Void Fraction

"T. WAKABAYASHII, Y. HACHIYA, and N. FUKUMURA,
"Measurement of Material Buckling in Cluster-Type Fuel Cores,"
ZN 941 74-82. Power Reactor and Nuclear Fuel Development
Corporation (in Japanese) (1974).

The dependence of the thermal-neutron flux 01ZV'
the coolant void fraction is shown in
measured for the 0.54-wt% PuO2 -U02 fuel a
22.5-cm lattice pitch.

The thermal-neutron flux depression in the W"I
region is enhanced with increasing presenceOfi

p.
*1�
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0

0a,

n
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,,

E

0
U

* V)

0

z

'a.
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0
C.

ZS
0

2.0 -

1.51-

Pressure Calandria l
Tube Tube

Cluster DO

F-i F-2 F-3 45 deg

I I[
0 deg

Cell Cell

x Boundary- Boundary

( O deg) | 45 deg)

1.

FuelI
ICoolant. I

1.01-

I

15

Cell
Boundary
(O deg)

Cell
Boundary
(45 deg)

0.51-

I
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f Fuel
I Coolant

, II 0.0
. _ . . ..

D 5.0 10.0
Distance from Cluster Center (cm)

- 15.0
5.0 10.0 15.0
Distance from Cluster Center (cm)

i

I

IjS 11. Dysprosium reaction rate distribution for zero
t void fraction in 0.54-wt% standard-grade PuOrUO2 fuel

t .5-cm pitch lattice.

X jcoolant (i.e., decreasing coolant void frac-
) However, with increasing presence of H20
lint, the thermal-neutron flux distribution is

o to be flattened in the D20 region. These
i1dncies have also been observed in the previous

rsment" with U02 fuel lattices. The former
ncy can be considered due to a shortening of

¢average diffusion length in the fuel region by
lpresence of the H20 coolant; the H20 coolant

ces the thermal-neutron self-shielding effect
ylite fuel region, and the latter is due to the

ced reflection by the H10 coolant of the
* inal neutrons emanating from the D20 mod-

aor region.
ehi&a quantitative discussion about the tendency
pie fuel region, the average diffusion length was
etlcated using the group constants obtained by

9fnsport theory14 and listed in Table IV.
tfrTho values for 0, 30, and 70% void fractions
~uster in groups far removed from the value for

Rteb, as seen In Fig. 13. These subtle differences
bathe coolant-filled lattices and the large de-

at 100% void fraction can be systematically
*eo-mprehended in terms of the average diffusion

l gth These' tendencies are also discussed in
XSec. IV E.

k..

X-,..

Fig. 12. Dysprosium reaction rate distribution for zero
coolant void fraction in 0.54-wt% standard-grade PuOrUO,
fuel at a 25.0-cm pitch lattice.

IV.B. Dependence on Fuel Enrichment

The dysprosium reaction rate distributions of
the 0.54-wt% and 0.87-wt% standard-grade and
0.87-wt% reactor-grade enriched PuO2 -UO2 fuels
measured in the 22.5-cm pitch lattice are shown in
Fig. 14. It is seen that increasing standard-grade
fuel enrichment (0.54 wt% - 0.87 wt%) tends to
accentuate the depression of the thermal-neutron
flux within the fuel region, as well as the corre-
sponding rise in the D20 moderator. The tendency
of the distribution in the D20 moderator region is
the opposite of the tendency with increasing H20
coolant.

The accentuated depression can be ascribed to
enhancement of the thermal-neutron self-shielding
effect due to absorption in the fuel and the corre-
sponding tendency in the moderator region to
increased thermal-neutron current flowing from
the D20 toward the fuel region.

As seen further in Fig. 14, the variation of the
thermal-neutron flux in the fuel region in the case
of 100% void fraction is larger than that with zero
void fraction with the same fuel enrichment. This
tendency can be explained by the fact that the
variation in the average diffusion length shown in
Table IV is larger with 100% void fraction than

-
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Fig. 13. Dependence or thermal-neutron flux distribu-
tions on the coolant void fraction in a 0.54-wt% standard-grade
PuO2-UO2 fuel lattice.
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that with zero void fraction. The reason is that
the change in the absorption cross section of the
fuel region, predominantly in the value of r,,{L2 =
3 [1/(2Et,)]}, is weakened by the presence of
a large transport cross section of the H20 coolant.

IV.C. Dependence on Plutonium Isotopic
Composition

As also seen in Fig. 14, the depression of the
thermal-neutron flux in the fuel region for reac-
tor-grade 0.87-wt% PuO2 -UO2 fuel is smaller than
that of standard-grade 0.87-wt% PuO2 -UO2 fuel. In
the D20 region, the flux distribution is more
flattened.

This tendency is easily explained by the fact
that the reactor-grade fuel corresponds to a lower
fuel enrichment than that of the standard-grade
fuel because either the 2200 m/s macroscopic
absorption cross section summed over all the
isotopes or the thermal macroscopic absorption
cross section, including resonance absorption
peaks calculated by the LAMP-DCA (listed in
Table IV), is smaller in the case of the reactor-
grade 0.87-wt%-enriched PuO2 -UO2 fuel.

IV.D. Dependence on Lattice Pitch

The depression of the thermal-neutron jjtij
the fuel region of the 25.0-cm-pitch latkeet
appreciably larger than that of 22.5-cm
seen in Fig. 15. It is considered that this tenderey
originates in the increase in neutron absorpti)j
the fuel by softening of the thermal-neutron~spe.
trum due to an increase in the region ;
D20 moderator. .The absorption cross
in the LAMP-DCA calculations, Table
indicates a softer neutron spectrum in the Zg~ j
25.0-cm pitch lattice.

In the D20 moderator, when the lattice pilchaJd
extended from 22.5 to 25.0 cm, the thermabtiet
tron flux distributions apparently become .ghi8
at the cell boundary, as seen in Fig. 15$^Tl't
tendency is accounted for by the increase 9fE5
slowing down effect in the D2 0 moderator regiotl^,

JV.E. Thermal Disadvantage Factors

Here, the thermal disadvantage factor is ,deined
as the average dysprosium reaction ratet inl hbe
fine distribution in each region: coolant, preSstre
tube, calandria tube, and D2 0 moderator, diVkde

1. 15. Depene
it -lattice pitc
1102 fuel.

. I
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i~e dyspros
Vel pins.
he reactioi
fitted to I

,res metho
Lerator regi,
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Calculated by the LAMP-DCA Code

tice Fuel Void Fraction 2 a -312,t L
§jijtch Enrichment t)(cni 1 ) (cm') (cm) (cm)

0 0.103 1.255 2.579 1.606
0.54 wt% (s) so 0.101 0.976 3.381 1.839

PuOz-UO2 70 0.096 0.608 5.711 2.390
100 0.088 0.303 12.419 3.524

5cm 0.87 wt% (r) 0 0.121 1.257 2.192 1.481

PuOZ-UOz 100 0.105 0.322 9.859 3.140

0.87 wt% (s) 0 0.127 1.257 2.088 1.445
I PuOQZUOZ 100 0.109 0.326 9.381 3.063

I

I

..0.54 wt% (s)
PUOZ-UO2

0

100

0.107
0.092

1.260
0.307

2.472
11.802

1.572
3.435
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variables r (distance from cluster center) and
0 (angle from 0 deg) was determined by fitting it
by the least-squares method to the measured
values along the four peripheries: along the two
directions 0 and 45 deg, on the outer surface of
the calandria tube, and at the cell boundary, as
shown in Fig. 3.

The thermal disadvantage factors in each region
are shown in Tables V and VI. As seen in these
tables, the thermal disadvantage factor in each
region increases with an increase in H 20 coolant,
fuel enrichment, and lattice pitch. However, in
the case of coolant void fraction, the maximum
value in the D 2 0 region is seen at 30% in both
lattice pitches.

For the comprehension of this discrepancy, the
thermal disadvantage factors measured for the
standard-grade 0.54-wt% PuO2 -UO2 fuel in the
22.5-cm pitch lattice were separated into numer-
ator and denominator (average reaction rate in the
fuel and in the D 2 0 moderator region), and they
are shown in Fig. 16 -with normalization at zero
void fraction.

As mentioned in Sec. IV.A, the main effect of
-the .H20 coolant on the fuel region is understood
as the enhancement of self-shielding, and on the
D2 0 moderator region, the reflection of the ther-
mal neutrons back to the D2 0 moderator. As seen
in Fig. 16, the enhancement of the self-shielding
effect is almost saturated at around 30% void
fraction with the increasing presence of H20

coolant. This means that introduction of more
than 70% H20 into the coolant mixture (<30% void
fraction) has only a small effect on accentuating
the depression in the fuel region. However, as
also seen in the figure, the thermal-neutron re-
flection effect that makes the thermal-neutron

';;esi'l
''A 1

i'"i

t,.

It'
. ,1

'*1

* 25.0-cm Pitch Lattice

is .. . . .

I

,00 5.0 10.0 15.0
Distance from Cluster Center (cm)

-l Pig. I. Dependence of thermal-neutron flux distributions
Qp the lattice pitch measured with 0.54-wt% standard-grade

tUO 2 fuel.

b; the dysprosium reaction rate averaged in all
A fuel pins.

The reaction rate distribution in the coolant
3 fitted to the parabolic curve by the least-
Fqaes method. For distribution in the D20
A derator region, a smooth spherical curve having
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TABLE V

Thermal Disadvantage Factor for the 22.5-cm Pitch Lattice

Fuel

0.54 wt% (s) PUOrUO2 0.87 wt% (s) PuO2-UO2 0.87 wta (r) PuO2-UO2z

Coolant Void Fraction 5%)

Region 0 30 70 100 0 100 0 100

Coolant

Experiment 1.245 + 0.05i 1.326 * 0.053 1.243 * 0.052 --- 1.359 + 0.054 1.194 * 0.048 1.343 * 0.054 1.149 4 0.046

METH 1.292 1.267 1.219 1.059 1.408 1.077 1.352 1.070

LAMP" 1.291 1.333 1.272 1.142 1.387 1.228 1.365 1.211

Pressure tube

Experiment 2.217 * 0.078 2.146 * 0.075 1,883 * 0.066 i.504 * 0.053 2.564 * 0.091 1.795 * 0.063 2.469 * 0.086 1.754 * 0.061

METH 2.232 2.105 1.873 1.481 2.519 1.637 2.445 1.590

LAMP 2.252 2.208 1.901 1.548 2.545 1.855 2.433 1.786

Calandria tube

Experiment 2,266 * 0.079 2.227 *E 0.079 1.970 * 0.069 1.570 * 0.055 2.672 * 0.094 1.876 * 0.066 2.546 * 0.089 1.825 * 0.064

METH 2.254 2.128 1.906 1.526 2.544 1.689 2.469 1.641

LAMP 2.309 2.274 1.975 1.641 2.616 1.978 2.499 1,900

Moderator

Experiment 2.670 0.081 2.685 * 0.082 2.557*4 0.076 2.335 t 0.070 3.251 * 0.113 2.865 * 0.086 3.032 * 0.111 2.767 * 0.097

METH 2.699 2.625 2.517 2.271 3.101 . 2.638 2.978 2.510

LAMP 2.736 2.764 2.527 2.311 3.142 2.846 2.966 2.695

'Calculated values by the METHUSELAH-II and LAMP-DCA codes.

:e

In

0
:,o.

2

ii .-

1,-,, gifts
-. 1"

14 9W. 0
r :D

O-A

-4

I -' 0- -<

:3 0 OR 0
0
0

c0 c

P B
g :r
Of tu

cw l? t

0. x .." g 33
, t = o b Y p = No t h



it

NEUrRONS IN PLUTONIUM FUEL LATTICES

TABLE VI

Thermal Disadvantage Factor for the 25.0-cm Pitch Lattice

303

Fuel

0.54 Wta (S) PuOZ-UO2  0.87 wt%(r) PUO2-UO2

Coolant Void Fraction (*O

tRegion 0 - 30 100 100

bolant

Experiment 1.272 i 0.053 1.249 : 0.049 1.146 i 0.043 1.361 * 0.054 1.168 : 0.05

iMETI10 1.294 1.265 1.058 1.349 1.071

LAMP' 1.300 1.279 1.143 1.350 1.191

ressure tube

'Experiment 2.273 I 0.072 2.208 + 0.075 1.572 k 0.055 2.597 * 0.091 1.773 i 0.0C3

wMETH 2.331 2.174 1.488 2.564 - 1.620
ri
>JAMP 2.262 2.193 1.550 2.481 1.776

hiandria tube

Experiment 2.332 * 0.073 2.276 k 0.082 1.653 : 0.062 2.694 + 0.092 1.894 t 0.066

iMETH 2.354 2.200 1.533 2.592 1.683

^, LAMP 2.325 2.262 1.643 2.556 1.890

oderator
U.
!Experiment 2.832 : 0.071 2.916 i 0.081 2.610 i 0.095 3.374 i 0.115 3.055 + 0.111

SMETH 2.925. 2.822 2.421 3.269 2.693

KLAMP 2.880 2.874 2.520 3.206 2.980

lated value by the METHUSELAH-II and LAMP-DCA codes.

I1ution in the ]D20 region flatten, still in-
eases with the increasing presence of the H20

t. As a result, it is understood that the
unm value of the thermal-neutron disad-

(age factor is present at -30% void fraction.

Is V. COMPARISON WITH! THE RESULTS
FROM UO2 FUEL

,, ,' Iii the low neutron energy region, the structure
~pt uranium absorption cross section is considered

;' o e approximately of the 1/v law type. In addi-
, hn6 to this 1/v part, however, plutonium has a
c ge-1resonance at 0.3 eV for 239Pu and 24 1Pu andrA ll fo 40Pu. If the dysprosium reaction rate

*,(,,; B e present PuO2 -UO2 fuel is plotted as a func-
' n of the 1/v part that is common to the uranium

d .,'plutonium, the difference in the observed
' , ;tdencies should exhibit the effect caused by the

"resesnance.
;X Fig. 17, the average dysprosium reaction

4 ~ ._s.;

-I.r

rates in the fuel are shown as a function of the
2200 m/s macroscopic absorption cross section
with normalization at the pressure tube. They
represent 1.2- and 1.5-wt% 23rJ-enriched U0 2 fuel
and standard-grade 0.54-wt% and 0.87-wt%, and
reactor-grade 0.87-wt% PuO2 -UO2 fuels of 0 and
100% coolant void fraction.

Through the comparison of these results, the
following facts are summarized:.,

1. Changes in the average reaction rate in the
fuel with increase in fuel enrichment are
larger for plutonium than for uranium.

2. Change in the average reaction rate in the
fuel is larger with 100% void fraction than
with zero in cases for both uranium and
plutonium.

The larger gradient in the reaction rate in plu-
tonium fuels than that of the 1/v part (uranium
fuel) is believed to be entirely caused by the
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Fig. 16. Dependences of the thermal disadvantage factor
and average reaction rates in the fuel and D20 regions on coolant
void fraction.

enhanced thermal-neutron absorption by the reso-
nances. At zero void fraction, the average dif-
fusion length is thought to be largely affected by
the presence of the H20 coolant, as discussed in
Sec. IV.B, resulting in a weakened change of fuel
itself, such as an increase in enrichment or an
increase in the resonance part. The experimental
results (the fact that at zero void fraction the
variation of the average reaction rate is smaller
in both uranium and plutonium fuels, including the
reactor-grade fuel) are understood by this effect
of the H2 0 coolant.

VI. COMPARISON WITH CALCULATION- -

The present experimental results are compared
with two calculation codes: the METHUSELAH-U
code1 1' 12 and the LAMP-DCA code system. 13 ' 14

The METHUSELAH-II code developed by Alpiar 1'
has been used for survey calculation to serve in
the nuclear design of FUGEN.

For the purpose of obtaining better calculational
accuracy, the LAMP-DCA code system has been
developed by the Japan Atomic Energy Research
Institute1 and by PNC (Ref. 14). It is a set of
programs solving the integral neutron transport

CL2 03 i""-
E a (2200 mWs) in Fuel (cm' X

Fig. 17. Average reaction rate in fuel as a function'.t
2200 m/s macroscopic absorption cross section. if

equation of a reactor cell, with a cylindrical ot*
boundary, by the method of collision probablffl
For the cell geometry, it does not use lid
approximation such as the subcell model 6t.tb
fuel region adopted in the METHUSELAH-IIUC
This code system is divided into three groups.
programs for the thermal, resonance, andraw:
energy neutrons.. For the thermal energ0lf
the present problems, the LAMP-DCA comprise
four programs: PIXSE, CLUP, PIJF, and F '-
Microscopic cross sections of 50 energy grotS,
are mainly from ENDF/B-I1. In PIXSE ,-
macroscopic cross sections, including the icattet.i'
ing matrix, are processed. The collision pri 9
bility 1;; is calculated by the CLUP program .ATt1
space- and energy-dependent flux distribution)b
solved by the PIJF program and is used to calcUL e
late region-averaged cross sections in sing'le :;
multigroup structures. In the FLUX program;the<
activation distribution and its thermal disadV1i.
tage factor are calculated for Various nuclideS''

Calculated results relevant to the therm's
disadvantage factor are presented in Tables t: ;
and VI. The results of the METHUSEL [
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culations agree with the experimental results
iihin 5% for the coolant-filled lattices corre-

l ing to 0, 30, and 70% void fraction. In the
t'jtces without coolant (100% void fraction), cal-
t ated values agree within 5% only in the case of

dard-grade 0.54-wt% PuO2-UO2 fuel of 22.5-cm
ich lattice, while, in the other cases, the dis-

cyancy is more than 5%.
Qn the other hand, the results calculated by

-DCA are, irrespective of the presence of
t in good agreement with the experimental

tilts, being within 5% for changes in fuel en-
hent, plutonium isotopic composition, and
ce pitch.

VII. CONCLUSION

Thermal-neutron behavior in a highly hetero-
* ous cluster-type plutonium fuel lattice has

made clear by the measurement of dyspro-
reaction rate distributions covering three

53erent plutonium fuels, four coolant void frac-
t ,, and two lattice pitches and by comparison
fg the results of previously obtained UO2-fueled

regeiments. Especially with the use of the foil-
jating technique applicable to the inside surface

P9ing calandria and pressure tubes, developed in
present experiment, the neutron behavior

qtind the boundary between the fuel region and
e ioderator region was clarified.
With an increase in H120 coolant, the depression
2 h'e thermal-neutron flux, caused by enhance-

nt of the self-shielding effect, is almost satu-
td:at around 30% void fraction. On the other

- ~'the thermal-neutron reflection effect, which

E..

5N,
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flattens the thermal-neutron flux distribution in
the D20 region, still increases with an increase in
the H20 coolant. From these tendencies, the in-
crease in the thermal disadvantage factor in the
D20 region to a maximum at around 30% void
fraction is explained.

The depression of the thermal-neutron flux in
the fuel region is larger in the plutonium fuel
lattice than in the uranium fuel lattice because the
thermal-neutron absorption in the plutonium fuel
is enhanced by the resonances in addition to the
larger 1/v cross section of plutonium than that
of uranium. This property of the plutonium fuel
appears markedly at 100% void fraction, but less
at zero void fraction because this property is
weakened by the presence of the H20 coolant.

Calculations by the LAMP-DCA code are in
good agreement with the experimental results,
being within 5% in the case of changes in coolant
void fraction, fuel enrichment, plutonium isotopic
composition, and lattice pitch.
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