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The physical behavior of burnable poison fuel pins, containing 0.1, 0.5, and 1.0 wt%
Gd2 O3 in 1.5 wt% UO2 pellets, has been studied through the measurements of reactivity
change, coolant void reactivity, local power distribution, and thermal neutron flux distribu-
tion includingfine structure, using a heavy-water-moderated, cluster-type fuel lattice.

A new technique for utilizing a burnable poison has been developed using a gadolinium
absorber rod inserted into the center of the cluster-typefuel assembly. Its physical behavior
has been studied through the measurements of accompanying reactivity change, coolant void
reactivity, localpower distribution, and thermal neutron flux distribution.

When the Gd2 03 content of the fuel pellets is more than 0.5 wt%. the reactivity effect
is reduced largely due to the saturation of the thermal neutron self-shielding effect in the
poisoned fuel pin.

A gadolinium absorber rod inserted in the center of the fuel assembly, although it causes
a small increase in local power peaking, is effective in the control of the initial excess reactiv-
ity and favorably affects the coolant void reactivity.

An accurate calculation by the WIMS-D code requires division of the fuel pellet region
into more than five mesh intervals owing to the enhancement of the thermal neutron self-
shielding effect due to absorption by the gadolinium in the poisonedfuel pins.

I. INTRODUCTION

A burnable poison mixed in the fuel pellets of
light water power reactors' 2 has been employed to
control the initial excess reactivity and the power
distributions. This suggests that the use of burnable
poison in a heavy-water-moderated, light-water-cooled
thermal reactor (HWR) (Refs. 3 and 4) might also be

effective in reducing the initial excess reactivity a:
improving the power distribution, resulting in an e
tension of the power cycle length.

Since a heavy-water-moderated, cluster-type ft
lattice is highly heterogeneous, the neutron behavi
in the lattice is more complicated'- than that in t
-regular H20 lattice of single fuel pins. The thermr
neutron flux distribution is particularly highly d
pressed in the center of a fuel cluster. It is consider
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'it the physical behavior of the burnable poison in
Luh cluster-type- fuel lattice is largely affected by such
,,clanges as the content of poison in fuel pellets, the
.,pipber and location of poisoned fuel pins in a fuel
!-cluster, and the coolant voiding. Accordingly, many
eXperiments are required for clarification of the
physical behavior and for the evaluation and the im-

,provement of calculational accuracy concerning burn-
'Oakie poisons in the cluster-type fuel lattice. There
Cljave been, however, few experimental studies of
A~burnable poisons.3
4 ln addition to the use of a burnable poison in fuel
)~ets, consideration has been given to a burnable
.qison as an absorber rod inserted in the center of the
.;idster-type fuel assembly to effectively control ini-

.il. excess reactivity and for improvement of the
L ower distribution and the coolant void reactivity. 9

M EThe main objective of the present experiment is
itoinake the changes in nuclear characteristics clear
1dr the purpose of confirming the advantage of em-
.pt4~ing gadolinium poisoned fuel pins and a gad-
t*F1nium absorber rod in the HWR from the viewpoint
2btfuel design. Therefore, measurements were made

•By ihe reactivity change, coolant void reactivity, local
;t~ver distribution, and thermal neutron flux distri-
tbtntioni including fine structure, under various param-
,cters. particularly the gadolinium content and the
coolant voiding, using the deuterium critical assembly
j1)tA). Experimental results are compared with cal-
'3cdiitions by the use of the WIMS-D code"O and the

ITATION code."

riched U0 2, as shown in Fig. 3, was housed in an
air-filled pressure tube and was arranged in a square
lattice of 20.0-cm pitch.

The heavy water used as moderator was of 99.4
mol% purity. Throughout the experiment all the
components were maintained at the ambient tempera-
ture of 22TC.

To investigate the effect of burnable, poison
in fuel pellets, a few fuel pins of the 54-pin cluster
were replaced with 1.5 wt% enriched UO2 pins con-
taining 0. 1, 0.5, or 1.0 wt% Gd2O3. The specifications
of unpoisoned and poisoned fuel pins are listed in
Table 1.

An absorber rod to be inserted in the center of
the 54-pin cluster was made of gadolinium sulfate
powder contained in an aluminum tube having the
same dimensions as those of the unpoisoned fuel
pins. The powder was vibration-compacted to 74.8%
of its theoretical density.

Il.A. Reactivity Change

Reactivity changes determined from change in
critical D20 height, resulting from substitutions of
poisoned fuel pins for unpoisoned ones were mea-
sured as functions of

1. poison content (0.1, 0.5, and 1.0 wt% Gd2O3)

2. number of poisoned fuel pins (1, 2, and 12)

3. configuration of the poisoned fuel pins within
a cluster (first, second, and third layer)

4. coolant voiding (0 and 100%o void fraction).
11. EXPERIMENTAL METHOD AND PROCEDURE

ArIA test fuel cluster used for the present experi-
ints consists of 54 fuel pins composed of U0 2
wiched to 1.5 wt% in 235U as shown in Fig. 1. The
iel pins in the cluster were arranged in three con-
fitric layers; outward from the center there are
Spins in the first layer, 18 in the second, and 24 in

Reactivity changes produced by the insertion
of the gadolinium absorber rod were also measured
as function of coolant voiding. The arrangements
of the burnable poison in the 54-pin cluster are
shown in Fig. 4.

Reactivities were obtained by integrating the
D20 level coefficient of reactivity over the change
in critical D20 height. This coefficient in cents per
centimetre is defined as follows by the one-group
diffusion theory:

ty
an

third.
',"As shown in Fig. 2, the test fuel cluster was
c-ed at the center of the DCA and was surrounded
,i36 driver fuel clusters of 28 pins each. The

-pini driver cluster fueled with 1.2 wt% I 5U-en-
ap =1 2I r2M2  1
aWi eff km (H + j)3
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l.!v1; "Nuclear Reactor Core Analysis Code: CITATION,"
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a
(H + 0)3 - (1)

where

pl3 ff = effective delayed neutron fraction

M2 = migration area

ke = infinite neutron multiplication factor

a = 2ir2AMIPeffk. (cent . cm2)

H = D2 0 height (cm)

S = effective axial extrapolation distance (cm).

Socie
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Calandria Tube (Aluminum)

Pressure

Fig. 1. Cross-sectional view of a 54-pin test fuel cluster. (Dimensions are in millimetres.)

The axial distribution of copper activation measured
at the center of the 54-pin cluster was fitted to a
cosine function to determine the effective axial
extrapolation distance. The value of 5 was 14.4 ± 1.5
cm.

after raising the D20 level by 2 to 5 mm fro
criticality. Values of a were obtained from ti
measured reactivity coefficients and critical DI
heights using Eq. (1).. The variation in at valh
with the critical heights was within the experimeni

4,!
;r4i

The D2 0 level coefficients of reactivity were
obtained by the positive period method at various
critical D20 heights.' 2 The periods were measured

1
2 T. OTSUKA, N. FUKUMURA, and Y. HAC

NucL ScL Eng.,74,95 (1980).
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uncertainty (±4%). Consequently, the et was assumed
constant, and all the values of a were averaged.

Reactivities, in cents, corresponding to the change
in critical D20 height from h, to h2 were evaluated
by

(2)

)'o
)0
)0
r0'

Measurements of the D20 height were made to
an accuracy of 0.2 mm (±0.02%) with the use of
a survo-manometer (level meter) in a communicating
tube attached to the DCA tank. The coolant height
for the reference lattice was kept to within I mm of
the critical D20 height. Therefore, the error in the
reactivity obtained by Eq. (2) was estimated as
±4%.

HI.B. Coolant Void Reactivity

.0 Test Fuel Cluster of 54 Pins
le

I) Driver Fuel Cluster of 28 Pins

ig. 2. Configuration of fuel clusters in DCA. (Dimensions
miillimetres.)

The coolant void reactivity was measured first
in the unpoisoned 54-pin cluster and then in the
54-pin cluster with poisoned fuel pins or with the
gadolinium absorber rod. Reactivities due to the
loss of coolant in the fuel clusters were determined
from calibrated changes in the D2 0 moderator level.
This is, the reactivity change corresponding to a
change in the D2 0 height from hI (at 0% void frac-
tion) to h2 (at 100% void fraction) was obtained
by Eq. (2).

TABLE I

Specification of Fuel

Nominal Nominal Nominal
I Normal 0.1 wt% Gd203  0.5 wt% Gd203  1.0 wt% Gd2 03

, Fuel Type Fuel Pin Poisoned Fuel Pin Poisoned Fuel Pin Poisoned Fuel Pin

1038
14.77

1.5
_ _

1030
14.78

1.5
0.10

1030
14.78

1.5
0.496

1030
14.78
1.5
0.993

of pellet (wt%)
1.317

86.563
12.120

_ _

_ _

1.328
86.384
12.201
0.01278
0.01360
0.06

1.323
86.042
12.205
0.06335
0.06748
0.30

1.316
85.612
12.210

0.12690
0.13509
0.60

m I
am
:al
I v.
imv

gadolinium

material
i.d. (mm

Aluminum
15.03
16.73
Air

Aluminum
14.98
16.69

Air
.1 ____________ J
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/ ~ ~ Moderator (D20)

K Calandria Tube (Aluminum)

Air Gap

Pressure Tube (Aluminum)

Cladding (Aluminum)

Fuel Pellet

Coolant (Air)
2.0

Fig. 3. Cross-sectional view of a 28-pin driver fuel cluster. (Dimensions are in millimetres.)
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II. C Local Power Distribution

Local power distributions in the 54-pin cluster
and the 54-pin cluster with 12 poisoned fuel pins or
with the gadolinium absorber rod were measured by
means of the foil activation method using 0.1-mm-
thick, 14.8-mm-diam 93% 235U-enriched U(10%)-AI
alloy foils. Natural uranium metal foils were also
irradiated in the same fuel pins. The foils were
used to determine the 233U-to-235U fission reaction
rate ratio.

The uranium foils were covered with 0.02-mm-
thick aluminum as a cassette to prevent contamina-
tion by UO2 powder and fission products.5 ' 6 The
foil cassettes were loaded together with fuel pellets
into the aluminum tubes, and set at positions F-1,
F-2, F-3-1, and F-3-2 for the 54-pin clusters with
or without the gadolinium Wd, and F-1, F-2-1,

F-2-2, F-2-3, F-3-1, and F-3-2 for the 54-pin clus
with 12 poisoned fuel pins as shown in Fig.
The foils were irradiated for 30 min at 500
(-109 .n/cm 2 -s). After irradiation, gamma rays fr&
fission products in the foils were measured b3
2-in.-diam X 2-in.-thick Nal(TI) detector.

II.D. Thermal Neutron Flux Distribution

Thermal neutron flux distributions in the 54-
cluster and the 54-pin cluster with 12 poisoi
fuel pins or the gadolinium absorber rod were mT
sured in the fuel pins, on the surfaces of the press
and the calandria tubes, and in the D20 modera
around them, by the use of 0.1-mm-thick dysprosit
aluminum alloy foils (dysprosium content =
wt%). The 1 4.8-mm-diam dysprosium-aluminum al
foils were packed in the same fuel pins and in
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(b) With a Poisoned Fuel Pin
in the First Layer

(c) With a Poisoned Fuel Pin
in the Second Layer

(e) With Two Poisoned Fuel Pins
in the Third Layer

If) With Two Poisoned Fuel Pins
in the Third Layer

Foil Position

.1.

i)g With 12 Poisoned Fuel Pins
'in the Third Layer

Fig.

(h) With a Gadolinium Absorber
Rod in the Center of Fuel Cluster

( Poisoned Fuel Pin

4. Burnable poison and foil arrangement in a 54-pin cluster.
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same way as were uranium foils. To measure the for a time, depen
thermal neutron flux on the surfaces of the pressure efficiency.
and the calandria tubes, 7-mm-diam dysprosium foils
were set at two symmetrical positions around each
surface. The thermal neutroh flux distribution in 111. RES
the D20-moderator region was measured using the
same 7-mm-diam foils. In this measurement, the
foils were arranged along a radius with a 10-mm The changes i
spacing supported by a. 0.5-Mrm-thick aluminum of poisoned fuel pi
holder.' in Table 11. The e

The dysprosium foils were irradiated at the same was estimated to
elevation, 60 cm from the lower grid plate. After clearly show the de
irradiation, beta rays from '65Dy (half-life = 139.9 on the Gd2 O3 cor
min) were counted by a -2-in.-diam X L-in.-thick in Fig. 5, the react
CaF2(Eu) scintillator. Measured activities of the above 0.5 wt% Gd2 l
dysprosium foils were corrected for background neutron self-shield
and dead time, the decay time, and the counting centration.
efficiency characteristic of the various foil shapes The data in Ca
and weights. in Fig. 6 show tU

change on the nun

IJE. Fine Structure of Thermal Neutron is due to the sul
Flux Distribution pins sufficiently s;

To study the self-shielding effect of gadolinium twice the reactivit
in the fuel pellet, the fine structures of the thermal poisoned fuel pin.
neutron flux distribution were measured by activating change in Case 8 di
dysprosium foils inserted between fuel pellets con- to each other, is
taining 0.1, 0.5, or 1.0 wt% Gd 2Q3. These fuel pins reactivity in Case
were located in the center of the D20-moderator change shown in C
region to reduce the interference of the thermal inserted in alterna
neutron flux depression in: the fuel cluster. After than 12 times the
irradiation, the foils were divided into eight or nine behaviors of reacti
concentric sections; each section was then counted more poisoned fue

ding on its activity and countinj

LULTS AND DISCUSSION

Lange

in reactivity due to substitutio
ns for unpoisoned ones are showe
xperimental error in these result!
be ±4%. The upper three entrie
'pendence of the reactivity chan
itent of the* fuel pin. As show
ivity does not decrease so sharpl1
D3 because of the onset of therma
ing by gadolinium at that coi:

ses 1, 7, 8, and 9 of Table II an
ne dependence of the reactivi
iber of poisoned fuel pins in th
-activity change in Case 7, whicE
bstitution of two poisoned fu
paced, is in good agreement wit
y change in Case I for a sin f
On the other hand, the reactivit

Lie to two poisoned fuel pins cl
;maller by -15% than twice t;

1. Furthermore, the reactivi
!ase 9 with 12 poisoned fuel pi
te positions is smaller by -4
reactivity in the first case. Th
ivity changes show that two
I pins largely interfere with ea

IX_

TABLE II

Comparison of Reactivity Change Between Experiment and Calculation

§

Absorber Coolant
Fuel and Void

Case Absorber Arrangement Number of Gd2O3  Fraction Experiment Calculatiow
Number Type in Cluster Pins Content (wt%) (%) (cents) (cents) H

I 54-pin cluster Third layer 1 1.0 0 -53.8 -55.5 i
2 with poisoned Third layer 1 0.5 0 -51.6- -52.1 2
3 fuel pin Third layer I 0.1 0 -36.1 -37.7
4 Third layer I 1.0 100 -69.0 -74.0
5 Second layer I 1.0 0 -40.6 -37.6'

6 First layer. I 1.0 0 -38.4 -35.0 t
7 Third layer 2 1.0 0 -107.2 -103.9 t
8 Third layer 2a 1.0 0 -90.4 -89.1'11
9 Third layer 12 1.0 0 -356.4 -388.5,

10 Third layer 12 1.0 100 -430.8 -467.9

11 54-pin cluster Center of I _ 0 -47.1 -43.6)
12 with gadolinium cluster I --- 100. -55.5 -55.4

absorber rod

.1

I

aThe pins were adjacent in this case .t; �-q �

'�A -

, � I Iil�1"
___ - -------- ---- I
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0

Calculated by WIMS-D
and CITATION

-1001

0
EUEU

._

-2001

-Calculated by WIMS-D and
CITATION

f Two Poisoned Fuel Pins
Inserted Close to Each Other

D0

I I .I I I . I I . .

-300

0.5 1.0
it, Gd2O3 Content (wt%}

,,. Dependence of reactivity change in Gd2O3 content. -400

,j.,

particularly where their spacing is small. The
iefce suggests that the gadolinium depresses
nmal neutron flux in the vicinity of a poisoned

1 2 12
Number of Poisoned Fuel Pins

Fig. 6. Dependence of reactivity change on the number of
poisoned fuel pins (1.0 wt% Gd2O3).

.55.5
52.1
37.7
*74.0
37.6

35.0
03.9
,89.1l
;88.5
.67.9

-43.6
-55.4

Olhe;data in Cases 1, 5, and 6 in Table II show
,it~sdependence of the reactivity change on the

.ittn'of a poisoned fuel pin. As shown in Fig. 7,
, t~heeactivity change decreases as the position of the
i;Sga'doluitium approaches the center of the fuel cluster

.a depression of the thermal neutron flux
, bistibtion in the center of the fuel cluster.

,^9{I'h;e reactivity change in Case 4, due to fuel[ ~substltution in the air-filled cluster, is larger than
,'tatitjrin'the H20-filled cluster of Case l; furthermore,

It-lh~me tendency is shown in Cases 9 and 10 of
,{Thble'll. This behavior in reactivity change can be

;. ttnrbuted to the fact that neutron absorption in
<<ia aisoned fuel pin increases due to the smaller
;'depsion of the neutron flux in the air-filled cluster,

isCa! the thermal neutron diffusion -depression
4 5-ef~fecot:teanced by the H20 coolant is not present

In thislair-fllled cluster.
', -Reactivity changes introduced by the insertion

"'t ,Othe gadolinium absorber rod in the 54-pin cluster
,-ae',,hown in Cases 11 and 12 of Table 11. It is clear
that the insertion of the rod in the center of the

retuecluster is effective for the control of excess
r;eactIvity. Table II also shows the results calculated
.y using the WIMS-D and the CITATION codes.

Tthe WIMS-D code is a general lattice cell program
that uses transport theory to calculate flux as a func-
,Lo of -energy and position in a cell. The basic
iCtOss.Section library is in 69 groups with 14 fast,

-30

-40

.Z

U

cr -50 1

Calculated by WIMS-D
and CITATION 4

-60
First Second Third

Location of Poisoned Fuel Pin (layer number)

Fig. 7. Dependence of reactivity change on the position
of the poisoned fuel pin in the fuel cluster (1.0 wt% Gd 2O3.
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13 resonance, and 42 thermal groups. The transport
equation is solved by a collision probability method
using up to 69 neutron energy groups. Besides pro-
ducing few group cell-averaged constants, point-by-
point reaction rates over the entire energy range are
calculated for detectors such as. dysprosium, man-
ganese, and copper.

In the present cell calculation, cross sections of
lssGd and 1'"Gd prepared from the ENDF/B-III
library13 were added to the original WIMS-D library,
and the 69 energy groups were condensed into 15.
Five mesh intervals in fuel pellets were used according
to the results of the analysis of the fine structure
of the thermal neutron flux distribution in Sec.III.E.

Reactivity changes for the whole core were
calculated in a diffusion approximation of four
groups using cell-averaged constants produced by
WIMS-D. The two-dimensional X-Y model of the
DCA core was employed for this calculation using
CITATION. The calculational results are in good
agreement with the experimental ones within 9%.

III.B. Coolant Void Reactivity

Experimental fractional reductions in coolant
void reactivity are shown in Table III with the results
also calculated by WIMS-D and CITATION. The
use of poisoned fuel pins and the insertion of the
gadolinium absorber rod in the center of the fuel
cluster makes the coolant void reactivity of the
D2 0 lattice shift to negative values. As seen in
Table III, the calculations are, as a whole, in good
agreement with the experiments.

13"ENDF/B Summary Documentation:' BNL-NCS-17541
(ENDF-201, ENDF/B4III), 0. OZER and D. GARBER, Eds.,
Brookhaven National Laboratory (1973).

and MINATSUKI

III. C Local Power Distribution :
Measured local power distributions are given i

Table IV together with the calculations by WIMS-
The maximum value in the local power distributici
is called the local power peaking factor, which
important for the thermohydraulic and fuel desig"
The experimental error in the results was estimate
to be ±3%. The maximum value of the local pow
peaking factor was obtained in the 54-pin clustej
with 12 poisoned fuel pins. The insertion of tii
gadolinium absorber rod slightly increases the lo1
power peaking factor-at most by -4%. The calm
lations of the local power peaking factor agree with
the experiment within -4%.

IIf.D. Thermal Neutron Flux Distribution

Figure 8 shows the experimental and calculational
dysprosium reaction rate distribution in the H20- a
air-filled 54-pin cluster lattice. The calculationjs
results were obtained by integrating the dysprosiun4
reaction rate over the entire energy range. Th s
distributions are normalized at the outer surfai
of the pressure tube. Thermal neutron flux depression
in the cluster region is larger in the H20-filled (0%
void) lattices than in the air-filled (100% void
ones. In the D20-moderator region, on the contrar
the thermal neutron flux seems to be more flattenz
in the case of.the H20-filled lattices. The behayjo
of the thermal neutron flux in the cluster regio
results from a shortening of the diffusion lengt
by the presence of the H20 coolant, and according!
the thermal neutron diffusion depression effect
is enhanced.' The behavior of the thermal neutro-
flux in the D20 moderator is due to the reflectioA
by the H20 coolant of thermal neutrons emanating
from the D20 moderator.

Figure 9 shows the influence of the gadolinium
.A .l

11

�, , W

� -

"I J." I " .

I I

"I, i
,I T

I

., 7 r,

' J.
.1

TABLE III

Comparison of Coolant Void Reactivity Reduction Between 54-Pin Cluster and Test Fuel Cluster

Absorber Coolant Change in Reactivity
Void

Arrangement Number of Gd2O3 Content Fraction Experiment Calculatior
Fuel Type in Cluster Pins (wt o) (%) (%) (%)

54-pin cluster Third layer I 1.0 0
with poisoned Third layer I 1.0 . 100 -18.6 -17.2
fuel pin

Third layer 12 1.0 0
Third layer 12 1.0 100 -85.7 -78.6

54-pin cluster Center of I 0 -10.9 -9.6
with gadolinium cluster 100
absorber rod

I
I "S 4

. .F'� *�

'I
Ni"

� 4311

.1. 4.'k� . _

� .'....

.. ;� �,.
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TABLE IV

Local Power Distributions
ven

First Layer
(F-1)a

Experiment
0.805-+ 0.023

Calculation
0.783

0.785 ± 0.023 1.260 ± 0.025

0.804 1.256

Experiment
0.740 ±0.022

Calculation
0.768

0.876 ± 0.026 1.223 ± 0.031

0.891 1.200

Experiment
0.715 ± 0.021

Calculation
0.699

0.787 ± 0.024 1.303 ± 0.033

0.804 1.297

Experiment
0.700 ± 0.021

Calculation
0.737

0.862 ± 0.026 1.254 ± 0.032

0.889 1.215

Experiment
0.880 ± 0.026

Calculation
0.960 I

0.938 ± 0.028 0.735 ±0.022 0.777 ± 0.023

0.888 0.812 0.836

2.042 ± 0.06 0.353 ± 0.011

1.965 0.307s .

i. 4 for locations of measurement points.
umental values for a 54-pin cluster with or without the gadolinium absorber rod were averaged between two positions,
and F-3-2, because they agreed with each other within experimental error.
;., .

, -

Pr -sr - ala- -
Pressure
Tube

Calandria
ITube

a

0o

la D)
" 0

M 0

._ a_

.M 0

E -
0 "

. .0.. z

*-Q. Ct

vt
4,

c

3.01- Cluster D2 0

I 00Y
Void

2.0V 1 7 -, . .

1-' 0%
.I VoidF- I F-2 F-3

I I I
I.0

-11

I 00% -.W -
O% -A- -Calculated by WIMS-D (0%)

--- Calculated by WIMS-D (100%).ooL
0.0

@ _-
. _ _ .

5.0 10.0 15.0 20.0 25.0

Distance from Cluster Center (cm)

Fig. 8. Dysprosium reaction rate distributions in a 54-pin cluster.
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Fig. 9. Dysprosium reaction rate distributions in a 54-pin cluster with a gadolinium absorber rod.
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absorber rod on the distribution of the dysprosium
reaction rate in the 54-pin cluster lattices. In the air-
filled lattice, the distribution decreases more steeply
toward the center in the 54-pin cluster with the
rod than without it. This behavior shows that neutron
absorption by the rod increases in the air-filled cluster
due to the smaller depression of the neutron flux
there because the self-shielding effect enhanced by
the H20 coolant disappears in this air-filled cluster.
This is the reason why the coolant void reactivity
is shifted to negative by the insertion of the rod
in the center of the fuel cluster.

Figure 10 shows the measured and calculated
dysprosium reaction rate distributions of the 54-pin
cluster lattice with 12 poisoned fuel pins. The thermal
neutron flux within the fuel cluster region is greatly
depressed by these pins. These thermal neutron flux
distributions were well predicted by WIMS-D.

III.E. Fine Structure of the Thermal
Neutron Flux Distribution

The fine structure of the thermal neutron flux
distribution in fuel pellets is shown in Fig. 11. These
distributions are normalized at the outer surface
of the fuel pellet. The thermal neutron flux depres-
sion in the fuel pellet is increased with increasing
Gd 2O3 content. The accentuated depression can
be ascribed to the greater thermal neutron self-
shielding effect due to absorption by the gadolinium
in the fuel pellet. But the flux depress pn effect of
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Fig. 10. Dysprosium reaction rate distribution in a 54 pifl
cluster with poisoned fuel pins.
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on does not greatly change in the range above
Gd2o3:
calculation of the fine structure of the
neutron flux distribution in the fuel pinjernal

*-1

A`l 0

strongly depends on the number of mesh intervals
in the fuel pellet. Table V shows the comparison of
the average experimental and calculated dysprosium
reaction rates for 1, 5, 10, and 32 mesh intervals in
the fuel pellet. For accurate calculation by WIMS-D,
it is necessary to divide the fuel pellet region into
more than five mesh intervals due to the enhance-
ment of thermal neutron self-shielding effect due
to the absorption of neutrons by gadolinium in
the poisoned fuel pins.

D,0 IV. CONCLUSION

6Without Gd 2O3

1 0.1 wt% Gd2O3

10.5 wt% Gd2O3

The physical behavior of burnable poison fuel
pins containing Gd2O3 in a heavy-water-moderated,
cluster-type fuel lattice has been observed from
measurements of the reactivity change the coolant
void reactivity, the local power distribution, and
the thermal neutron flux distribution, including
fine structure, using the DCA.

The reactivity effect does not change greatly
due to the saturation of thermal neutron self-
shielding effect in fuel pins when the Gd 2O3 content
of fuel pellets is more than 0.5 wt%.

A new technique for utilizing a burnable poison
in a gadolinium absorber rod inserted into the center
of a cluster-type fuel assembly has been developed.
The gadolinium absorber rod, although it causes a
small increase in local power peaking, is effective
for the control of initial excess reactivity and for
making the coolant void reactivity negative.

From the comparison of the fine structure of
the thermal neutron* flux distribution between
experiment and calculation, it has been shown

11.0 wt% Gd 2O3

-Calculated by
WIMS-D

(Number of Mesh
I ntervals = 32)

5.0 10.0
Distance from Fuel Pellet Center (mm)

11. Fine structure of dysprosium reaction rate dis-
s in fuel pellets.

TABLE V
, . Comparison of Experimental and Calculated Average Dysprosium Reaction Rates

-... -. ^Results Calculate

. ?l tKFuel Type Experiment' 32 Mesh Intervals 10 Mesh Intervals

1.5 wt% 235 U

V°2 fuel pin 0.922± 0.032 0.918 0.923

et 1I dt% Gd2O3
,Poibsoned fuel pin 0.723 + 0.029 0.747 0.762

AS wvt%Gd 2 O3
'i'Poisoned fuel pin 0.424 + 0.016 0.442 0.439

Iwt% Gd 2O3
poisoned fuel pin 0.317 ± 0.011 0.308 0.302

aThe values are normalized at the reaction rate of the outer surface of fuel pellet.

.-,Li,.-

d by WIMS-DA

5 Meh Inervls 1Mes Intrva
5 Mesh Intervals I Mesh Interval

0.927 0.928

0.776 0.781

0.464 0.466

0.245 0.146
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that for accurate calculation using the WIMS-D
code it is necessary to divide the fuel pellet'region
into more than five mesh intervals because the
thermal neutron self-shielding effect is increased
by the absorption of gadolinium in poisoned fuel
pins. The calculations by the WIMS-D and CITATION
codes are in good agreement with the experimental
results and are within 9% of the measured reacitivities.

ACKNOWLEDGMENTS ,1

The authors are much indebted to Y. Hachiya for h
fruitful discussion. We wish to thank N. Fukumura, K. Shill
A. Nishi, and the staff of the Heavy Water Critical Experimn
Section, Oarai, Power Reactor and Nuclear Fuel Developmnj
Corporation for their support in this series of experiment
The kind support of S. Sawai and Y. Miyawaki is deep]
appreciated. i

I.

E �Ml


