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Abstract

Single rod expeirrent for neasurement of the local power peaking

factor (LPF) was perforned by use of differentially enriched 54-rod

clusters of plutonium fuel assemibled with the tuo different kinds of

rods enriched by 0.54 wt% and 0.87 wt%.

'nb ixrv'estigate the effect of light water coolant on LPF, mreasure-

ments were rade in two cases where the pressure tube housing the 54-

rod cluster filled wi'th light water or air.

As the result of the present experinent, it is confirmed that

the value of 1FF in the differentially enriched fuel cluster was

favorably less thani that in un-iforml.y-enrichea one and almxost the

same as the value in the 28-rod cluster of the prototype reactor

FUiGE2, and that use of differential-enrichment reduzes the IXF of the

air--filled cluster less effectively than that of the light-water-

filled cluster due to thermal neutron self-shielding in the air-file

cluster caused by highly enriched plutonium fuel rods in inner layers.

Calculation by WIMS code is in good agreement with the exPeri-

ment.

* Heavy Water Critical Bcperiment Section, O-ara Engineering Center,

PNC.
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Measurements of local Power Peaking Factor

in FUGEN HWR lattices

I. Introduction

FUGEN is a heavy-water-moderated, boiling-light-water-cooled,

pressure-tube-type prototype power reactor designed to generate 165

Mbe. It was developed by PNC of Japan and is now under'operation.

Plutoniun mixed oxide fuel assemblies are used from the initial core

of the reactor to reduce coolant void reactivity ). Since plutonium

neutron absorption cross-section is large, local power peaking factor

(LPF) increases in the plutonium fuel assemblies. In order to reduce

LPF, plutonium fissile content in the mixed oxide is fixed at 0.55 wt%

for 16 rods of the outer ring in the 28-rod fuel assembly and 0.8 wt%

for 12 rods of the middle and the innermost rings. The average enrich-

nent of the plutonium fissile in the fuel assembly is about 0.7 wt%.

In D20 lattices of plutonium fuel assembly, neutron spectrum has

substantially spatial-variation inside fuel assemblies, due to their

high heterogeneity and large resonance cross sections of plutonium in

the low-energy region. This variation is intensified due to large neu-

neutron shielding effect in a rmilti-rod assembly of large diameter fueled

with highly enriched mixed oxide such as the fuel assemblies of

FUGEN HWR; then eventual depression of thermal neutron

flux increases LPF of the fuel assambly, violently. Since the maximtun

power output of a nuclear reactor is limited by the maximun permissible

temperature of fuel, it is impossible to increase the power output

without decreasing LPF. Since the idea of differential plutonium

enrichment is successfully applied to reduce iLF in FUGEN's fuel assem-

bly, it is planned to adopt the same idea into the design of the

FUGEN HWR whose power output is markedly larger than
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FUGEN's one.

Tb confirm experinmtally that this plan is also successful for the

FUGEN HWR single-rod experiment has been made on

the 54-rod fuel assembly which is to be used in the reactor, using the

Deuterixxn Critical Assembly (DCA) of PNC. Eqperimental results are

coopared with the results of theoretical calculaticn by the sophisti-

ccell scheme WS(2)

- 2 -
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2. Measurements

2.1 Experimental Conditions

For the present experiment, we prepared two fuel clusters by use of

two kinds of mixed oxide fuel rods which were enriched by 0.54 wt% (5S)

and 0.87 wt% (8S): One is the uniformly enriched fuel cluster assembled

with only the fuel rods with enrichment of 5S. The other is the different

tially enriched fuel cluster assembled with fuel rods with enrichiment of

5S and 8S. In the 54-rod fuel assemblies, the fuel rods are arranged

with their centers on three concentric circles. In the latter fuel assem-

bly, these rods are arranged as illustrated in the Fig. 1: The outer,

middle and innermost rings consist of twenty-four 5S-rods, eighteen 8S-

rods and twelve 8S-rods, respectively. The average enrichment of the

plutonium oxide is about 0.7 wt%. These fuel rods are separated from

D2 0 moderator by an aluriniun pressure tube, an air gap, and an aluminium

calandria tube.

Dimensions and ocatositions of the plutonium fuel rods are given

in Table 1. In this table, the plutonium fuel enrichient is defined as

.the weight percent of Pu02 to PmO2-M2 mixture. The content of fissile

in standard-grade plutonium is about 91 wt%, while the contents of 240Pu

and 242Pu are considerably lower. The mIxed oxide pellets are contained

by Zircaloy-2 sheaths.

As illustrated in Fig. 2, the 54-rod plutonium fuel assemblies were

located at the center of DCA and were drived by one hundred thirty-six

assemblies of 1.2 wt% enriched 28-rod U02 fuels with 20 an square lattice

pitch. Fig. 3 gives the 28-rod Uo2 fuel assembly. u2 pellets are

contained by aluminiun sheaths. The size of the assembly and the rod's

arrangement are almost the same as one of proto type reactor, FUGEN.

DCA's core has no radial neutron reflector and thickness of aluminium

- 3 -



PNC N941 79-66

cularx~ria tank having 3,005 inm diameter is 1.0 cm as illustrated in

Fig. 4. Critical heavy water level is determined to the accuracy of

0.01 Im by the servmnaneter in a Tcheunicating tube. 'e experiments

were performed with and without H20 coolant in the pressure tube (O %

ard 100 % coolant void fractions). In the experinent on the H 2 -filled

lattice the coolant level was kept the same level as the critical heavy

water height.

- 4 -
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2.2 Measurements

In order to determine power distribution inside the 54-rod fuel

140
assemblies, y-rays fran La in irradiated fuel rods were counted by

a 2-in dia. x 2-in thick NaI (Ti) scintillation detector. The counting

of y-rays was not begun until ten days elapsed after the end of irradi-

ation, because a state of radioactive equilibrium is reached; that is,

140~ and -the ratio of the disintegration rates of parent Ba and daughter

becomes constant. To diminish the effect of tilted distribution of

14OLa in a rod, the rod was rotated about its axis by use of an electric

motor during counting of y'-rays. Photo. 1 gives the instrurentation for

counting of y-rays.

The LPF was derived from the measured fission product's y-ray as

follows:
Sum

<P>i Sum fi1J(E)-0i(E)dE
<Pa . . ,(E. (EdEJ

K-+ 8.28+K49- 8495j+ K4'-1. 8 i

<C>i =
+ 8:,i+p49 8'. j+P41.8";'

<P>i =<C>i. <PLa>i

n
Sum <P>iNi
i=I

Pav.
Sum Ni

-<LPF hi =5
-Pav.

where, <p> :THERMAL POWER PER VOLUME

<PLu> :La-140 PRODUCTION PER VOLUME

<C> * POWER CONVERSION FACTOR

K ENERGY RELEASE PER FISSION

La-I 140 YIELD PER FISSION

8, :P |^2(E) 0 (E)dElf-:27(E) ) (E)dE
i :FUEL PIN POSITION

j :FISSIONABLE NUCLEUS

…____- (1)

------ (2)

…____- (3)

…___--- (4)
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Pulse height distribution around a poto-peak of 1.6 MeV y-rays

fran 14OLa was ctai by a multi-channelx pulse height analyser.

After subtraction of background, the pulse height distribution was

least-square-fitted to the Gaussian normal distribution function.

Finally, the value of <P~a> was determined by integratirn the best-

fitted Gaussian distribution and by correcting for decay during cooling

and measuring.

The value of energy release per fission and 140 A yield per fission

were quoted from the library of MEMUEJSELAH II(3) code and reference 4,

respectively. The value of fission reaction rate ratio was obtained

using the code WIMS. After these values were substituted into Eq. (2),

IPF was given by the combination of measured values of <Pla>. and the

values of <C>, using Bqs. (3) and (5). The resultant expericental

error of LF was estimated as 1.5 % at most.

Since LPF is closely relevant to neutron spectrum, it was drived

fran measurements where fuel was irradiated in the neutron field with

neutron spectrum inherent to the lattices of 54-rod fuel assemb ies.

Cadmium ratio of gold was measured by use of goId wires (0.5 mm in

diameter) with and without cadmium covers of 0.5 mm-thickness to exammne

constancy of neutron spectrum around the 54-rod assembly. Since gold

wires with and without cadmiun cover were activated at different

elevation, the correction to the condition of equal elevation was made

by use of activation of copper wires (3 mm in diameter) irradiated in

the center of the fuel assembly and the D20 moderator, respectively.

An example of experimental results of axial thermal neutron flux

distribution obtained by copper wire activation method is given in

Figs. 5 and 6. These show the results obtained in the fuel assembly

and in the D2 0 moderator of differential enriched plutoniun fuel lattice

- 6 -
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with air coolant. The critical heavy water level of this lattice is

133.5 cm, then the axial position of maximum. thermal neutron flux

appears at a half of the -critical level in the fuel and in the D2 0

moderator, respectively. Since gold wires with and without cadmium

cover are axially set at intervals of 10 an centered at the position

of the maximum thermal neutron flux, the correction factor of the

difference of the axial thermal neutron flux between at the positions

of the bare and cadmium covered gold wires is nearly equal to 1.0.

After this correction, experimiental error for the gold cadmium ratio

was estimated as 5 %.

I -7-
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3. Results and Discussion

Sensitivity of IPF of the 54-rod fuel assembly to lattice pitch

was calculationally evaluated by using the simple design code METHUSELAH

II. The evaluation shows that the LPF practically insensitive to

lattice pitch is obtained by the pitches of 40 cm or more. To determine

the lattice pitch in the present measurements frao the view point of

neutron spectrun, radial distributions of cadmium ratio of gold were

measured. Fig. 7 shows the radial distributions at 0- and 45-deg direc-

tions of cadmium-ratio of gold which were measured at 0 % void fraction

in the cores loading the uniformly and differentially enriched 54-rod

fuel assembly. The measured distributions of the cadmium ratio show

that neutron spectrum of each lattice is formed except boundary of the

test and driver fuel assemblies. The cadmium ratio is practically

constant around the test fuel assembly placed at the center of the core:

Since the region with the constant cadmium ratio is formed inside

20 - 30 cm distance frao the core center, we could define the central

region with the test fuel assembly as a unit cell of about 40 - 60 cm

square lattice pitch. Fig. 8 shows the radial distributions of cadmium-

ratio measured at 100 % coolant void fraction. In these cores, we

could make the same definition because the distributions show the ten-

dency similar to those measured at 0 % coolant void fraction. Since

the value of cadmium ratio in the fuel assembly is about a half of the

one at H20 coolant, the presence of the light water is found to make

considerably the spectrum soft at the center of the assembly.

Fig. 9 shows the relative power distribution in the uniformly

enriched 54-rod fuel assembly as a function of coolant voiding. Since

relative power has a peak at the outer ring, the relative power at

that position can be regarded as LPF. LPF of H2 0 filled lattice is

- 8 -
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larger by 5 % than one of air filled lattice. This tendency is also

obtained on LPF of the 28-rod fuel assembly used in the prototype

FUGEN reactor and can be well explained by the shielding effect of H20

coolant. On the other hand, relative powers of the innermost ring has

the opposite tendency. This implies that H20 coolant occupying the

central part of the fuel assembly acts as mroderator rather than absorber

locally around the innermost ring. Fig. 10 gives the relative power

distribution in differentially enriched fuel assembly as a function of

coolant voiding. The difference in relative power at the first ring

between H20 and air-filled lattices is remarkably larger in the differen-

tially-enriched fuel assembly than in the uniformly-enriched one; never-

theless, the differences in relative power at the 2nd and 3rd rings are

practically sane in the two assemblies. Although the average enrichment

of the plutonium oxide in differentially enriched fuel assembly is higher

than the enrichment of the uniformly enriched fuel assembly, the value

of IPP of the differentially enriched fuel assembly is less than one of

the uniformly enriched fuel assembly. As seen in Fig. 11, the reduction

of IPF by use of differential enrichment is less in the air-filled

lattices than in the H2 0-filled lattices; that is, the former is about

2 % and the latter is about 4 %. This should result fral the

following two facts. -First, local slowing &own effect of H20 coolant

is more dcminant in the central part of the 54-rod fuel assembly than

absorption effect. Second, the increase in plutonium content of the

innermost ring fuel rod makes depression of the flux around 0.3 eV more

marked as neutron spectrum is harder due to coolant voiding.

Ccmparisons between experimental and calculational results are

also given in the sawe figure. The calculation was made by the code

WIMS. The maximum C/E values of LPF are about 4 % in the uniformly-
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enriched fuel assembly and about 2 % in the differentially-enriched

one. With the respect of LPF, the sophisticated multigroup cell

scheme of WIMS is applicable to the design calculation of the

FUGEN HWR which has larger fuel assemblies than the prototype one.

- 10 -
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4. Conclusion

local power peaking factors (LPF) have been measured in lattices

with larger multi-rod plutonium fuel assemblies enriched either differ-

entially or uniformly by use of Deuterium Critical Assembly (DCA).

Experiments have been performed using either H20 or air coolant in the

assembly.

It is confirmed fran this study that to reduce LPF the idea using

differential plutoniun enrichment into the design of the

FUGEN HWR is more effective in H20 coolant lattice than in air

coolant one because of the effect of local slowing down by the presence

of light water in the central region of the assembly. The sophisti-

cated nultigroup cell scheme of WIMS is found to make good predictions

on LPF of differentially-enriched plutonium fuel assembly to be used

in the FUGEM HWR.
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Table 1. DIMENSIONS AND COMPOSITIONS OF FUEL PELLET

I.

w

54-PIN CLUSTER - 28-PIN CLUSTER

0.54w/o PuO2-UO2(5S) 0.87w/o Pu02zUO2(8S) 1.2w/o U02

OUTER DIA.(CM) 1.47 1.47 1.48

DENSITY(G/bM3) 10.2 10.2 1 0.4

ISOTOPE(w/o)

U-235 0.62 , 0.62 1.06'

U-238 86.8 86.5 86.8

Pu-238 0.00 0.00

Pu-239 0.43 0.68

Pu-240 0.04 0.07

Pu-241 0.00 0.01

Pu-242 0.00 0.00

0-16 . 12.1 . .12.1 . _ .12.2

z

EDt.0
H4
'.0

0,I
0n
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CLAD(Zry-2)
FUEL PELLET(PuOZ-UO2)

MODERATOR(ID20)
CALANDRIA TUBE (Al)

AIR GAP _
PRESSURE TUBE (Al)

COOLANT
(H20 OR AIR)

0 O.54w/o Pu02-UO2

O 0.87w/o Pu02-UO2

UNIT: MM

Fig. 1 DIFFERENT-ENRICHMENT-ARRANGEMENT FUEL ASSEMBLY (54-PIN CLUSTER)
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54-PIN FUEL CLUSTER(Pu0 2-U02)
28-PIN FUEL CLUSTER( I .2w/o2 35U02)
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0``OOdlmo00  O~D*00.0
0 00 00. 0 ,0 0 0 00O.\:,
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0o0 0 0 0 0 0 0 0 0 0

A

rs

a%

H

0 00 00 0 0 0 oo 0

0 0 0 0 0 0

UNIT: MM

Fig. 2 DCA CORE CONFIGURATION



Ia
0)

__,___MODERATOR(DaO)
CALANDRIA TUBE (Al)
AIR GAP
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FUEL PELLET (U02)
COOLANT (HaO OR AIR)

zo

CLAD (Al)

UNIT: MM

A
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Fig. 3 28-PIN FUEL CLUSTER ASSEMBLY
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CALANDRIA TUBI

PRESSURE TUBE

FUEL CLUSTI
(54-PIN)
FUEL CLUST
(28-PIN) I

HEAVY-WATER LEVEL

*ER

-'UPPER GRID PLATE
0
014

K
Al SUPPORT

-LEVEL METER

fLOWER GRID PLATE

ABSORBER SANDWITCH
/ rAl

BrC(35w/o)]
.Al 3(

I

I . .
- Fig;, 4 CHiEMATIC.DRAWING OF DCA CORE
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1.0- A*
A=
B=

0.9 CC=

_ 0.8

z
D O.7_

F 0.6
m

0:

(a 0.5 3

>_ 0.4_

0 0.3_

0.0 20.0. 40.0 60.0 80.0 100.0 120.0

DISTANCE FROM LOWER GRID PLATE (CM)
Fig. 5 AXIAL Cu ACTIVITY DISTRIBUTION IN FUEL

(8S/5S54-PIN CLUSTER, AIR COOLANT)
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1.0 A * COS(B * (X-C)
A=6.06E-02 02
B=a-12E-02

0.9 C=6.56E+0I I

0.8 D
H

>~Q.7

0.6

0.5

H0.6

H0.4

0

0.0 20.0: 40.0 60.0 80.0 100.0 120.0

DISTANCEz FROM LOWER GRID- PLATE (CM)

Fig. 6 AXIAL Cu ACTIVITY DISTRIBUTION IN D 0 MODERATOR

(8.5S54-PIN CLUSTER, AIR COOLANT)
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Fig. 7 Cd RATIO OF Au ACTIVITY (H20 COOLANT)
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Fig. 8 Cd RATIO OF Au ACTIVITY (AIR COOLANT)
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0.9

0.8

0.7

0.6
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FUEL PIN POSITION(MM)

Fig. 9 EXPERIMENTAL RESULT OF LOCAL POWER DISTRIBUTION

(5S Pu 54-PIN CLUSTER)
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H20
- ----- AIR

COOLANT(0%oVOID)
COOLANT( I 00%VOID)

1.3r

z

I:-
0r
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m
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Ix
I

J

0-

I .2
_ __ __ -_

l Il-

1.01_

0.91-

0.81- _ _ _ _ _ _ .

0.7[-

0.61-

0.5
I'-

IST 2ND 3RD
OL I

) 38.3 57.6. *76.8

FUEL PIN POSITION(MM)

Fig. 10 EXPERIMENTAL RESULT OF LOCAL POWER DISTRIBUTION

(8S/5S 54-PIN CLUSTER)
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- EXPERIMENT
--- CALCULATION

(WIMS-D)

1.41- 1.4p

1.21- 1.2-

I
I.01F

IL

a-
1.01-

0.8k 0.8F

0.6{ . O.6
I I I I I Io 38.357.676.8 38.357.676.8

FUEL PIN POSITION(MM) FUEL PIN POSITION(MM)
(O.54w/o Pu) (0.87/0.87/0.54w/o Pu)

Ha-O COOLANT

1.4

1.21-

LI-

L
I

1.01-

UL

(L
IJ

1.4 -

1.2_

1.0

0.8

0.6

0E

0.8F

0.61

0O
I I5 7

38.357.676.8
I I I

.38.357.676.8

FUEL PIN POSITION(MM)
(0.54w/o Pu)

FUEtL PIN POSITION(MM)
(0.8 7 /0.87/0.54w/o Pu)

AIR COOLANT
Fig. 11 Comparison of Local power peaking Factor between Experiments

and Calculations
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Photo. 1 y -scanning equipment with an electric motor
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