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Local power peaking factors (LPF) in the heavy-water moderated plutonium lattices
were measured by a new methodof. rscanmng of fuel pins using the calculated power
correction factor of which. accuracy, .was evaluated thh ‘the aid of foil activation method.
Accuracy in measurement of -the LPF-was, evaluated to be :within 1%.

By this measurement, behavnors of ;the LPF have been made clear concerning the dif-
ferences in fuel ‘materials, coolant matenals "and’ arrangement in fuel enrichments. Depres-:
sion of the thermal power in'the ‘fuel “cluster: makes ‘LPF in the plutonium fuel lattice larger
than in the uranium lattice, This tenﬁency is'more remarkable in air coolant lattice than
in H,0 coolant lattice. The value of "LPF for the plutomum fuel cluster of different enrich-
ments is smaller than that of a uniformly enriched fuel cluster The reduction of LPF is
smaller in H,0 coolant than in air coolant lattlce o

The values of LPF by WIMS.D code based on the transport theory and by METHUSE-
LAH-I code based on the diffusion theory are m agreement with the measured ones, w:thm
1.5 and 2.4% respectively. T i

KEYWORDS: local power peakmy factors, gamma scanning, power correctwn
factor, fuel element clusters, resonance, cross sections, diffusion length, transport
theory, heavy water moderated reactors, uranium, plutonium, nuclear fuels, cool-
ants, water, air, fission ratio, accuracy

1. INTRODUCTION

In a heavy-water moderated, boiling light-water cooled, pressure tube type reactor
(HWR) under development in Japan, an attempt is made from the view point of nuclear
safety to use PuO,-UOQO, (MOX) fuel because its coolant void coefficient of reactivity tends
to be negative due to the Pu®®, However, the Pu fuel arouses a serious power peaking
problem due to a large thermal neutron shielding effect in a fuel cluster caused by its
large neutron absorption cross section. This means a lowering of the average thermal
power of a reactor. Therefore, in the case of Pu fuel cluster, it is extremely important to
lower the power peaking in nuclear design of the HWR.

The power peaking or local power peaking factor (LPF) is mtxmately related with the
thermal neutron flux distribution in the HWR lattice™®~®, 1t depends intricately on such
as the coolant void fraction and the Pu fuel enrichment. It is therefore necessary to clarify
by an experiment the dependence of LPF on lattice conditions and on this basis to find
out the means of reducing it. :

In the present experiment, LPFs in Pu fuel clusters were obtained by a new method
of r-scanning. In this new method, FP y-ray intensities in Pu fuel clusters were measured

by a conventional r-scanning method. The thermal power, however, was derived in
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multiplying the obtained FP y-ray intens_ities by the power correction factor (the ratio of

the thermal power to FP p-ray activities. per fission), of which accuracy is confirmed in 3

typical lattice by a foil activation method. The LPFs were obtained from the therma]

power distribution  in Pu fuel clusters, and their dependence on coolant void fraction and

fuel enrichment in D;O lattice was, clarified.
For the measurement of power distributions, there are two methods available; 1. e. fou

activation and y-scanning. In the foil activation method, variety of activation foils -are*

inserted in the fuel. The treatment of a Pu-foil in particular is intricate. Therefore, in
SGHWR, England, for instance, the power. distribution in Pu lattice is measured only with
UO,-foil®™, 1In this case, the fission reaction rates of Pu and **U are ignored, so that
there arises a quantitative difference between the measured relatlve thermal power distri-
bution and the actual thermal power distribution. - -

CIm the ‘r-scanning method, the distribution of the measured FP r-ray activities . 1s not

*the” power -distribution itself. Consequently, - the multiplication by a power correctlon factor .. 1
:" s requlred The correction factor, then, cannot be determined only by r-scannmg method :
o In ‘CRX and TCA, for fission rates of the plutonium’ and uramum nuclldes, theé ‘calculated
. values are iised® ™, Accuracies of the measurements largely depend “on " thecalculation

" code. used And moreover, the ratio of the FP.y-ray activities’ per- fission™ of Puand U is
. determined by means of a large double fission chamber placed” in- the ,.moderator The

conventional 7-scanning method is not suitable in HWR lattices where the fuel and the
moderator regnon are dlstmctly separated so that the two thermal neutron spectra dlffer'_

. a

" ‘largely. . .
As seen above, either method alone 1s unable to nge accurate power dxstrxbutxons.
In the present experiment, a new method of r-scanmng with the axd of -foil activation
method has been developed to overcome the difficulties mentxoned ¥

II. PRINCIPLE OF MEASUREMENTS

1. Derivation of Power Distribution

B

The ratio of the thermal power per volume P to !*'La productlon per volume Py, i in

a fuel pin is defined as the power correction factor C:
P _-st;mS, by ZHE)SE)E

=t (1)
La :.sl}mja B ZHEYHENE

C=

where ky: Thermal power per, Ijsﬁion of nuclide J (MeV/fission)
Bs: La yield per fission of nuclide j
‘}.‘y'(E) Macroscopic ﬁssnon cross section of nuclide j
$(E): Neutron flux SRR : .
E: Neutron energy T ' o
J: Fissionable nuchdes (25‘-”5U 28—”‘0 49= ”’Pu 41—’“Pu)

Equatlon (1) is sxmphﬁed as

B R B -0y S (2) - -

ﬁl’_*_ﬁll 628+ﬁ49 649+ﬁu 6
where 615 "Fission reaction rate- ratxo of nuclide j to ’”U ngen by

So x;(m(me/go IB(E)$(E)IE.
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The values of k and 8 are from the library of METHUSELAH-II code®® and Ref. (11),
respectxvely

To obtain a local thermal power distribution in the Pu fuel cluster, the measured values.
of FP r-ray activities are converted to the thermal power with C of Eq. (1).

2. Derivation of Fission Reaction Rate Ratios

_In order to evaluate accuracy of the calculated C and to examine behavior of the LPF,

the fission reaction rate ratios 023 and Ji3 were measured by foil activation method. The
rr'lethod of derivation of 83} from the ***U to **U FP y-ray activity ratio is described in
Ref. (12). The relation between the measured FP r-ray activities and d4} is given by

NY (N"

aggz(Ngg N" P}l(t) (3)

T» (I)

N

. where P,(1) is the ratio of measured FP r-ray activities per “fission of 28y to ones of WPy,

;r,(t) the ratio of measured FP y-ray activities in unit volume of ennched U foxls ‘to ones
- . of Pu foils, N.., N, and N, the atomic number densities of: ‘enriched . U'and Pu’ foils, and
‘ fuel pin; respectively; and ¢ the time elapsmg between completxon of the lirradiation and
" measurement of the foil activity®», - - . Helfe L e

Taking also ***Pu, *'Pu and ***U into consideration, r,,(t) and 7La (the ratio of measured
“'La r-activities in unit volume of enriched U foils to ones of Pu fonls) are ngen by

(D)= p(t)"N“I"-!-E(t)”N"I“ .
)= p(t)"N"l"-}-p(I)"N“l"+p(t)‘°N;,°[f° ,

(4)

ﬂ!lm&]!l,*_ﬁ!lml[ll
TLI= ﬂ“N;,’Il'+ﬁle‘pl1“+ﬂdON‘p01(0 ,

(5)

where  p(t): r-activity per fission from the FP at a time ¢

=(TosByp(EVIE
ay(E): Microscopic fission cross section
49,41,40: Suffixes for »*Pu, *'Pu and **°Pu.

From Eqs. (4) and (5), P,(t) is derived as

ﬁ“ Nn]zl
#(t) 25 Tp(’) ﬂts {1+ ﬂzu st[zs}
[,l(t)" TLa ﬂ" {1+ ﬁ“ N"I“ ‘Bw Nw]u}

Py()=

ﬁl‘ N"Id’ ﬁl’ Nl'l"

/‘(t)u Nu]u /.t(t)“ NioJee .
{1+ (t)“ Nuju +;1(t)“ N‘:’I"}
(l)" N[
{1+ (t)" IV"I"}

(6)

Considering the isotopic fission reaction rate ratios calculated with METHUéELAH-H code
and the isotopic atomic density ratio of the highly enriched foils, (NZI*%)/(N3I), (NgI1Y)/
(NPI) and (N©I)/(N$I*) are smaller than 0.01 (1) in the thermal neutron spectra in
HWR lattices. Then, Eq. (6) is simplified as

Tu(t) B
TLa

Pp(t)= Bu.

(7)
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To examine the effect of epithermal neutrons on behavior of the LPF, the epitherma|
fission ratio of ***U is obtained by foil activation method. The ratio is defined as

o S J(E
ou={. oHEWENE/,
where E¢q is the Cd cut-off energy. This value was obtained from the Cd ratio of sy
FP y-ray actwnty . . .

THEYYE)E, (8)

. METHODS op MEASUREMENT

1. Experlmental Facility
Expernments were made with Deuterxum Critical” Assembly (DCA). The DCA has

almost no reflector; it is heavy water moderated, contained in an Al tank (3.0l m I. D. with
1.0ecm wall thickness). The level of ruOdefé'tdr in the reactor tank is read with a level
meter in a communicating ’t'ube Purxty of the heavy water moderator is 995!00}/. Fuel
clusters are arranged in a square lattxce of

225 0r 25.0cm pntch Lattnce pitch i is altered i,
" by changing the upper and the lower gnd,E

+" Fuel cluster . o
13.13mm :

plates. Dimensions and compositions of the" Radius of each circle :1,‘ 30.00mm - |

experimental latticeés are listedin Table 1 ‘ -3 47. 58m: -
The fuel cluster consists of 28 fuel pmsf ’ . Hanger wire Diameter 2.0mm

As shown in Fig. 1, fuel pinsin the" cluster ’ .'A-..: Spacer y;:;‘:’:r 1 14‘.“41 -

are arranged in three concentric circleS"- e Material Al

away from the center, 4 pins in the first, 8 |- TCluster length 2,223 mm

~Standard fuel meat length 2,000 mm

. Pressure tube
" Outer diameter
Inner diameter
Material - Al

in the second, and 16 in the third cnrcles

Fuel Pellets
Cladding (Zry-2)

Pressure Tube (A} ~
. Calandria tube K
Outer diameter 136.5mm .
Inner diameter 132.5mm
I Material S Al
Moderator ’ '
s - Material D,0
Purity 99.5 ™y
Core tank
- Outer diameter "3,025mm
" Inner diameter 3,005 mm
Height 3,500 mm
=Coolonr .. Material : : . . Al
Lo . Lattice pitch 22.5 or 25.0cm
7,*13.43mm ; (square lattice)
¥2°30 00mm . ; er and lower grid plate ' ' - Al :
Y3*47.58mm A ,Un?xgterial °rene P . Co
Fig. 1 One-quarter cross ssction - Temperature ~20°C

of a fuel cluster ~

The three types of experxmental fuel cluster are shown in Table 299,
The respective fuel clusters are’ separated from the D,0 moderator with the Al Pfes‘
sure tube, air gap and Al calandria tube. The pressure tube is filled with H,O or air for

simulation of the coolant void fraction (0 or 100%).

_.4;_3._ .

. Table 1 Lattrce dxmensxons and composmons E

Vol. 18, No. 4

Fuel type‘
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Density (g/cm

Diameter (mm
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Table 2 Experimental fuel clusters

- w

o HEES TR CTRY v ok
Fuel pellet

Density (g/cm?) 10.17 10.17 10.25 10.36 10.38

Diameter (mm) 14.69 14.72 14.68 14.80 18.77

Enrichment (%) 0.54(5o05)  0-32(mars) O 8 (foes) 1.203(*U) 1.499¢™U)
Composition (%%)

i) 0.6214 0.6194 0.6194 1.057 1.317

ey 86.782 86.503 - 86.493 - 86.793 86,563

B3Py 0. 000102 0. 000145 0. 00641

-9y 0.4304 0.6849 ©0.4953

2opy ©0.04115 - 0.0658% 0. 1661

Hipy 0.004359 . - 0.00696 - 0.07217

py 0.000303 -~ = .0.00051 - 0. 02296 ' .

0 az12 L 1212 12.13 12.15 12.12°

Fuel pin ' '

Cladding matenal : © . Zircaloy-2 Al

Cladding I.D. (mm) ;15,06 - 15.03

Cladding O.D. (mm) , 7w - 16,68 16.73

Gap material : He . Air

t  Here, (s) and (r) designate standard- gnde und reactor:grade Pu containing ~91 and ~74% fissile Pu,
respectively.

1t Used as the driver fuel. ot

11t UO:1 used in the previous experiments, Ref. Q2.

The Pu fuel clusters are in the middle of the core in a 5X5 or 3X3 square lattice;
in the surrounding are fuel clusters of 1.2%% enriched UO, having the same dimensions as
those of the Pu fuel clusters. An experiment on the cluster-type fuel lattices shows that
equilibrium of the thermal neutron spectrum in the central unit cell is attained in 9
clusters® at least. -

2. Power Distribution ' .

The local powér distribution for 28-pin fuel clusters in 25.0 cm pitch square lattice was
obtained by scanning T-rays emitted from the FP in the irradiated 28 fuel pins in each
fuel cluster. -

Three different kinds of enrichment were used for Pu fuel cluster. The Pu fuel
enrichment is defined as the weight percentage of PuO, in the Pu0O,-UO, mixture. Two
kinds of 0.54 and 0.87 % ennchment, respectively (5s and 8s) were made of standard-grade
Pu (~91% fissile Pu); the other kind -of 0.87 % (8r) was made of reactor—grade Pu (~74/
fissile Pu),

The fuel clusters were irradiated by LkW power (~10° n/cm' s) level of DCA for. 60
min, After irradiation, the fuel pins in the central fuel cluster for power dxstnbutnon
measurement were cooled for about 1 week. Beyond the 1 week after irradiation, the
main 7-rays in FP activity are 1.60 MeV 7-rays from 013, This nuclide has a 40h half-
life, and attains the equilibrium with its parent nuchde 1°Ba (12.8d). The mass 140 chain
has a high FP yield (about 5% for Pu fission:and: 6% for U fission); 88 of the ***La disin-
tegrations emxt 1.60 MeV 7-rays.

The detector for the y-ray counting was a solid-type 2 in. dxa X2 in, thick Nal (TI)
Sclntlllatlon counter,. shielded with Pb blocks. Between the fuel pm and the detector, a

—49 —
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slit of width 3cm was used. The .counting was made for 1,000, and twice countings
were made to see the reproducibility. For he effect of tilted *°La distribution in a pin,
it was rotated on its axis with an electrlc motor durmg r-rays counting.

The pulse height distribution around a photo-peak of 16MeV 7-rays from "°La (1 A~
1.8 MeV) was obtained by a multi-channel pulse height analyzer After subtraction of
" the background, the pulse height distribution was least-square-fitted to a Gaussian normal
distribution function. Then, the count, rate for 1.6 MeV 7r-ray photo-peak of *La was ob-
tained by integrating the best-ﬁtted Gaussxan dxstrlbutlon and correcting for the decay time.

3. Fission Reaction Rate Ratios

The fission reaction rate ratios were obtained for the three dlfferent kinds of ennch-
ment of Pu fuel cluster described. & ‘Fuel“clusters are arranged in 22.5cm pitch square
. lattice. ;. LR
- To determme the ratio 01, the ’"U to mU FP y-ray actmty a'atxo was’ measured for

.'j;_ fuel pms m the central fuel cluster, as shown in Fig. 2, usmg a paxr of natural (Olmml)
- *. .. and depleted (274 ppm mU 0.1 mmd U foxls for lrradlatlon ’I‘he four posmons (x ‘e. . pins)

.for measurement are shown in Fxg 1 (F- ,AF-Z F—3 F-3') For the determlnatxon of
5,5, a"pair of enriched (~90% ***Pu, OImmt) Pu and ennched (~90% ”‘U Olmmt) U foils
were used. The FP r-ray actlvmes were measured thh a 2 in. dna x2m thxck Nal (T1)

scintillation counter. L . :
. Foil arrangement within the Pu . fuel pm xs shown in Fxg. 3. The forl was packed

wnth 0.02 mm-thrck Al to protect from the contammatlon by PuO,—UO, powder and ﬁssnon .

fragments emitted from the pellets. For Cd _ratio

..

T measurement a 20mm wide Cd ring and two 05
mm thick Cd disks were used (Fig. 3. -l
) . & A~ cradding (zry-2)
Fuel ‘and coohnt ;
channe! ) g
ONONO O ™\ —E _Cd ring (0.5mt)
O O O O O ; N . _g.— . ] ‘ - Foil pack
‘ o Th W 4 gl A ~~cq atsk (0.5 m 0)
O0O0O0000®O: o | (
O000000060000O0
OC00O© 086000 |
cooeeeeeo00o0 | |
000©00©86©000.
e XeXoX X-X X X NeYoXe
O000O0000O0"-
©00000.00:, ',.:',‘“-Foi'l pack
0000 O ey o
;‘ o At {0.02 em t)
3005 — = r:it' — 3; viing
. Tolal number of fuel clusters: 121 . : ' i ::nm;,gskm t)

©: 53 Pu fuel, O: 1.2%5U fuel

Flg 2 Configuration of DCA
lattice at 22.5cm pntch

Fig. 3 Foil arrangement
in PUOz'UOz fuel
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‘After 1 kW-75min irradiation followed by about 1,000 min cooling, the fuel pins were

_’ transferred into a cutting glove box, where the foils were unpacked. The handling pro-
" cedure to obtain uncontaminated irradiated foils is described in Ref. (16). The thermal flux
' perturbation due to the foils was estimated as within 1%, by Haqna's formula®®,

IV. CALCULATION METHOD

Two calculation codes, METHUSELAH-II and WIMS-D code“”, were used for analysis
of the experimental results. The former developed by "Alpiar for lattice calculations on
diffusion theory was previously used for survey calculations in nuclear design of FUGEN
and SGHWR. Five neutron energy groups are covered, 7.e. 3 fast energy groups above
0625eV and 2 overlapf)ing thermal energy groups under 0.625eV. One thermal energy

. group is characteristic of the fuel region, and the other thermal energy- group is character-
xstlc of the moderator region. Microscopic cross sections of the thermal groups are based
, on ‘the Amster library, and the code solves 5-group dxffusxon equatlons. " For thermal
' neutron * scattering in heavy water and light water, the free’ gas model'is’ ‘uséd. To com- .
‘pare with the experimental results obtained in crmcal system, cell calculatlons were made

with geometrical bucklings to give k.g=1. . . s

The latter code developed by Askew et al. for lattice calculatxons on transport theory

was used in nuclear dcsngn of SGHWR. The basic cross section library is m "69 groups

- with 14 .fast groups (10 MeV~9.118keV), 13 resonance groups (9.118 ch~4 eV) and 42

thermal- groups (under 4eV). The transport equation is. solved by "collisioii"pi'obability

X method using up to 69 neutron energy groups, which were condensed into 18 energy

groups in the present calculations. For thermal neutron scattermg in heavy water and
llght water, the Honeck and the Nelkin models are used, rcspectlvely.

V. RESULTS AND DISCUSSION

1. Confirmation on Accuracy of Gamma Scanning ‘Method
Accuracy of the calculated C is evaluated.. The values obtained by the foil activation

‘method and those calculated by WIMS-D and METHUSELAH-II codes are compared in
_Table 3. The results were obtained for the 5s Pu fuel of 0 or 100% coolant void fraction

in 225cm pitch square lattice. As seen in Table 3 the errors in calculated values are

Table 3 Comparison of power correction factor between experiments and calculations

e - Coolant Fuel Power correction factor {C)s
: _ (E) () )
© 1108 —0.18
1 1.110+0. 003 1.106 ~0.36
1.108 +0.27
2 2 1. 105+0. 003 1. 106 ~0.09
1.109 ~0.36
0.54% 3 1.113+0. 003 - 1.108 -0.45
22.5 Pu(()sg-l;O: 1.105 1.10
s ) : ey
1 1.093+0. 003 1. 108 +1.37
. 1.106 - +0.82
100% 2 1.097+0. 003 1108 +1.00
1.110 +1.00
3 1.099+0. 003 1.108 +0. 82
e et e,

t Calculated values are given by WIMS-D (upper line) and METHUSELAH-II (lower line).
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thhm 1.4%, and the difference between the values by the two codes is 0.3% at most. In
the case of 25.0cm pitch square lattice where LPFs were obtained, the errors can also be |
regarded as ‘within 1.4% since the difference of the errors between two lattice pitches is
thought very small. In this respect, a sensitivity analysis of the C value to the change of
fission reaction rate ratios showed that the value was not sensitive. For the present
study, the calculated values by METHUSELAH-II are used. The measured values of LPF
by the 7-scanning method using the calculated C values are compared with those by foil
activation method in Table 4. The ‘results were obtained for the 8r Pu fuel cluster of 0
or 1009% coolant void fraction in 225c¢m pitch square lattice. The measured values of

LPF obtained by the two methods agree within 1%. Accuracy of the r-scanning method -

is determined with the errors of calculated c value and ‘the measured Ppa.

Table 4 Comparison of power - dnstnbutlon’belween r-scanmng method and foil activation method

Lattice . Coolant Fuel Relative power distribution .
i Fuel . void <7l in ;. w: . . R P
om0 T e _.”."°?EE?9?{ o Tine Follsggvation AL
R 0.653::0.011 0.674:£0. 044 =31
_ 0% -<-t2 . 1 0.821x0.012 0.823:+0. 047 -0.2 " "
L el Ty 8T L176£0.007 1.170+0. 027 +0.5"
0.87% © s+ Y U (LPF) ."(LPF) (LPF) -
22.5 PuO;-UO; % — .‘ ~
(8r) : ! .-0.7860.029 0.7550. 050 +4.1
100%  o: o2 0.834:+0.013 0.830::0.049 +0.5
s 3 1:136:0.009 1.146:£0. 029 —0.9
; e - (LPF) . (LPF) (LPF)

2. Experlmental Results and Dlscusswn of Power sttnbutxon
In Table 5, Figs. 4(a) and.- (b) are shown the values of power distribution in the Pu
fuel cluster obtained by the r-sc_annlng methood in-25.0em pitch square lattice, of which

Table 5 Local power distribution for PuO,-UO, lattices (25.0cm pitch lattice)

. Coolant

Fuel pin position 1.

"Fuel pin position 2

. Fuel pin position 3 (LPF)

Fuel void Experi- Calcu- -Expen- Calcu- -Experi- Calcu-
enrichment  fraction  “one Jationt /(5 1" “heat lationt Cl(i); ment * lation? C/(%/")'l
<2 (E)y  © % E T© B T
. 0 0.67 0.68 +1.7 0.91 0.91 +0.7 1.13 112 -0.5
Different. (H,0) £0.01 "0.72 +7.1 - *0.01 0.87 —3.6 +0.01 1.13 " +0.4 . -
oy 100 0.86 0.851:-0.4: . 0,99 09 ~0.9 - 1.04 105 +0.5
@ir)  +0.01 0.81 —6.1 0.0l 0.97 ~—2.2  +0.01 1.06 -2.4
0  .-064 0.65: +0.9, 0.8 0.82 +0.3 1.18 118 -0.2
054 %, - (hO) 001 0,68 +50° 001 078 —46 0.0l L19- -0.9
‘(’gs;- 1 100 0.76 '0.78% +3.2 ~ . 0.8 0.87 +1.3 113 L12 -L1
(@ir)  x0.01  0.74:, —2.6 = +0.01 0.85 —1.3 +0.01 114 +0.9.
, 0 0.61 0.6l =1.3 - 0.79 0.79  —0.5 . 1.20. 1.21. +0.3
0.8 %0 (H:,0) +0.01 0.65 +53 x0.01 0.74 -6.0 =001 1.22 +1.3
‘(’;s)r 2 100, 071 0.73  +3.8 0.81 0.84 +2.7 117 115 -15
*(air) - +0.01 0.67 ' —4.8 . +0.01 0.80 -1.3 +0.01 1.18 +1.2
0 0.61 0.61° +0.8 ° 0.79 0.79 -0.3 = 1.20 1.20 +0.0
01,87()%‘30'_ (H,0) £0.01 0.65 :+7.3 . +0.01 0.75 =53 +0.01. 1.21 +0.9
@ 100 0.73 0.75 .+2.3 0.83 0.85 +2.1 .15 114 -1
(air)  +0.01 0.69 —55 +0.01 0.82 —1.5 001 117 +14.

t Calculated values are given by WIMS-D (upper line) and METHUSELAH-II (léwer line).
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accuracy was evaluated by the foil activation method in a typical lattice. The measured
average power for the fuel clusters was normalized to unity. Results of the experiments
enables the discussion on the dependence of power distributions on fuel pin positions,
coolant void fraction and fuel enrichment. o

The random errors in the measured power were evaluated as +:1.0% due to statistical
error of the y-ray count and to inhomogeneities of the fuel pellets. Then, experimental
error of the power distribution was evaluated as +1.7%, and that of the LPF as within
19 from the law of propagation of errors. :

L e T 3 T T 1 L5 1T L I
5s Pu 8r Pu 8s Pu 55 Pu 8r Pu 8s Pu
R a . a
. o o
5
3
& 1.0} - 1.0} - -+ e
s :
= o
& o- / /n o
/ S A
l‘ n
0.5} 4 R 4 o5} + 4 -
! 1 1 3 1 [ 1 ‘I L 1 1 i 2 1 1 1 1 1
1 2 3 1 2 3 1.2 3 1 2 3 1 2 3 1 2 3
Pin position ) : Pin position
‘(@) 0% void (b) 100% void

Sa2 0.54 %(s) PuOrUOs, 8r: 0.87 Y5(r) PuOrUOs, 8s: 0.87 %(s) PuOrUO:
Fig. 4(a),(b) Relative power distribution in Pu0,-UO; fuel at 25.0cm pitch lattice

It is seen in Figs. 4(a) and (b) that the power is higher in the outer than in the inner
circle. The self-shielding of thermal neutrons is thus very strong in the fuel cluster, be-
cause the power distribution is closely related to the thermal neutron distribution. Since
the power peaking appears in the outermost circle, this power can be taken as LPF.

In the dependence of the power on the coolant void fraction, the power depression in
the fuel cluster is enhanced by the presence of H,O coolant. Since the 25.0 cm pitch square
lattice used in the experiment is overmoderated, the slowing-down effect by H,0 coolant
is not so important®®, The enhancement by the presence of H,O coolant can be considered
to be due to shortening of the average diffusion length in the fuel cluster by the H,0O

coolant; the H,0 coolant-enhances the thermal neutron self-shielding effect in the fuel

cluster. The values of LPF in H,0-coolant lattices are about 4% larger than those in air-
coolant lattices. '

It is also seen in Figs. 4(a) and (b) that increasing the Pu fuel enrichment (5s—+8r—
8s) tends to accentuate the depression of power within the fuel cluster. This tendency
is easily explained by the fact that the reactor-grade fuel (8r) corresponds to a fuel
L‘nrit_:hment lower than the standard-grade fuel (8s). The accentuated depression can be
ascribed to enhancement of the thermal neutron self-shielding effect due to absorption in

the fuel cluster.
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The variation in power distribution .with fuel enrichment is larger in 100% void frac.
‘tion than that in 0%. This tendency can be explained by the fact that the variation ip
average diffusion length is larger with 100%

void fraction than that with 0% ; the change , zéL T T 3 ;"“T
in absorption cross section of the fuel cluster T
with fuel enrichment is decreased bv. the . ‘E“’és‘ & 1002 voiq
presence of a large transport cross section . § 8s 1
of the H,0 coolant (L*=}{ X, Z.). In Fxg. S ik E °I' .

is indicated the dependence of LPF on the I ]
cell-averaged diffusion length calculated by B : |
WIMS-D code. It is evident that the value ‘

of LPF.. mcreases with shortening of the sl slo S # B ,“to

. diffusion length. In the air-coolant lattices (
: A diffusi l h b
A;,the wvalue of LPF increases about 4% and S (25';::9:"‘,. ',':t:';“':ﬂtw r:::L

_in ‘the H,O coolant lattices about 29 ‘with ~ 54 051%¢ PuOFUG:, B1: 05775(.-) p.,o, uoy,
8s: 087% s) PuOrUOx ".--“-

an. 5! Dependence of LPF on average
dxffusxon length

) S In order to confirm the behavior of pow-
. er. dlsmbutlon, the dependence of the values "'_- R

- _of &% and .82 on the coolant void fraction and fuel enrlchment wxll be descnbed In Figs. -
_"6(a),(b) and- 7(a) (b) are shown the expenmental ‘values for 225cm - pttch square lattice °

obtamed by . experiments with foil actlvatxon method. The powers are closely related to
the values of 6% and 43} because from the definitions the denominators show ”‘U fission
reactxon ‘rates in thermal and whole energy regions respectxvely, From the values of %,
A most of the U ﬁssnon reactions (>80%) are found to. occur in thermal energy region.

0.3 T T T T T l*l -I. - 0.30 — ﬁl. LI S T 1 T
§s Pu 8r Pu - -8sPu - | 5s Pu 8r Pu 8s Pu
0.5} - T + -1 0.25 |-
e.20f T . SR
:: -
©

-1 \
0.5 + \ A\ | et m :
x L\ W i \V%.
[} N\ ‘ :
\ \g R S
N e .. Cal

T
X . ] Z S )
T N _ | I TR - JeeeeeCal,
0.05 N U R R 0.05 L (METRUSELAH)
i 11 [ B | L1y 1 1 1 (] 1 1 || 1
1 2 3 1.2 3 12 3 1 2 3 1 2 3 1 2 3
'Pln position ECR : Pin position :
(2) 0% void o (b) 100% void

532 0.54 %(s) PuOy UO:. Sr 0. 87%\r) PuOs UO0:, 832 0.87 %(s) PuOrUO:
Fig. 6(a),(b) &% distribution in PUO;-UOz fuel at 22.5c¢m pitch lattice
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01T T T T T 7711 O¥rr—TTT 1T T T T
Ss Pu 8r Pu 8s Pu 5s Pu
0.30] 4 —-{ 0.30}-
0.25¢~ -+ -+ 0.25}
- wn -in
~N N ~N~
- o
[ ]
0.20f 0.0k \
N
| \
c0.15k N 0.15} )
% ..
- 0.10 0.10}- + 4 —3— Exp.
. —-%- Cal.
~(NI)
. i -~0-('{'1_Hum. '
o5} 4 £ .05~ 4 - SELA
0.0, 4, v T v Ty o GO, Ty gy T CEmsEA

1.2 3 Y z 3 V2 3
Pin position

(a) 0% void

1 2 3 12 33 1 2 3.
Pin position,

(b) 100% void

532 0.54 %(s) PuOrUOs, Br: 0.87 %%(r) PuOrUOs, Bs: 0.87 5(s) PuOrUO: )
Fig. 7(2),(b) &3¢ distribution in Pu0,-UO, fuel at 22.5cm pitch lattice

The values of 3** and 33! decrease with decrease of the coolant void fraction, as- seen in
I_"igs. 6(a), (b) and 7(a), (b). The reason for this is that the increase of slowing-down effcct

by hydrogen increases the amount of thermal
neutrons relatively to epithermal or fast
neutrons. The values of 3*® and 33} increase
with fuel enrichment. The reason is that
the thermal neutron flux, which governs the
denominators of 4% and J%, is largely at-

. tenuated by absorption-in the fuel cluster.

From the above, the change of power dis-
tribution is found to depend largely on the
change of thermal neutron flux distrif)ution.
~ Since LPF is one of the most important
in design of a reactor, it is significant to
discuss the behavior of LPF. In the depend-
ence of LPF on the fuel enrichment and
coolant void fraction, the value of LPF is
plotted in Fig. 8 against the 2,200 m/s mac-
roscopic absorption cross section in 1/v part,
which is common to U and Pu. Since Pu
has a large resonance at 0.3eV for *'Pu
and %Py in addition to the 1/v part, the

T T T

125} 1.

8r Bs

120 ’g\‘~“~“5§_ _-'-36-“""}-—% -

115 T, 8
.y 8
a L I i
~ uot H J
’ 1.5 ) .
105k ’ ~&—~ 0% void
—§— 100% void
100+ 1
[oL:1.] L L L
23 30 . 33

L 40(2200 M/sec) In fuel (x 10°f cm°1)

5s: 0.54 %(s) PuOrUOs, 8r: 0.87 %(r) PuOrUO:s, Br: 0.87

%(s) PuOxUOs, 1.2U: 1.2%% UO,, 1.5U: 1.5% UO:

Fig. 8 LPF as a function of 2,200 m/s macro-
scopic absorption cross section value
of fuel pin at 25.0 cm pitch lattice
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difference in the tendencies reflects the’ effect by the resonance?. A '
‘In Fig. 8 are compared the values of LPF for 5s, 8r and 8s Pu fuels of 0 and 1009
coolant void fractions in 25.0cm pitch "square lattice with the values for 1.2 and 1.5%

enriched UO, fuel. As seen in Fig. 8 the variation of LPF with fuel enrichment is larger ~
for Pu than for U and the change of LPF is larger with 100% void fraction than with’

02%. The larger slope in LPF in the Pu fuel-cluster than in the U fuel cluster is caused
entirely by the enhanced thermal neutron absorption in resonance. The presence of H,0
coolant effectively reduces’the effect of fuel enrichment due to a large transport cross
section of H,0. Then, the change in the value of LPF is smaller with 0% void fraction.

In order to compare the values of fission reaction rate ratios between Pu and U fuels,

the experimental values of 823 and 63:,, glven in Egs. (9) and (10) are shown in Figs. -

9(a) and (b).

L Sum V( S; (E)¢(E)dE]
e cell‘— gg: (9)
. Sum Vi [§.%% HEYEME], e
e -,::‘ Sum V, S' (E)¢(E)dE] )
A 28 —

.. . B cell™

S simvf|orEsEdE] \
where V. is the number of fuel pms in the cluster, V,-—4 V.=8 and V,=16 for the 28-
pin fuel cluster. Then the. values of Jm. and o%,, represent the fuel cluster averaged values
and were obtamed from the expenmental values of. 5“ $# and fission reaction rate dis-
tribution of U. ' . ~ '

: ‘(.10)4 | v

Lo L . T T !

oss} % .
. eete= Cal, - Cal.
(METHUSELAH) {METHUSELAN)
160} 1

140

28 .
Scent (x107)
2 n
(o] o

[+
(=)

o -
o

e 180} ——£p. . ) e I

a0}
X ,. - z ‘ . 1 1 ! i 1 g
22 T .25, 30 T35 . 25 : 30 - . as
roo(zzoo M/sec) in !uel (x 101 cm") J:,,,(zzoo"vsec) In tuel (x 107em-1)
(a) 53:!1 o . (b) 6cell A

5s: 0.54 %5%s) PuOrUOs, 81: 0.87 %) PuOrUO:. 8s: 087%(3) PuOrUO;, 1.2U: 12% UOs, 15U: 1.5% uo:
Fig. 9(a), (b) 83, and 8%, as a function of 2, 000 m/s macroscopic absorption
€ross sectxon value of fuel pin at 22.5c¢m pitch lattice
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Experimental errors of the 6%, and 6%, were evaluated as +4% ; +3% for the random
errbf due to statistical error of the y-ray count, bowing of the fuel pin and inhomogeneities
of the fuel pellet, and +25% for the correction factor error due to the thermal neutron
flux depressxon by Cd or the '*La yield.

Since these values, 623, and 3%, depend 24

11 1 4
mainly on the behavior of thermal neutrons,
the difference in the tendencies between 22l |
U and Pu reflects the effect caused by 0.3 :
eV resonance. As seen in Figs. 9(a) and
o . =20} .
(b), it is evident that the changes of slope 23
with fuel enrichment are larger for Pu fuel w
cluster than for U fuel cluster. ’ R i
. In order to examine behavior of the-
neutrons around 0.3eV, the expenmental e ‘16‘ .
values of o'y, defined as Eq. (11) are shown
in Fig. 10. . Co a ' . 141~ -
Sum V‘-[S.- opBENE] -3 omwie |
= = Loan © 3~ 100%veid -
Sum V[ [ oM E)KEME], g | "
2.5 ET) 3.5 .

The experimental errors of 3, were -
évaluated as 4424, similarly to-the case of
2. By the definition, this is considered to o :"?.g;g; ;:g U, 810 0.57%(r) PuOLUOk
be an indication of the thermal neutron flux- . Fig. 10 5%, -as a function of 2,200 m/s macro-
around 0.3eV resonance. The results of scopic absorption cross section value
34 reveal that the relative number of neu- of fuel pin at 22.5cm pitch lattice
trons in the region of 0.3eV resonance increases due to hardenipg.of the spectrum with
increase of the Pu enrichment. Decrease of the coolant void fraction less accentuates this
trend because of shortening of the average dnffusxon length due to the presence of.H,0
coolant, as already described.

3. Reduction of LPF

Because the 0.3eV resonance neutrons are found to increase values of the LPF and
fission reaction rate ratios in Pu fuel cluster, the use of fuel clusters with different enrich-
ments in Pu fuel cluster is effective in reduction of LPF even when there is thermal
neutron flux depression in the fuel cluster, since the power distribution in the fuel cluster
flattens due to the higher enrichment in inner circles.

" Although the atomic numbers of fissile materials are approximately identical between
12% enriched U and 5s Pu fuel, and between 1.5% enriched U and 8 s Pu fuel, the values
of LPF are larger for Pu than for U (Fig. 8). In Table 5 are compared the experimental
results of LPF for fuel clusters of different enrichments, 5s (outer circle) and 8s (inner
circles), in 25.0 cm pitch square lattice with those for the uniformly enriched- fuel clusters.
As seen in Table 5 and Fig. 8, the values of LPF are smaller for the former than for the
latter and for the enriched U fuel clusters, although the average enrichment in the different
enrichment fuel clusters is intermediated between the enrichments ef uniformly enriched
fuel clusters 5s and 8s. The reduction of LPF in the different enrichment fuel clusters
s compared with the 8s Pu fuel clusters is smaller in H,0 coolant than in air coolant

L;o(2200M/sec) in fuel (x 10°7 cm-t)
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lattice; about 6/ in the former and about 11% in the latter. This is due to the fact that -

the increase in Pu fuel enrichment of the i mner circles is effectwely lowered by the presence
of H,0 coolant with a large transport neutron cross sectlon in the H,0-filled lattxce
4. Comparison with Calculation

The results of LPF and fission reaction rate ratios will be compared between expenment -

and calculation. The results are shown in’ Tables 5 and 6.

As in Table 5, the results of LPF calculated by WIMS-D are in good agreement with o

the experimental ones, within 0.5 for H,0 coolant lattice and within 1.5% for air coolant

lattice. However, the results by METHUSELAH-II agree with the expenmental ones within .

1.3% for H,O coolant lattice and within 2.4% for air coolant lattice.
In Table 6, the values of fission reaction rate ratios are the fuel cluster averaged ones;
" for 6%, the effective Cd cut-off energy . is obtained by use of the thermal neutron spectrum

with 50 energy groupst*®@V, taking the Cd thlckness used in the experxment‘m into con-.

. '-'.”'.51deratlon. _ o e L ‘: RPN S
AR '* o Table 6 Companson of fissionreaction rate ratios between.” . .. .
R R expenments and calculations (22.5¢m pxtch lattnce) ey
Fuel COQI%N e ey T T T,
ue Vo1 H D . :
enrichment fryction  EXECH Calow ¢/p_y Experi Calew: ¢/py. Experi- Calow, ¢/p_y
@D o B E o B k) o -
.. .. 0.105 0.110 ° +4.8  0.090 0.076 ~15.6 .- .1.19° 1.12 = =59
O o, (HO) © £0.004 0.108  +2.9 %0.004 0.069° -23.3 ‘20.05 L10 '-7.6
Gs’ ¢ 100 0.137 0.137 0 ° 0.129 0119 —7.8: 0.95 °1.15 +20.7
' (air)  £0.005 0.134 —2.2 £0.005-0.117 —9.3 +0.04 1.14 +19.6
0. 0172 0.145 —157  0.103 0.098 —4.9  2.23 '1.78 —20.2
o, (H0)  £0.008 0.144 163" “+0.004 0030 —12.6 =x0.09 1.7 ~—20.6
@s)° 100 0.199 0.180 - —=9.5 i0.179 0.153 —14.5 2.04  1.80 —1L8
(air)  £0.010 0.177 —11.5 £0.007 0.152 —15.1 +0.08 - 1.80 .—11.8
0 0.136 0.132 —2.9 .. 0.099 0.088 —11.1  1.36 1.30  —4.4
08 %o, (), £0.005 0.130 ~ —44 +0.004 0.079 -20.2 +0.05 126 ‘-7.4
@n’ 100 0.176 0.165 —6.3 " 0.159 0.141 —11.3°  1.40 " 1.32" =57
(@ir)  +0.007 0.161 —B.5 =0.006 0.140 ~—11.9 =0.06 1.31 —6.4

t The effective Cd cut-off is varied from 0.4 to 0.6 eV for these measurements.
Calculated values are given for theé experimental cut-off values.
1t Calculated values are given by WIMS D (upper line) and METHUSELAH- ll (lower lme)
The differences in fuel cluster averaged values of fission reaction rate ratios between
calculation and experiment are 202 at most ‘as seen in Table 6. The values by WIMS-D
. are generally closer to the experxmental ones ‘than by METHUSELAH-1I. -

VI CONCLUSION

The power distributions in cluster-type Pu fuel lattices of three dnfferent kmds of
enrichment (5s, 8r, 8s).in two coolant vond fractions (0, 100%) have been measured by the

new method of y-scanning of fuel pms - Accuracy of the calculated C in this method. o
was evaluated as 14% with the aid of.foil activation method. - The experimental {

accuracy of LPF by the new 7-scanning method was evaluated within 1%.

The LPF of the clustered fuel in the HWR lattice is larger in Pu fuel than in U fuel
because of the Pu resonance around 0.3eV in addition to the larger 1/v cross section
This tendency is more remarkable in 100% coolant void fraction than in 0%, due to the
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presence of H,O coolant with large transport cross section. The change in absorption
cross section of the fuel with enrichment is reduced by the presence of H,0 coolant, so
that the dependence of LPF on fuel enrichment is smaller. in H,O than in air coolant lattice.

The neutron behavior of Pu resonance around 0.3eV enabled use of the different
enrichment fuel clusters to reduce LPF. The reduction of LPF in the fuel clusters of
different enrichments, 5s and 8s, is 11% in 1002 coolant void fraction, as compared with.
the 8s Pu fuel cluster.

. The LPF values by WIMS.D are in better agreement with the experimental ones,
within 1.5%, than by METHUSELAH-II. :

ACENOWLEDGMENT

The author is deeply indebted to Prof. K. Sumita, Prof. T. Sekiya and Prof. M. Kawa:
nishi, of Osaka’ University, for their valuable comments. Thanks are also -due "to Dr. Y.

I . Haéhiy‘a -for his suggestion in neutron behavior of the Pu resonance arouhd 03eV, to Dr.
- - K..Shiba for his discussions, and to Mr. A. Nishi, Mr. . K.. lijima,. Mr.‘ Y Asano. Mr. T.
:: .'-Wakabayashl and Mr. T. Otsuka for their aids and advices. - + .. N

""Hé also wishes to thank Mr. Y. Miyawaki,. Mr. H. Sakata‘and members of the Heavy

) Water Critical Experiment Section, O-arai, Power. Reactor and Nuclear Fuel Development
"Corp. (PNC) for their assistances. -

_ He is grateful to members of the Plutonium Fuel Division, PNC, for fabncatlon of the
experimental Pu fuel pins. .
-The -kind encouragement by Mr. S. Sawai is greatly apprecxated

~——REFERENCES——

(1} SHIMA, S., Sawal, S.: The FUGEN project, Proc. CNA 13th Annu. Int. Conf., Toronto, 204 (1973).

2) - KaTo, H., et al.: Meeting on Void Coefficient of Heavy Water Moderatmg Boiling Light Water
Cooled Reactors, Paris, (1972).

(3} Mivawaxi, Y., et al.: SN 941 73-56, (1973), PNC.

(©) KowarTa, Y., et al.: Preprint 1974 Fall Meeting At. Energy Soc. Japan, B25, (1974).

(8) Otsuxa, T., Fukumura, N.: Preprint 1977 Annu. Meeting At. Energy Soc, Japan, C8, (1977).

(6) Brices, A.J., et al.: AEEW-M 632, (1966).

(7 Brices, A.])., et al.: AEEW.M 667, (1966).

() TayLor, E.G.: WCAP-3385-54, (1965).

(9) Tsuruta, H., et al.: JAERI-1234, (1974).

60 Arpier, R.: AEEW-.R 135, (1964).

.APED.5398-A, (1968).

13 Hacuiva, Y., et al.: J. Nucl, Sci. Technol., 13(11), 618 (1976).

13 Fukumura, N., et al.: Trdns. Amer, Nucl. Soc., 23, 576 (1976).

00 Iuyima, K., et cl.: SN 941 74-22, (1974), PNC. .

09 Hacmiva, Y., HATAKENAKA, H.: J. Nucl, Sci. Technol., 9(10), 629 (1972).

05' NAKAMURA, Y., et al.: ibid., 9(5), 277 -(1972).

i Hanna, G.C.: Nucl, Sci. Eng., 15, 325 (1963).

8 Askew, J.R., et al.: J. Brit. Nucl. Energy Soc., 54, 564 (1966).

19, WakasavasHi, T., Hacuiva, Y.: Nucl. Sci. Eng., 63, 292 (1977).

-2 TsucumnasHl, K.: Preprint 1971 Annu, Meeting At. Energy Soc. Jepan, F16, (1971).

€. lisiMa, K., et al:: Preprint 1974 Fall Meeting At. Energy Soc. Japan, A6, (1974).
2 TAkepa, R., INoug, K.: J. Nucl. Sci. Technol., 1(5), 172 (1964).

- - E e e R AP P R N I

Sy ornage At oot poown oslunu

t
i
a0 Crayrighs coibomay ot
rraroduced vhl iaut parmismon o

— 59 —
: voatht holdar

X . P (L' Al att o o FIG JUPURIN,

T S A

Ll

T
Fill

OL, WY
AR EL AN Sl

B 3 e - - 4 N
Apptritapmey o - ple T I Lo ot . x B 5 " :
i~ AL 53 e T e v SIS 4 Frfaudaiinl baldvn 4. 4

o
e i

s
21




