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Abstract
i
Reactor physics studies on plutonium mixed oxide fuel

lattices at 22.5- and 25.0—cﬁ.pitches have been made by use
of the critical facility DCA in“the Heavy Water Critical
Experiment.Section oé PNC.

The following parameters are selected to study the
dependence of nuclear cﬁaraéteristics on lattice pitch.

(i) Material Buckling
(11) Coolant void reactivity
(i) Local power distribution
- (iv) Thermal-neutron flux distribution
The dependence of nuélear characteristics on the volume
ratio between fuel and moiderator (Vm/Vf) in a highly hetero-
geneous cluster-type plutonium fuel lattice was made clear

by a series of critical experiments.

* Heavy Water Critical Experiment Section, O-arai
Engineering Center, PNC.
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I. Introductioﬁ
A heavy-water moderated, light-water cooled, pressure
tube FUGEN reactor®! attain;d>i%s"iﬁifial critically in
March, 1978. After ma@&:start—up tests, the FUGEN is in-
oéeration at rated power .(165 MWe) from Aprii, 19?9. _
Thé physics of the‘FﬁGEN reactor design'is Eased”gh
a large amount of accurate experiment of detailed physics

parameters in the ‘plutonium fuel lattices, ‘hecause little-

-

was known about nuclear characteristics of the plufonium
fuel assembly loaded in the core. The reactor design is
also based on nuclear aesign code which was evaluated .
uéing these experiments. ' !

.Thus, a series of critical experiments on plutonium
1attices have been carrieé ouE in ‘Deuterium Criticai
Assembly. Since naclear characterisitcs is sensitive to

. lattice pitch, various reactor physics. parameters were

_measured_in plutonium 1attiées ranging in pitch.from 22.5
cm to 25.0.cm, with regard to the FUGEN's pitch i.e. 24.6
cm. ‘

-

The experimental results of 0.54 wt$% Pu0,-U0, and

0.87 wtsg Pqu-UOZ'fuei.latticeg at 22.5-cm pitch was already
given in the previous paperz).

The purpose of this paper is to describe the'reactor
physics on 25.6 cm-pitéh,lattice and to made the dependence
of nuclear charactérisﬁics on lattice pitch clear in com-
.parison with the resuits of 22.5 cm—pitch lattice. The

following parameters are selected to investigate the

dépendence of nuclear characteristics on lattice pitch.

-



PNC SN941 79-69

(i) Material buckling

(ii) Coolant void reactivity -
(iii) Local power distribution

(iv) Thermal,neutfon flux distribution

-
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II. Experimental Procedure -

The dependehce'of.the»nuclear characteristics.on.
lattice pitch Was.investigated;in.the lattices having 22.5-
(Vm/VE=7.57) and 25.0<cm (Vm/VE=10.07) pitches in Deuterium
Critical Assembly. Thefcore_configuratiqns'qf 22.5~ and
25.0—cm pitch lattices  are.shown Fig. 1 and 21-

The dimensions and compositions_of the_present experigental

lattices are listed‘infTab}e I. Fugre 3 shows the 28-pin -

-
~

fuel assembly. e ' | .
3) 4),5)

-

(1) Material ‘buckling™

Materlal buckllngs of 0.54 wt% and 0.87 wt% PuOZ-UO2

fueled 1att1ces were measured by the substltutlon method.
The spe01flcat10ns of each fuel are listed’ rn Table II.

In the-substltutlon,measurements, the central part of the
one-region referenceA1cading was prcgressively'replaced

by test clusters‘oéhé}uton;un4fue1, and rhe~resu1£ant
.crirical DZO heighrs%were measured as a function-of the
number of.substitutedlruei'clusters. The various test
.regiqnszthat.were usendpéprosed 1,-4, 5, 9, 13, 21 and 25
fuel clusters. Axialtbuckiings were derermined from critical

2O heights and axlal extrapolatlon dlstances were measured

by the copper actlvatlon method in one-reglon reference

-core loaded with 1. 2 wt% UO2 The change of ax1al buckllng

caused by substltutlon was analyzed by the formula derived
from. the second .order perturbatlon theory.
(2) Coolant v01d react1V1ty4) 161, 7) 8)

React1v1ty caused by loss—of-coolant was measured in

various.two-region cores lcaded with 1.2 wt$ UO2 and 0.87
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wtd Puoz-UO2 clusters. In the two-regions cores, 0.87 wt$

Puo,-U0, clusters loaded were progreséively increased up

2
to 25 clusters, as shown in Fig.4. The plutonium fuel

- -

clusters were symmetrically loaded with respect to the

. core axis. For measurements of the reactivity, a Cockcroft-

Walton type neutron 'generator was used to carry out pulsed- -
neutron experiments. The decay constants of neutron density'

were converted to reactivity in dollars by the Simmons and

-

King method. When evaluating vqid reactivities from
measured prompt decay constants, corrections.were made to
the neutron generation time of é largé subcritical system,
and they accounted for up to 5 %'makimum.

"{3) Local power distributiong) : !

‘Dependence of local power @istribution on lattice

pitch was inveéﬁigated by using'the‘differenély enriched
fuel cluster. The clustér consists of 0.87 wt$ Puo,-U0,
"fuel pins for the inner and intermediate fuel layers, and
0.54 wt3 Pu0,-UO, fpel pins for the outer 1a§er,<as shown
ih Fig. 5. The local power distributions were determined

140

from the ¥ -ray activities of La which were counted by

a 2-in—diaﬁ x 2~in-thick NéI(Tl) scintillator.
(4) Thermal neutron flux distirbutioplo)'ll)
Thermal-neutron flux distributions in 0.54 wt$%

Pu0,-UO, fuel lattices were measured by a 0.l-mm-thick

dysprosium-aluminum alloy(4.0 wt3 dysprosium) foils set in

~ the central unit cell as shown in Fig. 1 and 2. Measurement

positions of foils are shown in Fig. 6. They are within the

plutonium fuel pins) in .the coolant, on both inside and




PNC SN941 79-69

outside surfaces of the pressure tuhe and the calandria
tube, and in the D20-moderator. For measurements within
the plutonium fuel plns, fGUr 14: 8—mm-d1am foils were set
in positions of F- l,lF 2 F 3 and F-3' shown in Flg.‘G.

The foil arrangement w1th1n the plutonlum fuel pin’ is shown
in Fig. 7. The dyspr051um reactlon rates at the surfvge

of the pressure and calandrla tubes, and in the D

<L 2
erator reglon were measured w1th 7-mm—d1am foils. For ' -

-~
% e

measurements in coolant reglon, a 0.l-mm-thick sector foil

O-mod—_

was used as shown in hatched sectlon in Fig. 6.
The dyspr051um act1v1t1es were counted by a 2- 1n.-d1am b

1/8-in.-thick CaF(Eu) scintillator. - ‘
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III. Results and Discussion
(1) Material buckling

Experimental results of material buckling are listed
in Table III. Also, these results are iliustrated in Fig.
8 as a function of lattice pitéh.

The material bucklings for zero coolant void fraction
are-larger in both 0.54 wt% and .0.87 wt% Puoz—UO2 fuel .
lattlces at 22.5 cm pitch_than in those at 25.0 cm pitch.
The mater1a1 bucklings increase at 0 3 VOld fractlon with ~

‘the expans;on of lattice pitch but decrease at 100 & void

fracions.
This tendency can be explained as follow. In the air-filled
[}

lattices, the expansion of lattice pitch increases thermal
neutrons because moderator material increases; and it decreases
neutron leakage because fraction of ~olume occupied. by voided

coolant decreases with increase in moderator region.
In the Hzo-filled lattices, ~increase in D20 moderator

region intensifies absorption-effect of HZO coolant compared with

slowing down effect, because neutrons are sufficiently thermalised

by enough DZO moderator in the latticé of the larger pitch.
(2) Coolant void reactivity
The dependence of coolant void- reactivity on lattice
pitch are shown in Table IV, and Fig. 9 as a fuﬁction\of
statistical weight of the plutonium fueled region. Figure
10 shows the relation between’ number of substituted plutonium
fueled clusters and statistical weight of the region occupied

by them.

~A
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. ) When the lattice éitéh extends -from 22.5 cm to‘25.0.cm,
coolant void reactivity ﬁarkedly shiftes to the positive
side.. Furthermore, thfé‘shfft of "codlant void reacitiﬁity

to the positive éide igsagaéﬁéiiy enhanced by .increase of

statistical weigh£ (i.e., increase of the nuﬁbef of pluto-l
) niumi%uél aséémbliés.f-‘- o oy
(3) Local ééwér diétribﬁfibn

Measured local pgﬁéfﬁdiSE;ibutions are shown in Table _

-~
-

V and Fig. 8.
As seen in Fig. 8, the local power peaking factor of
25.0 cm pitch lattice is at ‘0% void fraction larger than
that of 22.5 cﬁ'pitch lattice.  However, .the tendency of
local power.peaking is*coﬁtrary at 100% void fraction.
| The~£éndenéy at O%'vdid’fraction can be explained as the

depression of thermai;ﬁéﬁtrbh“flux in the fuel cluster

increases by softening of thérmal-neutron spectrum due to

\ an increase 'in the region of;Dzo moderator, - -which results in
{sed _ decreasing the fissionffé%e in the inner fuel pins (i.e,
increasing the ld¢al“b6§ér:péaking factor) . On the other:

hand, the tendency at 100% void fraction can be'eﬁplained
as follows. Sihde'ébsq:ﬁtibn cross section of 23°Pu has a
largé.iesohénée“ét“6:3ké9f'neutr6ns with energy of around -
0.3 oV which come from méderator region' are strongly and
selectively absorbed at the outermost fuel ring. ‘Then,
neutrons having passed tho&gh the outermost fuel ring have
energy spectrum with a aip around 0.3 eﬁ. Consequently,

neutron absorption in the inner fuel rings occurs predominantly
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in the low thermal energy region where the absorption cross

. 239 .
section of Pu essentially obeys 1/v -low. As a result,
fission reaction rate in the inner rings increases with
softening of thermal-neutron energy épéétfum due to expansion

of lattice pitch.

For the above case of 0% void fraction, this dip around
0.3 eV in the thermal energy spectrum is considered to be

easily recovered by the rather large up and down scattering

~

power of the H20 coolant.

- -

&4) Thermal flu# distribution

' Figure 12 and 13 show the d?sprosium reaction rate
distribution in the unit cells of 0.54-wt§ Pu0,-U0, fuel
~ lattices at 22.5- and 25.0-cm pitch, and 0 % void f;action..
Also; the dependence of the thermal -neutron flux on lattice
pitch is shown in Fig. 14. The deprgssion of the thermal-
neutron flux is appreciabi& larger in the fuel region of
the 25.0-cm-pitch lattice than in that of the 22.5-cm pitch
(lattice. It is considered that this tendency originates
in the increasé in neutron absorption in the fuel by
softening of the thermal neutron spectﬁm due to an increase
in the reéion of the DZO moderator. The thermal ﬁeutron
spectrpm calculated the by code LAMP-DCA, as seen in Fig..

15 indicates a softer neutron spectrum in the larger 25.0-

cm pitch lattice.

L et ee o
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.In the Dzddﬁdderator, when the lattice pitch is extended
from 22.5 to 25.0 cm, the thermai-neutron‘fiux disﬁributions
apparantly become higher at thevcell boundarf,Aas eeen in
- Fig. 16. .This tendency is accounted for by the increase
of the slow1ng down effect in the D20 moderator reglon.

. The same tendenc1es were also observed in the expeg}ment

with uo,, 1attlce12).
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IV. General Conclusion

' The dependence of nuclear characteristics on lattice
pitch in a highly hetegogeﬁeous cluster-type plutonium fuel
iattice was made clear by a sefies of critical experiﬁents
on plutonlum fuel at 22.5- and 25.0-cm.

In addition to the present studies for materlal buckling,
coolant void reactivity, local power peaking and thermal -
neutron flux distribution, studies of lattice parameters
and moderator temperature’;oefflclent have been performed‘
at. these lattice pitches. Also, analysis of the experimental
data have been mede by the use of WIMS, METHﬁSELAH-II and‘
MESSIAH code. . .

The results are used'to continually modify and improve

the design code of FUGEN, and to:reduce in design margins

for design of the FUGEN-HWR. *
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‘Table I
La’r’rlce Dlmensmns and Compositions

Cluster . '
) - Radius of Each Layer 1 st 13.13  mm
- | 2 nd 30.00 mm
: | 3rd 47.58 mm
Hanger Wire’ - Diameter 2.0 _. mm
. Material AL.
Spacer -if.{fj -~ Diameter | 114.4 mm
. - Material - AL T
Cluster Length 2223  mm

Standard Fue! Meat Length 2000 mm

Pressure Tube

Outer Dname’rer ' . 121.0 mm
Inner Diameter 116.8 mm
. Material Al
- Calandria Tube L |
_Outer Diameter ~ - 136.5 mm
Inner D:ameter‘ : 132.5 © mm
L Material -~ . AL
Moderator R ’ |
- Material ' D:0
. Purity 99.5molg,
Core Tank e B |
' Outer Diameter | 3025 . mm
Inner Diameter - | 3005 = mm
Height - | . 3500 ° mm
Materlal o y AL .

,Latflce Plfch " . |22.5cm or 25.0cm
SR "~ - | (Square Lattice)

Upper and Lower Grld Plafe |
Material - . AL

Temperature o | - 20°C

- 13 -
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Table II

Dimensions and Campositions of Fuel Pellet

Fuel

0.54 w/o Pu O, -U0,

Fuel Pellet
Outer Dia.(cm)
Density (g/cc)
Isotope (w/0)

U-235

- U-238
Pu-238
Pu-239°
Pu-240
Pu-241
Pu-242
O-16

1. 47
10. 17

0.6214
86.782 .
0.000102
0.4304
0.04115
0.004359
© 0.000303
12.12 -

1.47
10.17
0.6194
86.503
0.000145
0.6849
006584 -
- 0.006960 -
0.000510
1212

69-6L TV6NS ONd
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\}

Table IIT Dependence of Material Buckling on lattice detch

: : a S " Material Buckling (m-z)
 Test gggcl:at;‘gnv‘z;? lattice Pitch | Lattice Pitch .
Fuel ' 22.5 cm .~ 25.0 am
|o.sawts ()| 0o - | 14.89 x0.15 | 13.03 % 0.12
Pu0,~UO, 100 10.52 * 0.09 | 11.80 % 0.10
0.87 wts (s) 0. . 19.78 * 0.11 | 117.51 % 0.17
Pu0,~UO, 100" - | 13.56 £0.09 | 14.65 % 0.09

- 15 -.
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Table IV Void Reactivity in Loss of Coolant

Loaded Lattice | Number of Statistical Weight | Ioss-of-Coolant R
Fuel . Pitch Substituted | of PuOz-UO; Fueled | Reactivity
(cm) Fuel Region %)
1 0.03 ~7.82 0.43\)
5 0.12 -10.52 £ 0,57
9 0.20 - =13.75 £ 0.70
22.5 ' '
13 0.28 -16.09 * 1.00
. 21 . 0.43 © =19.79 ¥ 1,40
0.87 wtt (s) .
Pu0,-U02 25 0.48 -21.54 % 1,13
& .
5 0.15 -3.22 + 0.42
9 0.26 -5.65 £ 0.62
25.0
13 0.36 -7.28 £ 0,73
21 0.53 -10.28 £ 0.99
25 0.59 -10,96 £ 1,05

N ———————— e v a

|
\

.
war o AT T PR S e s A e S0
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Table V Dependence of Local Power Distribution on Lattice Pitch

.
.

1

Fuel " “lattice | Void ! ‘| /'1stRing . |. < 2nd‘Ring . |- - 3rd Ring. |
- Pitch - Fraction - ST o ¢ | (Local Peaking:Factor)
Different s 0% 0.707 £ 0.004 | 0.931 % 0.005 1,108 £ 0.003
Enriched Fuel -> o ‘ W o .
. 1100 % 0.827 + 0.004 | 0.948 % 0.005 1.070 £ 0.003 +:
. L 0% 0.672 * 0,008 | 0.906 * 0.005 1.129 * 0.003 -
Different 25.0 cm - .
Enriched EFuel | 100 0.859 * 0.013 | 0.991* 0.010 |-  1.039 % 0.007 '
B
‘ (7]
4

69-6L IV6ENS ONd
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OO0 @@ @@ @ OO O
O OO0OOO0 000000
N O0OO0OO0OO0O0OO0O0O0OO0
N.O0OO0OOO0OO0OO0OO0

Total Number of Fuel Cluster: 121

@ Plutonium Fuel Assembly
O " Uranium Fuel Assembly

Fig. 1 Configuration of DCA Lattice having 22.5-cm Pitch

=18 —j.
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Fuel and Coolant Channel

3005

Total anb‘e.r;of Fuel Clusters: 97

Fig. 2 Configuration of DCA Lattice having 25-cm Pitch

- 19 -
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Fig. 3 Configuration of Fuel Assembly
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Moderator (DZO) ’

Calandria Tube (Al)

Air Gap 3
Pressure Tube (Al)
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Fuel Pellet
Coolant |

Hangar Wire (Al)
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Reference Core

uo, .
Clusters

( 1.2 wio 2%y S
. 121 Clustersi/ - .

Substituted Cores

P\;\OZ-VUO2
Fuel =~
Clusters
UO2 S
Fuel
Clusters

Fig. 4 Progressive Substitution Experiment

- 21 -
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v
Moderator

Calandria Tube (AR)
Air Gap'

Pressure Tube (Ahs
Clad (2ry-2)

0.87w/o Pu0,-UO,

0.54w/o Pu0,-U0,

)

' »

MOk
®

F-1, F-2, F-3, F-3'
Position for foil
measurement

Fig. 5 Cross Sectional View of 0.54 & 0.87 wt% Pu0,-U0, Mixed Fuel

Cluster
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Dy Foil .

7mm¢ Dy Foil

O

.
7

Cell Boundary (225¢cm Pitch)
" _ 7mm¢ Dy Foil - 2
on AL Holder o <
o }\\0 %
S N 2
A

' .

O

-

®0

O
O

o

\
\

. A

6.

N

Calondria Tube

O -0

. 45°
74
’ . . e

" 7mme¢ Dy Foll

for Measurement of
. Gross Distribution

\ . U e

Dy Sector Foil

Pressure Tube .-

Fig. 6 Arrangement of Dysprosium Foils in Central Unit Cell
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= (|_Cladding

__>Cd Ring (0.5mm)

-
-

> Foil Cassette
for Cd-Covered Irradiation

Cd Disk (0.5mm)

AR BULBR AR
"

N\
\\
g T . . SO g g g
M *y . .
. o._' . . .'-
o A E . .
.-. e e » ’.'
A1, * .0 ®
' oo LN . o :
A o .
:.. :o’:..'- -: -.-:-":: ....o'o".. ""'.'"'..‘
\
\
&

| NERAAYANL LA AN |

: . . Al (0.02mm)
Dy Foil <— L

Foil Cassette

oooMm

Disk Pellet (2.0 mm)

/

! — ~Foil Cassette

BEMARR O for Bare Irradiation:
20T —=Thin Al Tope

(Adhesive ~0.0tmm) -

Fig. 7 Foil Arrangement in Pu02—U02 Fuel Pin
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3y
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0.5? wt Pqu-lDZ

) 0 % Void

QO 100% Vbid"

22.5

25.0

%)
0.87 wtt Pu0,~U0,
20 |
ot
15 [
[]
(o]
&
»
10 |
é® 0 % Void
O 100 % Void
s |
ot
| ]
22.5 25.0

Lattice Pitqh ‘(em)

2

Lattice Pitch (cm)

Fig. 8 Dependenée of Bm™ on Lattice Pitch
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0 L . N
<«—— 25.0 am pitch
-5 F -
-10 |- -
e
o
2
3
8 st |
"20 [~ —-1
1 ] 1 | . 1 [
1] 0.1 0.2 *0.3 0.4 0.5 0.6

Statistical Weight of Pu0,-U0, Fueled Region

Fig. 9 Change in Loss-of-coolant as a Fuiction of Statistical
Weight of Pu0,~U0,, Fueled Region
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[——



STATISTICAL WEIGHT Wo

o7

(@]
(0)]

®)
(6

o
H

O
(&)

o e pmpm e o

T T T

—O— 25cm pitch lattice
—O— 22.5-cm pitch lattice

1

1

!
10 ' 15
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1.2 L
19
g 1 ’
£ -1 ‘
g
0L :
1 - O 100 % Void
o § 0 % Void
1 |
22.5 . 25.0

Lattice Pitch (cm)

Fig. 11 Dependence of. Local Power Peaking Factor
on Lattice Pitch
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Fig. 12 Dysprosium Reaction Rate Distribution for Coolant Void Fraction

Dy - Activity Normalized at Outer Surface of Pressure Tube

' Pressu‘re» “ ’Cdlanndrio
Tube .~ - Tube
20} Cluster. D,0 »
F-1 F-2 F-33
1.51- : ' .
, s ws
- 2 g9
[ ] °
gt 0

1.0} !l[ ' "§

X3 |

Cell B Cell
. B : Boundary; Boundary
0.5 . ] (0°) (45°) !
. ! ’ -
. - 85
o]
Q Fuel |
& Coolant
| I . 1
5.0 10.0 - - 15.0

0.0

Distance: from “Cluster Center (cm)

T

2

of 0 % in 0.54 wt% (s) PuO.-UO. Fuel at 22.5-cm Pitch ILattice
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2
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