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Abstract — Using the substitution method combined with the pulsed neutron technigue, coolant void

. reactivities of PuOx,UQ, fuel lattices in pressure-tube-type heavy water reactors have been deter-

mined as functions of PuO, enrichment in PuOyUO, (0.54 and 0.87 wt%), fissile content of pluto-
niumn (91 and 75% fissile plutonium), lattice pitch (V,,/Vy: 7.4 and 9.9), and coolant void fraction
(0, 30, 70, 87, and 100%). The reference loading of 1.2 wt% enriched UQ, clusters was progrmxvely

. replaced by Pu0,-UO; test clusters.

The void reactivities were obtained from Simmons and King's formula in wh:ch correction was
made for a change of the prompt generation time. As decay constants can be maintained invariable
due to substitution, buckling differences were analyzed by the first-order perturbation method, on the
assumption that lattices are homogeneous and no difference in diffusion coefficients exists between

- the two lattices.

.ment of plutonium.

1. INTRODUCTION

+r- Since bo'iing light-water-cooled, pressure-tube-type
wa water reactors (HWRs) have a good neutron

i vJcémpzu’c:d to that for light water reactors.! The mod-
Shis erator is spatxal]y isolated from fuel clusters, and the
‘,-;.temperature is kept much lower than the saturation
3 emperaturc Thermalization of neutrons is sufficiently
carned out in the moderator, but the spatial distribu-
IC p of void fraction arises in light water coolant flow-
ng in pressure tubes. Coolant void reactivity became
‘n important factor from the nuclear safety viewpoint
fter the reactivity accident at Chemobyl Unit 4.

#:The HWR core, being developed in Japan,? has
een designed so that plutonium-uranium mixed-oxide
Pu0,-U0, MOX) fuel can be used over the whole
-Core. Although MOX fuel has the effect of shifting
dolant void reactivity to the neganve side as com-
ared with the case of using uranium fuel, the reactivity
i__langes largely according to the form and composition

'onomy, the flexibility of selecting fuel is greater

" -Void reactivities of test lattices were determined with an accuracy of ~10% when the minimum
number of test fuel clusters was ~5% of the total. The void reactivity shifted farther to the negative
side as the proportion of fissile plutonium was increasingly in the PuO,-UO, fuel of the same enrich-

of the fuel and due to the change of the isotope ratio.
of plutonium accompanying burnup. Therefore, in a
core design that aims to achieve higher burnup com-

- pared with the prototype HWR FUGEN, it is necessary

to understand the dependence of the coolant void reac-
tivity of MOX fuel lattices on fuel composition and
lattice pitch, and the phenomenon of reactor physics.

To accurately determine the coolant void reactiv--
ity of ‘various kinds of MOX fuel lattices, a critical
experiment using a one-region core is performed; how-
ever, to realize the critical condition by this method,

" generally a large number of each of the fuel clusters

must be prepared. Consequently, MOX fuel lattice

" information must be obtained from a critical experi-

ment using a small number of the MOX fuel clusters;

i thereforc, the substitution method is generally em-

ployed.?! Substitution method techniques have mainly
been applied to determine material buckling.!?!? To
determine material buckling, the few-group diffusion
theory combined with homogenization of regions® is
generally adopted. Persson'®!! has used the analysis
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:reactmty due to the change of the coolant:void frac-* /3. . rAnium or plutonmm and the lattxce pitch is clanf' ed
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based on the, first-order, perturbatlon theory by suc- ..1..The mutual mtervals of the fuel- clusters ar :
cessfully mtroducmgatransrtxon Tegion between a ref- worsiwidely Spaced. R R T I U
erenicé"and a'tést latticé 'For. detemumng the material 2. The, moderator-to-fuel volume ratxo xs sufﬁ ",ﬁ’f

buckling of the HWR lattice usinig cluster-type fuel, . S
Shiba'? treated the'change of critical buckling dueto crently large., SN

substrtutton as'the change of an exgenvalue usmg the o 3 ‘At the boundary of adjacent lattlces, the neu"‘ 43| Fo

second-ordeererturbatxon theory.- / tron spectra in heavy water are not largely ; A; Y
So far, matmalbhckﬁng has'beeni: ‘detemiined by 1y ,: vl affected by types 'of fuel and therefore soften “7

taking the perturbatlon in the analysrs of experimen- Y sufﬁcxentlY ' ‘, 5

- e ~ Ao il & Wik
tal data as far aspossbee. The Subshtutidh thethod ' By; appiymg thxs analysns method to the substltutron W2 .

however, has not been ‘used to deterrmne physical
> measurement on the HWR lattice using a 28 fuel rod
characteristics such as xeactivity.in 2 test lattice. 1f the ; c]uster, the difference of coolant void reactivity due to ‘:t

tion:is: masuredby}he pulsed neutron ‘method,: for: ey m{ Cath sk €A e gl . -«:.. G ‘f?‘ :
" ‘determining the éoolant void reactivity.in a tést lattlce,,.,_.t Do ~IREE|

by the substitution method, material bucklings in a test ' lI EXPERIMENTAL PROCEDURE

lattice and also the’ response 'to the pulsed neutrons e “. e

must be taken together in‘the analysis. . zstt 3« t.The coo]ant void reactivity of the HWR lattnce'

In this study, we show that the relatxonshxp be- usmg MOX fuel was determined by the substitution i ,m net
tween “the’ prompt. n&itron’ decay ‘constant. and. .the method ‘combiried with the pulsed neutron téchnique é{ m
change in‘ bucklmg due 1o, subsutimon ‘can be analyzed m a deutenum cntlcal assembly (DCA) As shown m"'}

by using the f’ rst-order pexturbatxon theory and that Frg. 1,’the DCA core is ‘contained in a 3-m-1 .d.;3m
the coolant v01d rmctxvxty ofa test: lattice can be deter- <1 high alummum tank with a. l-cm-thlck wall. The fuel b

mmed We ‘consider the followmg features for HWR; . \c]usters in the core are arranged in a 22.5-cm square
U lattlce or 25 0-cm pxtch so that the reflcctor does not
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‘Fig.: 1. Loadnng patterns of test fuel clusters whose posmons are represented by numbered circles.
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ftach. The fuel clusters used for the experiment have

‘a}_’@pged in 3 layers of concentric circles was used as
fshown in Fig. 2. These fuel rod clusters are isolated

;;"ffbm the heavy water moderator by pressure tubes, air

‘gaps, and calandria tubes.
+#:_The criticality is adjusted by changing the moder-

e

o

>
)

A

b 15

g 1 ’aépr level, which is measured with a servomanometer
;g" ,gj}ha communicating tube with a +0.1-mm accuracy.
15 )%The heavy water is 99.45 mol% pure and is non-
B f’. oisonous. During the substitution measurement, the

@iemperature of the moderator changed by about
#3'1.0°C. However, the uncertainty of coolant void
Yeactivity due to this temperature change is negligibly

3 nroper mixtures of heavy water and light water were

glised as coolant. The level of coolant in the pressure
¥ &ilbes was adjusted to nearly equal the level of the

Emoderator. To simulate coolant void, these mixtures
tawere adjusted so that the slowing down powers
#equaled that of the coolants of 30, 70, and 87% void
P& fractions, respectively. A small quantity of boric acid

n a thermal energy region as shown in Table 1. A

)
h o b
3 .‘",?;7;‘

)

a
an effective length- of 2 m. A 28 fuel rod cluster .

. ¥ AP:l !l
;‘\"iifgomparison of the cross sections of the simulated -
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coolants and the coolant having actual void fraction
is shown in Table II.

In the substitution measurement, lattices fueled
with 1.2 wt% enriched uranium oxide (1.2 UO,) were
used for reference. The central part of the reference
core was progressively substituted with test clusters of
Pu0,-UO, fuel. The various test regions in the mea-
surement comprised 1, 5, 9, 13, 21, and 25 fuel
clusters. Substitution was carried out so as to be four-
fold rotation symmetry around the core axis as shown
in Fig. 1. In respective partially substituted cores, the
coolant void reactivity was measured by the pulsed
neutron method as a function of the number of test
fuel clusters. The composition of the fuel clusters
investigated is given in Table 111. The proportion of
fissile plutonium to total plutonium was ~91% stan-
dard grade (S) or 74% reactor grade (R). The propor-
tion of fissile content in the 0.54(S) PuO,-UO, fuel
was equal to that of the 1.2 UO, fuel.

The prompt neutron decay constant was measured
as a function of axial buckling in the pulsed neutron
experiment. The pulsed neutrons generated by the
D(T,a)n reaction using a Cockcroft-Walton-type
accelerator were injected into the core, and the attenu-
ation of neutron density was measured by four 0.5-in.-
diam BF; detectors as shown in Fig. 1. The detector

/———Moderator (D,0)
Calandria tube (aluminum}
A Air gap
Pressure tube {aluminum)
Cladding

Fuel pellets
—Coolant
—2.0
201

[~~~ Hanger wire {aluminum)

120.8 diam—

136.5 diam

NUCLEAR SCIENCE AND ENGINEERING ~ VOL. 99

Fig. 2. Cross-sectional view of the fuel assembly. Dimensions are given in millimetres.
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. S0 YSTABLEL - o
G e lngrcfdxentof Coolants Simulating Void LE
. Simulatéd et Confent 'of, Nuclidé in Coolants (wtdh)
X Voxd Fraction e ’ — -
(%)1‘_“‘ . |. - Hydrogen - | Deuterium ™ ".-""Oxygen” Boron (Natural) Nitrogen
’0.". - }]]90 e e 88810 ) - - sae e e e
- 30 o) 27,069 ) 27405, i 85.523 - » 0.00161 _—
S AT0 g n20023. f anl6ATgh +181.500 0.00376 P——
87 . | 0.050, - ©.,79.928 —_— _—
1000 e 123520 | L ——e 76.480

TR TABLE no. 4 e
Rauos of Two-Group Cross Séctions Between
Sxmulated and Actually Vonded Coolants

BRI B Rattos of Simulated to:Actually ,
R R I ::Voided Coolants ."z‘;.;i', .
Simulated '}- — ——
. Void "~ . Eptthermal 0 Thcrmal
Fraction |——T71"— FREEIS ETIR. —
(%) .| %L, | . E.Ir,. . _2;, E:, 1 I,
30 1.000 | 1.163 | 1.000 | 1.008 | 1.020
70 0999 | 1.890 | 1.000 | 1.004 | 1.110 |
87 1.000 | 1.616 | 0.871 | 1.003 | 1.048 "

heights were adjusted so that'they were nearly at the

midpoint of the moderator level. The count rate n(t)

of respective detectors was fitted to the f) unction n(f) =
Aexp(—at) + Cby the least-squares’ method and the

prompt neutron decay constant () was determmed :
The final value of o was obtained by averagmg four

a, independent of the fi ttmg starting time dtfference

The statistical error of o was thhm 2%. AR

The moderator level was converted to axlal buck-

ling. To determine effective axial extrapolatnon dis- -
tances mcludmg the reflector saving. duc to the upper‘ >

and lower. structures, the reactor flux profile wsure—

ments using copper activation were taken in reference
and partially substituted cores. The axial flux dtstnbu- D
tions measured at the centér of a fuel cluster and mod-
erator were least-squares fitted to a cosine functton to -

‘evaluate effective core heights. The’ least-squares fit-
ting was undertaken by successively dropping data
near the core boundaries until -fixed values of the
effective core height were obtained. The fixed values
showed no meaningful dependence on the transversal

.location in the unit cell, fuel kind, and lattice pitch as

long as there was little change in the coolant void frac-
tion. Effective axial extrapolation distances were deter-

mined from these fixed values as 11.3'+ 0.6 or 10.2 +

NUCLEAR SCIENCE AND ENGINEERING

. the prompt ‘neutron decay constant at critical a, and‘;

' ‘Eq (1) for every parttally substituted core, we deter; fL

0.6 cm depcndmg on whether the coolant void fracti
was 100% (air) or some other value. e
The radial flux distribution measured at the cens
of fuel clusters in the reference core was least-squar _
fitted to the Jy function to evaluate the effective,¢ €
radius that-was needed for determining statxsu
weights of substituted regions. The effective core: r
obtamed are shown in Table IV.
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" 111. PRINCIPLE OF DATA ANALYSIS

4‘,;‘.;

III.A. Buckling in a Fully Substituted Core

When the region occupying a test lattice chang %
due to substttutlon, radial neutron flux dxstnbutloni !
distorted." However, the composition in the axial dxr &
tion of the core is uniform. Accordingly, if the size o b
a substltuted region is determined, axial neutron fli¥;
distribution ‘always becomes the cosine distributiofty

A'dctermmed by ‘the geometric buckling. Then, the
' prompt neutron decay constant o becomes a functlo

of only axial buckling B2 for respective partially sub« oL

stituted cores. Here, by f' itting the data of « and B"“r
mto the equatxonl

(132) =+ 17(192
by the least-squares method for every substituted core ;.»
the fi Ist- and second order dxf ferentnal coef fiments b?‘ )

ical buckling. "~ -
- By applying thc ﬁrst-order perturbation theory to i

mined ., b, and c in a fully substituted core (test latfxi
tice). For sxmphﬁeatlon we assumed that (a) neutron

pulsed neutrons follows the equanon
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TABLE 11
Fuel Composition Used in Experiments on 28 Fuel Rod Clusters

UCLEA.R SCIENCE AND ENGINEERING

COOLANT VOID REACTIVITY 303
- . TABLE 1V _
(o] [ae) " o . .
2 & 8 2 - Effective Core Radius of Reference Core
R
: Effective
Lattice Void Core
D ]2 285 Pitch | R? Fraction B? Radius, R,
S S & 22 (cm) | (cm) (%) m?) (cm)
i 0,30,70,87 | 2.47+£0.04 | 153.0 % 1.0
_ T 7 % 2257 | 139.6 100 2.36+0.04 | 156.5 + 1.0
El&] = = = . ; 0 2.45+0.02 | 153.8 + 1.0
Efg] x x x| 25.0 ] 138.9 10 | 2312002 | 15822 1.0
—.,:.‘-‘" ™o *Here, R = cquivalent core radius [= (nP*/x)'2} whcrc
o n = total number of unit cell, and P = lattice pitch.
= ] ] } .
= | = o © ©
L3 — — — 1
& x ox x|
5|7 m o o
Z < O~
od(r,t
s pr 28D s, @
E = — Al 0 ) at
[N T O O
2le 2 < = | :
e | & c © o ! : -1
S where ®(r,1) and ¥V~ are the neutron flux and neu-
5 o v »n tron velocity reciprocal, respectively, and an operator
& 2 8 2 E L is shown as
< o © o© L.
. < - L D, V*—D,.B} - L, (1 =By )vLs
] ] 1 - -
D? S 2 = 1 ' pzs ) DZrv2 - DZsz Eaz
= X x x |
"l e = = &)
—— — \Ve)
Subscripts 1 and 2 show the fast and thermal energy
3 T Y9 groups, respectively, and other symbols have their con-
g o .g .g .g z ventional meanings. Here, &(r, ) is postulated as
828 g 2 g '
02| § § & &(r,1) = &(r)-exp(—at) . @
S g © o~ Then, Eq. (2) and its adjoint equation become
(o] .E E $ — — !
£88% & & | —aV18(r) = LE(r) L 05)
m - A
o and
- ~S ™ ™A~ -—aV"’l‘PT(r) = LTQ"t(r) N (6)
iis| $ ¢ ¢8
‘ES N £ 8 &3 where}b'(r) and Lt are the adjoint neutron flux of
25 §, T 5 5w &(r) and adjoint operator of L, respectively.
(43) S & & - ‘When part of the reference lattice is substituted
with a test lattice to be investigated, the original core
o S & & is perturbed. The perturbation along the axial direction
e 2 B D . of the core in a substituted region is uniform; there-
Fladadod O fore, o can be maintained invariably even if substitu-
— | nO?nOxO S 2 2
3|22 SE tion is done by adjustmg BZ by 8B;. Since the content
[¢% Us | B o0 B oo Ay o
]l 6 &8 =~ of fissile substances in the fuel was low, it was clari-
fied by the lattice calculation that the change of the
: " average neutron velocity due to substitution was <1%. .
. (3] . . e
o g From this result, the behavior of neutron flux in a par-
-E o RS tially substituted core conforms to
L L . .
= -4 - .
—aV @' (r) = [ + W(r)L'13*(r) , ()
VOL. AUG. 1988
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where
d*(r) =

L’ = operator being replaced by B? with (B2 +
5B?) i inEq. (3)

oL = operator representmg the perturbatron of
LI

The value W(r)is deﬁned as

Wy =1
r)_-l 0

The infinitesimal quantity of second order (8D-8B7)
is as small as can be neglected Therefore, neglectmg
this quanuty, Eq. (7) is rewritten as

—aV'®*(r) = [L — 6B2-D,
+ WL+ 83)18°(r) , (8)

prompt neutron flux of a perturbed core

in a substituted region
in a nonsubstituted region .

where D, 8Lj, and 5L} are expressed as

~ [Dy, O
D,= ’ - (92)
0 D
oy —8D,,-B} —8E; (1 — Byy)vLps
' 0 —8Dy,-B2 — 85,5 |

(9b)
and :

—VéD,,-V 0
oL = . (90)

0 —V6D,, -V

When both sides of Egs. (6) and (8) are multiplied by
&*(r) and ®1(r) from the left, respectively, and then
the inner product is subtracted from the other one, we
get

—8BX®1(r),0,9"(r))
+ <q>’(r) W(r)(al.' + 6L2)<I>‘(r)) =

(10) .

where ( ) represents the inner product. Accordmgly,
when « is mvanable ina “partially substxtuted core, the
change 5B? from B becomes

depend on fuel composmon. Consequently, 8D, dugv :
to substitution is considered to be as small as can?:$|%8:
be neglected.. The second term on the right snde oﬁi \

Eq. (11) can be regarded as sufficiently small as com.‘x 555
pared with the first term. Then Eq. (11) can be a “ﬁ’i TR
proximated as e i

(B (r), W(r)oLi®" (r))

2 __
OB = (1.0, ()

: (ffﬁ.,

can be considered spatrally propomonal to a shape;* *
function ¢(r). Then, variables can be separated it i35
each region, and &*(r) is expressed by ;

[#":]d:(r) in a test lattice region

. V25

d (r) = ‘p i |
[ l.’]d:(r) in a reference lattice region “Epd ¥

" . B

where {1s, ¥25, ¥1r,» and 3, are the constant values 4
representing neutron spectra, respectively. The (I)'(r)
value of a reference core is also proportlonal to thesy,
shape function ¢o(r), therefore, &1 (r) is shown by &

‘1

l

@'(r) = [j,]%(r) .

When Eq. (12) is rewritten by usmg Eqgs. (13) and (14)3‘:3‘
aB results in 2

SBZ=A-W, , ' (15) 5}

where the proportional constant A and the statistical ¥
weight!? W, are expressed as ;

A=

(B(r), W(r)oL; @ (r)) — (W (r)-6D,| Vo (r)- V<I>"(r)])

oB? =

where

(®1(r),D. 2" (r)

NUCLEAR SCIENCE AND ENGINEERING
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_ $(r), W(r)go(r)
($(r), do(r))

In a fully substituted core (test lattice), Wp
ecomes 1.0; therefore, 5B2 is determined by the §ra-

a7

9 >t on between o and B2 ina fully subsmuted core is

¥ determined.
': -_f.‘

7

‘f-'g,. v
+

g
2;‘:'.4 3

R

III.B. Statistical Weight in a Substituted Core

%
34

As shown in Sec. I, for determmmg the physical
i charactenstlcs of test ]amcw by using the first-order
§ perturbation method, the accuracy of W, is impor-
M tant. In this study, an attempt was made to determine
:%y W, analytically in a partially substituted core.

dfin . Since the substitution was done with fourfold rota-
non symmetry, the substituted region is regarded as

,z,'.-a’mmru.u

AyJo(\r)

) = Am[-’o()\z")

e )
.

Jo(A\2R)
Yo(A2R)

COOLANT VOID REACTIVITY 305

Eq. (19) becomes

V2g(r) + (B2, — B} éi(r) =0 , (¥3))
where
19 o
Vi=——r—.
" ror or-

The general solution of Eq. (21) becomes

6i(r) = A;Jo(Nir) + B;Yo(Nir) , (22)
with .
= (Bh,; — BH)'? ,
where
A;, B; = constants
Jo, Yo = Bessel functions of zero order.

When Eq. (22) is solved under the general boundary
condition, the radial flux distribution in a partially
substituted core ¢(r) is given by

0_<_rSR| »

Yo(kzr)] y» Riy=sr=sRy, (23)

where R is the effective radius of a core, and 7 is expressed by
DM Ji(MRy) — Jo(MRy)

1’:

[D222 0y (A2Ry) — Jo(N2Ry)} —

TR i A L

= } the equivalent cylindrical form. In this case, W, can
5» be obtained from the neutron flux distribution in a
concentnc cylindrical form two-region core. Equa-

R

f o(r)(r)rdr
Wo= "2 — , (18)

R
fo do(r)G(r)rdr

. where R and R, are the equivalent radii of a core and
a substituted region, respectively.
Let us assume that the neutron flux distribution

=0, i=12, (19

When ¢,(r,z) is defined as
éi(nz) =-¢,'(r)cosBzz , - {20)

s 24
Jo(A2R) @9

YeOaRy [P2MY1 (2R — Yo(AaRy)]

where

D,, D, = diffusion coefficients of a test lattice and
a reference lattice, respectively
J1, Y; = Bessel functions of order n.
Next, we attempt to determine W, in a partlally

substituted core. Corresponding to Eq. (18), W, is
expressed by

R,
Wo =27 fo So(r)$(r)rdr . 25)

- Since ¢o(r) is the radial flux distribution in the refer-

ence core, it is shown by using a constant A, as
do(r) = AoJo(Nor) , (26)

where Ag = 2.405/R,. When the range of integration
is from r = 0 to r = R in Eq. (25), the normaliza-
tion is Wy = 1.0. The W, value is determined by using

" Eqs. (23) and (26):

R,

Ho= < -

[AoJi (AoR1)Jo (A1 Ry)

—MOMRDMo(NRY)] . 27)

where € is the normalization factor.

NUCLEAR SCIENCE AND ENGINEERING ~ VOL.99  AUG. 1988
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The value Wp was analyncally dcterrmned :when
the 'size of a substituted region and B,,, i were de-

termined; " As’the matérial buckling' of :a*test lattice

B2 (= B2 1) depends on W, as shown in Eq. (15), ;o
and B2 were determmed by an “jterative procedure.
An example of the relat)on between the nmnber of test
fuel clusters and Wo is shown in'Fig.3. "

AT T A SR N TLN B

]II C. Dermmon of CooIant Voxd Reacl'mty

Coolant void reactivity p,,_.vv i(dollar) is the reac-
tivity that arises when the coolant void fraction in
pressure tubes is changed from’V% to V'% (VY < V’).
The value p,-,,» was detennmcd by followmg Sim-
mons and King’ s formula

IR e e

VPu—sv’ g “(Bzzv) A(Bzv) .
b =1 278 ok 28)

where e :
e, A = dewy constant and generatxon tnme of
prompt neutron in a critical core of v01d

fraction V’%, respectively

B2, = critical axial bucklmg in a core of vond o

fraction V.

In Eq. (28), we corrected for the change of the prompt

. it

neutron generation time.'s-

The correction term A/A. for prompt ncutron. .

generatron txme is expressed by

o;'-

A(BZ) " I(By o
= o B Pr ) @)
(4 < e
0.8
Test fuel 0 54(S)Pqu-U02
L F ‘Vt)ld fractnon - Lattice pttch
. - * 0% ’]25 0 cm
0.6} o 100%
7.2 |22:8 ém
: PR /,’,’l.. at
-
o L ' '\ '(’:”, f
£ 04 ‘ ,/»,/ i .
ey
g
- .;”f--‘ f
/7
L0.2} S
R4 H
i
/4 . ,
o - ‘l : L A A1 . 1 —
o 10 720 | 30 -

Number of substltuted clusters

Fxg 3. Relatlon between number ol' substltuted clusters
and statistical weight. ,
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According to the simple few-group core calculatlon
the value of A/A was estimated as <7% in the rang,
imated as
A(Bzzu)

. Ac

1 al-

B(ﬂ(pv-ov /ﬁw) + -

I. B2 (BZ ~

where

az/azﬂ dxfferentlal coefl' cient of the hfctxme ‘

relatxon to BZ..

Usmg Eqgs. (28) and (30), Poav’ (dollar) after the co
rectxon was determmed by the rteratxve calculatxon

anese prototype HWR.

IV. RESULTS AND DISCUSSION

IV.A. Void Reactivity by the
Substitution Method

“The typxcal results of the rclatron between o and
B? are shown in Fig. 4. In this figure, the contmuous i by
lme is obtained by fitting the values of « and B? to *, 238
Eq. (1) by thé least-squares method. The prompt neu-; "‘Jf" L AT
tron decay constant «, was obtained by extrapolating .4 S é it
« up to the critical buckling B2.. The coefficient ¢ was ‘f% b4 Aok
<2% as compared with the coefficient b and was }}3»1&'
suffic:ently small. The errors of a. and b by least-
squares fi itting were both on the average of 2%.

An example of the expenmcntal results represent-
mg the dependence of 6B on W, at critical and sub—

Continuous lmes show the results of least-squares fit .».~
ting by Eq Q 5) As clearly seen in these figures, the
prOpnety of Eq. (15) was suft‘ ciently confirmed. The
crmcal “axial bucklmg ‘B2 of each “lattice is shown
in Table V together thh B2.'In the' DCA core, the i
component. of B? m relatxon to B2 was >70%. The: ¢
Bz‘value of the test lattlce was determmed with an
accuracy of 3% at maxrmum, and B2 decreases when
the coolant v01d fractlon is mcreased On the other
hand, B2 decreases or iricreases when the lattice pltch‘
is mcreased It is clear ,from Table V that; B2 of
0.54(S) Pu0,-UO; fuel mcreased by ~40% at 0%'
wvoid fraction and .increased by ~20% at 100% void

VOL.99  AUG. 1988 .
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300
Test fuel = 0.87(S)Pu0,-U0, ° .
Void fraction = 100%
200 |
! T
Lo )
EE',E ]
% 100}
olo 1. 5 9 13 21 25 .-.Numb.er of slubstitlfted cl?sters )
7 8 10 11 12 13
B2 (m~2

Lattice pitch = 22.5 cm Void_
fraction
Test fuel = 0.87(R)Pu0,-U0,
_~0%
®'
0.2 0.4 0.6

“” Fig. 5. Change in critical axial buckling as a function
w4 of statistical weight for two different void fractions.

0
Lattice pitch = 22.5 cm

Test fuel = 70% voided
) 0.54(S)Pu0,-U0,

Decay constant
100s”)

/200 s~

0 0.2 04 06

Fig. 6. Change in geometric axial buckling as a func-
l}on of statistical weight for two fixed values of decay con-
. Stants.
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Fig. 4. Prompt decay constant as a function of axial buckling.

fraction as compared with that of 1.2 UO, fuel. The
B2 values of the two kinds of 0.87 PuO,-UO, fuel
have differences of 18 to 26% according to the range
of void fraction.

In the data analysis of the experiment, the depen-
dence of B2 of a test lattice on the maximum number
of substituted clusters N,,o. Was examined. An exam-
ple of the change of B2 obtained by changing N, is
shown in Fig. 7. If N,.x is S, BZ reaches a constant
value within <1% at most. This means that the cool-
ant void reactivity of the test lattice can be determined
with an accuracy of ~10%, regardless of the kinds of
test fuel, by substituting ~5% of the total number of
charged clusters. ’

To examine the propriety of applying the first-
order perturbation theory, B2 of the test lattice was
compared with B2 dctermmed accordmg to the
second-order perturbation theory under the same
lattice condition. As a result, B2 of each test lattice
determined from the present experiment agreed with
B2 of the former experiment within 3% on the
average. Therefore, the present method was suffi-
ciently applied to the data analysis for the substitution
measurement on HWR lattices.

The experimental results of void reactivity in test
lattices are shown in Table VI in comparison with ref-
erence lattices. When a large change was given to the
void fraction (i.e., O to 100%), the void reactivity in
the small DCA core became a large negative value due
to the larger leakage effect. The effect that fuel com-
position exerts on void reactivity was examined. It was
determined in comparison with the void reactivity of
both lattices having 1.2 UO, fuel and 0.54(S) PuO,-
UO, fuel that plutonium largely shifted the void reac-
tivity toward the negative side more than the uranium
did: Also, from the comparison of the void reactivity
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TABLE V
Expenmental Value of Matenal Bucklmg
Lattice Void - | ‘Material Buckling (m=2)
Pitch : Fraction — -
(cm) | FuelKind | () - B? . B
o | 859+0.18]11.07+0.18
30 | 8.49+0.17|10.96+0.17
1.2 UO, 70 | 7.7 +0.15 | 10.24 £ 0.15
87 | 7.66%0.15 | 10.13 2 0.15
100 | 647011} 8.83+0.11
0 [12872032{1534+033
0.54(S) 30 |12.04 + 030 | 14.51 = 0.30
25 | pioovo,| 70 [1048+024 11295+ 024
r 87 | 9960231243 1023
100 | 8.490.18 | 10.85 = 0.18
0.87(S) 0 |18.9520.65|21.42 + 0.66
PuO,-UO, | 100 |10.86% 0.26 | 13.23 £ 0.26
0.87(R) o |13.27:035]1574 +035
PuO,-UO, | 100 | 8.43+0.17]10.79 +0.17
o | 727+0.14] 971 +0.14.
|12 U0; 100 |:7.25 £ 0.14 | 9.56 + 0.14
250 |0549) . | . 0o [1086x025(13.30+0.26
: PuO,-UO, | 100 | 9.350.20 | 11.66 = 0.20
0.8 0 |15.79 + 0.47 | 18.24 - 0.47
Pu0,-UO, (- 100 ~{12.05 + 0.29 | 14.36 + 0.29
14
] Tox
131 I ! ose
T
E12
e - J100%
11 : R . V0|d
Lattice pitch = 25.0 cm - ffa‘?‘w"
jolTestiuel = 0.54(S)Puo,-uo,
0 20

Fig. 7. Converged matenal bucklmg of tat latnce as ‘a

10 -~ "7 L
Number of substnmed clusters Cs

function of substituted clusters for two dif’ ferent vond frac-

tions.

- scattering cross sectxon of thermal neutrons for hght »1.‘,

of two kinds of 0.87 PuO,-UO, fuel, it was found
that the shift of the void reactivity toward the negative
side was more conspncuous as the content of fi ssﬂe plu-
tonium’ mcreased :

The void redctivity is shown in Fxg 8 for both lat-
tices having 1.2 UO, fuel and 0.54(S) PuO,-UO, fuel
when void fraction was changed from 0 through 30,
70, and 87% to 100%, respectively. The void reac-

NUCLEAR SCIENCE AND ENGINEERING

5 T T -
Lattice pitch = 22.5 cm

"~ —Q~Experiment -

— Calculation

0.54(S)
Pu0,-UO,

E N
©
z
- —-10¢.
)]
(=]
Q
—20}
_30 1 1 —_ N
0 20 40 60 80

Void fraction {%)

v 'Vit
Flg. 8. Void reactivity due to change in coolant vond éf{
fractnon from 0%. ;

tivity shifted gradually toward the negative side as’
the void fraction increased, and it rapidly lowered to

a large negative value when the void fraction was_ ~%.
close to 100%. This occurred because the microscopic ’%

water was-as large as ~100 b. The atomic number, xx% s
densnty of lnght water, however, became zero in the é~

became 100%, the increase of neutron leakage éD,- Bz;
dueto a large axial buckling and the decrease of moder 5
ating effect contributed more to the reactivity than the~
decrease of the ‘absorption effect of light water.

The dependence of void reactmty on fuel compo-,
smon was examined. Here, the macroscopic absorp- r_.;«
tion cross section £22% of fuel for thermal neutrons«“f
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TABLE VI .
Comparison Between Experiment and Calculation for Coolant Void Reactivity
Y B , Change in Void Void Reactivity (dollar)
Fraction
{55 Fuel Kind (%) Experiment Calculation
0— 30 —0.22 + 0.06 ' -0.16
|2 0- 70 —2.01 + 0.26 ~2.00
4 |- 1 00—+ 87 —2.51 +0.31 —=2.32
S 0 100 —6.31 % 0.43 -6.31
5|5 30— 70 —1.74 £ 0.25 -1.81
A E v 225 - 1.2U0, 30—+ 87 —2.22 + 0.29 -2.12
A8 #;f' 30— 100 _ —6.00 + 0.41 —6.06
%1
Y- 2, 70— 87 . —0.30 + 0.09 -0.15
e ?,: 70 - 100 —3.96 + 0.33 —3.72
vl \
£ 87 — 100 —3.64 + 0.32 -3.54
y 0~ 30 —2.24 + 0.54 -2.02
0—- 70 —6.81 £ 0.75 —7.84
0— 87 —9.36 + 0.88 -10.17
0-100 —18.39 + 1.30 —18.28
30— 70 —4.49 + 0.63 —5.47
0.54(S) Pu0O,-UO, 30— 87 —-6.79 = 0.76 =1.60
225 30— 100 —15.09 + 1.14 -15.24
T B3R 70—~ 87 —1.74 £ 0.46 -1.67
1 70 — 100 —8.63 + 0.86 -8.21
e
i3 87 — 100 —6.42 £ 0.76 —6.24
33 4 E -
el 0.87(R) PuO,-UO, 0— 100 —19.30 + 1.30 —~20.87
0.87(S) Pu0,-UO, —28.30 + 2.08 —29.89
1.2 U0, —0.06 £ 0.02 +0.20
25.0 0.54(S) Pu0O,-UO, 0- 100 -5.89 + 0.77 —6.33
0.87(S) PuO,~UO, —14.21 + 1.46 —14.31

Sl

i Z:‘. of 2200 m/s was used as a variable representing the
-dtfferencc of fuel. The relation of £2% to the void
ﬁ reactmty Po-100 When void fraction was changed from
5] 0 to 100%- was clarified. The microscopic absorption
g ?:ioss sections of fuel substances were used from the
valucs of Ref. 19, and the atomic number densities of
respectnve elements were used from the mspectlon
: data The relation between po_.100 and £2% js shown

1 this figure, the increase of L% moved po_.m toward
' ihe negative side regardless of lattice pitch. Since the
4 ixwidth of change of L2™ (corresponding to the degree

: "'of enrichment of plutomum) used for the expenment
was ~30% (0.25 to 0.35 cm™!) at most, pp.jp0 Of the
lattlces having two kinds of PuQ,-UO, fuel (enrich-
ment 0.54 and 0.87%) was regarded as monotonously
changing. Straight lines connected po-100 Of 0. 54(8)

and 0.87(S) Pu0,-UO, fuel lattices every lattice pitch.
In Fig. 9 two points are clarified:

1. The increases_of 2% shifted py_ 100 toward the

" negative side.

2. Even in the fuel of the same 2%, py_ 100
became more negative as lattice pitch was narrower.

It is also clear that pg_,;100 for 0.87(R) Pu0O,-UO; fuel
is situated above the continuous line, and that if the
continuous line is directly extrapolated up to. L22®
corresponding to 1.2 UO, fuel, py.100 for the 1.2 UO,
fuel in every lattice pitch is situated above each extrap-
olated line. Therefore, two more points are clarified:

3. In the Pu0,-UO, fuel of the same degree of
enrichment of plutonium, py. o0 shifted farther to the

NU(':LEAR SCIENCE AND ENGINEERING  VOL. 99 AUG. 1988
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T T L L
1.2 U, § Expenment

0.87(S) Pu0,-UO;
-10f- .

Po - 100 {dollar)

}. 25.0”c-m - J

0.87(R) Pu0,-UO,

225em |

- 2 1 3 l'

0.2 0.3 _ 0.4
L2329 (cm~1)

Fig. 9. Dependence of 0 — 100% void reactivity on

2200 m/s absorption cross section of fuel.

negative side as the proportlon of ﬁssxle plutomum
increased.

4. In the fuel of the same 222°° Pqu-UOZ fuel
shifted po_.,oo even farther to the negatlve slde than
UOz fuel: e

s ey ,;n_-‘\':v
We examined the fuel composmon dependence of
void reactwrty ‘from;the lattice: charactenstncs view-
point. The increase of 2% shifted pg_.100 toward the
negative side mamly because of the thermal neutron
utxlxzatnon ‘which® mcreased because the incréase in
void fractions became smaller in the fuel With larger
L22%_ This is, clear because the relative abso uon
ef fect ‘of coolant became smaller wrth large £2 o
s+ Iterm 2 can be explamed as follows If lattice pitch

is wxde, ‘the. Telative moderator—to-fuel volume ratlo'

V!V 18 aige (for. 22. 5-cm pntch V /V = :7.5; for
25, O-cm pxtch Vm/Vy = 10, .0), and neutrons are suf fi-

: cxently thennahzed Therefore, it was difficult i to affect

neutron -spectra with .codlant. Plutomum'was more
effective for reducmg vond reacnvxty than i uramum in

NUCLEAR SCIENCE AND ENGINEERING

l _ —Calculation |,

J 0.54(S) Pu0,-UO, 1

Oy ;
. comparing the change of the resonance reaction rag,
. of plutomum and uranium near 0.3 eV due to th

Y

" became wide, the degree of spectrum hardening due t'“:‘ %

. change of resonance reaction rate due to the increas X

' harden as void fraction became higher, but this" ten

. roscopic absorptlon Cross sectlons of resonance ener;

* increased.”As a result, when void fraction mcreased%

- tended to be depleted because the slowing down ef fectéé{g

.tra hardenmg due to the increase of void fraction wast

‘a narrower pitch lattice. This fact can be examined b
change of void fraction. The degree of neutron spe¢*

pamcular, since resonance exists in plutonium, wheg: 3 % j
lattice pitch was narrow, the spectra were more hard ¢4
ened in a Pu0,-UO, fuel lattice as compared w1th; AL

UO, fuel lattice.?%*' However, when lattice pitch?¥?

more consplcuous as lattice pitch became narrower. 19[

e Ciy f":-f

the increase of void fraction was not much dlfferen

according to the difference of fuel substances such ga; *«l
uranium and plutonium. As a result, the drfferenc 1y
between UOZ and Pu0,-UO, fuels regarding th

of void fraction increased as lattice pitch was nar @
rower. So the void reactmty was more negative in thér
Pqu-UO,_ fuel than in the UO; fuel.

For items 3 and 4, since plutonium has resonance- %
in a low energy region (0.3 to 1.0 eV) unlike uramum“':(‘ (H5
Po-100 differed according to the nuclides of fuel sub‘ LE

dency was more conspicuous in plutonium than- Hl} ;
uranium having a cross section of nearly 1/v; the mac-. tegls

sections became larger as the plutonium content in fuel;’ 13

the macroscopic absorption cross section near the res~~;.§ s
onance energy became larger. Inversely, the neutroxf 3
flux there tended to be depleted therefore, the effec:s
that the change of resonance absorption rate exerted% &
on void reactivity decreased as the plutonium content?‘ '*‘
increased. If void fraction was hrgh the neutron flux FIE
in the resonance.energy region in a pressure tube

’l'hercfore, the neutron flux in the resonance energy
region recovered the amount decreased by resonance
absorptlon Its recovering effect, however, decreasec J"
as voxd fraction became higher; the neutron flux tended gzl
to be depleted. Consequently, in the Pqu-UOz fue 28
containing such fissile substances as 23’Pu and 2‘"Pq~ :{
havmg avery large resonance near 0. JeV (total cross $ 5t
section = .~5000 and 2000 b, respectlvely), the decreasé™ e} 3
of resonance fission rate due to the increase of vogd ,.3
fraction contributed to this effect. On the other hand lf§
the decrease of resonance capture rate contributed i iniy
the fuel havmg large amounts of 2“°Pu and 2“2Pu.-

However, since the total resonance cross section near 53 98

due to light water was large if void-fraction was low. j

..
oy
‘fr,a:oféa-r:ﬁ;;&wmu;e-a o

{

i .gxr

AL
1.0 €V of #*°Pu and 2*2Pu is as large as several tens ofﬁy i

thousands of bams, the neutron flux in the resonanée"
region was more depleted in the fuel containing thesc !

nonﬁssrle substances The neutron flux near the reso- ;
nance region was sufficiéntly small compared with tha

VOL. 99 AUG. 1988




n a Maxwellian region. Accordingly, the effect that

‘f;:the resonance of 2°Pu and 2*?Pu exerted on void

Li*reactivity can be neglected. Although the 2*°Pu and
42pu content of 0.54(S) PuO,-UO, fuel largely
- idiffers from that of 0.87(R) PuO,-UQ,, void reactivi-
: uthS are nearly the same between these two fuel lattices,
as shown in Fig. 9. Resonance of 2*°Pu is the most

B '*"'dommant effect on void reactivity in plutonium nu-

; S’a lld.cs'

IV.B. Comparison of Experimental and
Calculated Values

!_.

M yi;:n.
P Fan

‘ 3\ . The experimental void reactivities were the values
:H4:A: for

single fuel lattices, so that those can be compared
£ ;dnrectly with the values by lattice calculation. The cal-
-clilated values by the lattice calculation code? WIMS-

{' D were compared with the experimental ones. The
‘ mWIMS D code is used for the nuclear design of com-

;‘.mercxal HWRs in Japan. The code is based on the

1‘ : ﬂransport theory, and the basic cross-section library is

:69 groups. The collision probability method has been
{adopted for solving a transport equation. This method
,b‘has confirmed the accuracy in the critical experiment

,in' resonance and fast regions, 18 groups total. The R-§

n ‘ nfgeomctry was adopted, and the number of meshes was
& #142'in the radial direction and 12 in the azimuthal direc-

'f:fhon Neutron leakage in the finite system was evalu-
ated by B, approxxmauon. For treating the anisotropy

f?‘of neutron diffusion in axial and radial direction due

b3 ‘tient determined by Benoist’s method?

r."to the heterogeneity of lattices, the dlffusmn coeffi-
4 was taken
i into account.

¥ The calculated and experimental values are shown
’;in Table V. Since the experimental core was small,
}.‘the contribution of the axial neutron leakage to void
v;,rrcactxvny was considerably large. In addition, HWR

‘isotropy arose in the neutron diffusion coefficient
;according to the calculation. If the anisotropy of the
i rdiffusion coefficxent was introduced, the difference

A Expenmental and calculated values for 1.2 UO,
%fuel lattices agreed well in whatever void fraction
Y.change, and the difference was within +0.3 dollar.
.The disagreement between both values for the 0.54(S)
LI,’uOZ-UOZ fuel lamce was within +0.3 dollar if the

became +1.0 dollar. With the increase of enriched plu-
Ttonium or the absolute values of void reactivity, the
"icalculated values approximately tended to underesti-
ate in comparison with expenmental values, and the
iscrepancy was ~1.6 dollar at maximum:

" Heterogeneity increased with increasing- lattice

:.‘NUCLEAR SCIENCE AND ENGINEERING VOL. 99
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i1 5 ;usmg DCA. The neutron energy group on the calcu--
1% lation is 7 groups in the thermal region, and 11 groups

‘Jattices had a strong heterogeneity, and an ~5% an-

311

pitch. Then, reducing the accuracy of calculation was
predicted, but the accuracy had no meaningful depen-
dence on the lattice pitch when fuel composition was
the same. If the fuel enrichment increased, the critical
volume decreased and the leakage effect to the void
reactivity became overwhelmingly large. The accuracy
of calculation of the diffusion coefficient was the main
factor affecting the accuracy of calculation of void

- reactivity, because the neutron flux distribution was a

simple shape and the change of void fraction was
large.

V. CONCLUSION

By applying the first-order perturbation theory to
the analysis of the experimental data of the substitu-
tion method including the pulsed neutron method, the
coolant void reactivity of the test lattice could be deter-
mined, even if only a small number of fuels can be

~ prepared. Three kinds of PuO,-UO, fuel were used as

test fuels, and 1.2% enriched UQ, fuel was used as .
the reference.

In the analysis of the experimental data, three
assumptions were introduced:

1. Both reference and test lattices are homoge-
neous.

2. Diffusion approximation can be applied.

3. The differences of diffusion coefficient and
neutron velocity between a reference lattice and
a test lattice can be neglected.

" The relation between the statistical weight of the sub-

stituted region and the amount of change in the axial
buckling due to substitution was expressed by a linear
equation having the gradient peculiar to a test lattice.
When the minimum number of the fuel clusters for

- . substitution was ~5% of the total ones, the coolant

void reactivities of test lattices were determined with
an accuracy of ~10%.

By this substitution measurement, the dependence
of void reactivity on fuel substances, the isotopic ratio
of plutonium, and lattice pitch in HWRs was clarified
from the viewpoint of the effect of neutron spectra
and the change of resonance absorption rate near

.0.3 eV. Also, it was clarified that the lattice calculation

code WIMS-D could be evaluated by the void reactiv-
ity of about —30 dollar in maximum within 1.6 dollar.
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