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Abstract

In order to gtudy heterogeneity effects on the sodium void
Gopfficient, a formulation for a finite heterogencous sysitem has
been cobtained in terms of colliéion probability based on the one-
group integral transport theory, and it has been applied to a
prototype fast power reachtor with blanket, The eXact numerical
calculation of collision probability in a hexagonal lattice has
been carried oult, and some approximete metheds are given to com-
pute collision probabilities for digtant regions and for a reactor
with radial blanket. It is concluded +that the heterogeneity
effect on the sodium void coefficient is significant and a further

study is desirable.
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1. TIntroduction

The sodium void coefficient is a quantity highly significant
for the safety of a fast power reactor. . But in the normal design
calculation, the multigroup diffusion theory has been used and
there are involved a positive component deriving from the speciral
hardening and a negative component resulting from a leakage.
However, by the multi-group diffusion theory, it is impossible 4o
take the spectral differences between the fuel and coolant and the
effect of heterogeneity on the leakage into account. Furthermore,
as the void coefficient is determined as the difference between
the positive and the negative quanitity, it is necessary, in order.
to ensure a further accuracy, to conduct a calculation of both
components with‘high accuracy.

For that purpose, a formulation for a finite hetercgeneous
system has been obiained in terms of collision'probability'and
applied to the prototype fast power reacthor with blanket. In
‘order. to have a spectral effect, multigroupAcomputations are re-
guired. -

This time, howevér, as first step for the purpose of develop~-
ment of a co};ision probability calceulation formula, evaluatiﬁg
the ﬁeterogeneity effect on the leakage one group analysis were
undertaken. The extension of this one-group analysis +t90 multi-

grbup analysis will not be too difficult.



2. Heterogeneity Analysis Method by Means of Collision Probability
The reactor under consideration will be divided into M-number
of concentric regions (hereinafter called "zone"), and a cell will
be cfeated for each one fuel rod in the zone. This cell also
will be divided into - number of smaller sub-regions. (Fig. 2—1)
By assuming that all the cells belonging to the game one zone
are equivalent, the total region numbers to be considered can be
reduced to M X L-numbers. Firgt, considering a baré reactor
(Fig. 2-2 (A)), and defining the probability that a neutron born
in region "i% from a uniform isotropic source will have next colli-
sion in region "j" as Pjj, then neutron balance equation is
generally represented by @

Vi Zti 0i ='slgm Pki ( Vk Stk 0k Kk Sk ) meneninn. (2-1)

where 2t is total macroscopic cross section, ¢is neubron
flux, V ig volume, Kk is the number of 2ndary neutron at each
colligion, 8§ is the source of external neutron, and the added

letters indicate the zZones. When there is no external neutron,

Kk = Ksk .+‘%ka .......................................... Garrrasnrrearhrresriesnis (2-2)
_ sk D5 R S - (2-
Kok =57 Kfk =5 (2-3)

and can be reduced to the eigen-value problem fe1ating to 1 which
corresponds to the effective multiplication factorx. Ehereafter,
for the simplification of the symbols, let @i represent the

number of collisions instead of neubron flux.



Fig. 2—1. Calulation model.






Namely,

With this, in the case of nonw-external neutron source,

gl = Sﬁm Pri ok (Ksk +_}1-ka) ............................................. (2-5)

can be written.

In a normal fast reactor, a lattice is provided with a blanket
on its outside, and iits handling requires zome devices. Namely,
as described in Section 3, when lattice consists of more than two
different regiohs, pij will reduire an enormous amount of calcula-
tion. Henceforth, implicit treatment of the blanket by use of
albed pg(Ref. 1) or explicit treatment by some approximation me-
thods (Fig. 2-2 (B) and {C)) can be cénsidered. However, in an
actual cage, the former can be proved to be a special case of the
latter (Ref, 2).

In the case of an albed method, ﬁhen a neutron enters into
the blankedt ffom the core and a gparticle returns to the core,

the equation of neutron balance is :

¢i =.Sum. PXL ok ( EKak +‘_}I—"ka ) aremesessorenas T ¢T3
where

Pki = Fx fﬂ;—% ................................................................ (2-7)

ok=1— ng DK seeerereresresmninrmsmniimmesies s (2-8)

R=1- sum Poi | (2-9)

and Poi is the probability that the incident neutron into the core



from outside will have a collision in i-zone., . In the case of an

isotropie¢ incidence, it can be given by Ref. 3 as follows:

As‘above pointed out, since it was foﬁnd out that the formula-
tion by albed was included in the B-method under Section 3«5, this
method was not particularly adopted.

As a method Lo explicitly handle the presence of the blanket,
it is to provide a number of zZones of coﬁcentrio circular form as
shown in Fig. 2-2, treating the blanket as homogeneous, and calcu-
late the collision probability with regard to the system inecluding
the core and the blanket by the method as mentioned in Section 3.
The collision probability obtained. is written as Pki*, and the.
equation of the neutron balsnce will arrive at the formula of (2-6).

That iss
. * i
el = Sum Pki (;Uk (BS 7 +7ka) ceseadsesadisitbiessraceitinusanatstenrans (2-11)

This equation (2-11) after a simple manipulation can be trans-

formed +to:

Here, ¢is the vector of the order of the total number of zones,

and A and B vepresent 'a sguareé matrixi

o= gL
p 2

A= ( Ai'i) Aii= §i'i — KsiPii'*

B=(Bii BYi =Kf, i Pl cveremerreesessmininsea (2213)



The sigenvalue 1 and the eigen vector can be computed by use

of Wielandt method. Namely, if the assumed value of je is given:
R O T P (2_14)

In which, it will transform into the following eigenvalue

problem and 1/562 is sought:

Mp =57
M= ( Bmae A)=LA e (2-15)

In_thé computation of wvoid coefficient, the answers will be sought

by obtaining the eigenvalue differences between the normal time and
the void occurrence time relating to the heterogeneity system, and

repe;ting the same computation with regard to the homogéneous sys-

tem. From the wvoid coefficient so obtained, the heterogeneity

effects was to be valuated.



3. (omputation Method of Collision Probability

3-1, Computation Method of Collision Probability from Cell
té Céil-" . .. S

The cell's index is provided as Fig. 3-1. As one-region core
isg considered9'the colligion probability in 2 random cell of the
neutronsg produced in a random cell ig decided by the relative posi-
tion oflthe two cells. For this reason, having calculated the
pfobability that neutrons produced in the (0,0) cell as indicated
in the figure‘will have next collision in the cell (I,J) (Withiﬁ.
the scope of the figzure Jjudging from its sﬁmmetrical na%ure), all
the subsequent necessary collision probabilities méj ﬁe gafely com-
puted. fhe cell is assﬁmed as having two zones of fuel and éoolant,
while as to Z-axis, they are all assumed idenitical.

The colligion probability Pij means by definition the proba-
bility that the neutrons produced in the region i1 from wniform
isotropic neutron source will have next collision in the region-j.

Consequently, Pij can be obtained by averaging the probability
that the neutrons produced from the line source in the regicn-i
will have the next colliszion in the region-j with respect to the
space and the angle within the region-i.

The probability of the neutrons which were born from the line
source not 40 collide until to the point where the projection to
the prependicular plane is given by r , can be obtained by Ki2 ().
The probability that the neutrons produced uniformly on a straight

line as specified by ( @,7) in Fig. 2-2 will make collision in



o
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Fig. 3~ 1.



Fig. 3 —2.



region-j may be given by the following formulas
Pij(e,y)= %—_/;)a[Kiz(Ei (a~x)+rij)-Kiz (Fi(a—=x)+rijt+ri) Jox

= Z‘ia (Kis(rij)-Kis (rijtei)Risz (rigted i3 (ridtri+7j))e(3—1)
where, 7 represents an’ optical length (cross section x length).

Consequently, the collision probabilivy can be obtained averaging

this formula with respect to ¥ and the angles

Pij =*m,/'dafdy[Kis (rij)—Kis (rij+ 7i)

—Ki3 (rid+ v3)+Kis (rijtritrg) ] comemmivenen (3—2)
Pij = 1 - ot fda Say (Ki3(0) —Kis (vi) ] woos (3—3)

where the cell is composed of two regions, the fuel-region
and the cooclant region. The neutrons are born either in the fuelw-
region or in the coolant region of the cell (o,0), and the proba-
bility that the neutréns born uniformly in the coolanteregion of
the cell {0,0) will make collision in thé fuel region of the cell
(1,J7) can be computed from the probability that the neutrons born
uniformly in the fuel region will make a collision in the coolant
region of the cell (I,J) by use of a reciptocity relation. For
this reason, what is to be done is %o calculate the three types of
collision probability such as, from fuel-region to fuel-region,
and from fuel-region to coolant region, and from coolant region %o
coolant region. The general calculation flow is shown in Fig.3-3.
The explanation following the calculation flow is given below:

The path of neutron as shown in Fig., 3-4 is determined by
(r,¥), (Psi), while the integration is done by adopting GauBian
gquadrature with regards to r and ¥ . The path determined by

(r, ¥) will satisfy the following linear equation:

-1 1—
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Fig. 3—5.
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__Goo¥ oy o
y= Sinv Sinv

Let the center coordinates of the cell (TI,J) be (x0,y0), they

are given by:

xo = ( T+7 ) x-Zikch

cernerneeirenens {(3=5)

yo=v?_Xij%?£

The length of +the foot of the perpendicunlar dropped from the

center of the cell (I,J) to the path is given by
TIJ e |XO GOOW‘.‘- yo Siny'f_ e | edTssdsesatEeers s atass R ars s taans (3_6)

Whether the range will pass through either the fuel-rod zone
or the coolant zone of a random cell may bhe examined firstly by
rId. The optical lengbth in thé cell where the path passes through
is obtained by first_seeking algebraically the crossing point of
the path and the circle which represents the respective sides of
the hexagon which forms the cell as well as the fuel, and then by
maltiplying the length of the path passing'through the respective
zones by the cross section of the zones. The collision probability
computation was made by first finding out all the cells which the
neutrons born in the cell (o,0) had passed through until they ac-
tually collided in the cell (I,J). Then rij was calculated.
Thereafter, from ri of the initisl zone and rj of the collision
zone, the collision probability was computed by adoption of formula
(3-2) and (3-3). Provided, however, the probability that the
neutron born in the coolant in the cell (o,0) as shown in Fig.3-5

will make collision in the coolant in the cell (o,0) was computbed



by the following formulas
.. 1 . .
Pii = 1 —m,f'a gofdr E (Kl3 (0) -~ Kis (Tl))
+(Kis(0)—Kis (i) ) + (~Kis(rit/) + Kia (zdi’+ i)
+Kiz (#ii/ + ri) —Kis (rii/+ zi’+ i} )]

The range of y integration was taken to0 o— 7p for the fuelw

rod zone and o—+:7%=—pitch for the coolant zmone.

Even replacing v%;.pitch by an equivalent radius rg of the
cell, there was seen no significant difference, The contribuiion
from the path which did not pass the cell (o0,0) was zero and made
little effect on the results.

Agsuming the range of the integration with respect to 7 ag
0 — z for the cells (&,0) and 2,0), and for the distant cells such
as (I,J), the coordinates in the center of the cell (I,J) as X{I,J)
Y(I,J), and the distance between the center of each cell (0,0) and

I,J) as Ry, the integration was performed up to ¥+ go—z—¥+go !
IJ P P

. —1 7001+ 71T o o —1 I,J
7 ¥ = Coo RIS o] tan%

In this case, r should be rp if the assumed zone is the fuel=-

rod zone, while, if it is the coolant zone, it should be 7g.
(Refer to Fig. 3~6).

Tn the numerical ca,lculatio_n9 the Bickly fumciions were com-
puted by the following approximation formula.

Ki5(x) = 0.5219798 + x (3.4150861 + x (2.8822975 +
i3 = 0.66459895 + % (0.1979495 + x (2.71422822 +

x O, 230 % "1
X 20.59516928;5 eXTF X

—1 5=



4 calculation code FF(CP was prepared for the operation of the
above formula, and the subsequent analysis was performed. Also,
the following study was undertaken to examine the method and the
codes:

. As the collision probability from fuel to fuel can be pre-
oisely calculated also by Fukai method as shown by Ref. 5, the
direct comparison of the results has been made as per Table 3-1,
which indicates the close agreement between the two. Al though
the collision probabilities from fuel-rod to coolant, and from
coolant tb coolant are not in any comparable relaﬁion; physically,
the probability of the neutrons boxn either in the fuel-rod or in
the coolant to collide in a certain cell must be 1. Viewing this
value from the example of application to a prototype fast reactor
as later mentioned, for the neutrons produced in the central cell,
usipg-}O—pqint Gau p %o each of r and ¢ for those cells of which
centers are within 4em radius, and using 5-point Gaug to each r
and ¢ for those cells within 23cm outside the 4em radius, and
”using“an approximation collision probability as later described
for those further away from this:230m digtance, the probability
of the neutrons produced in the central fuel-rod zone under normal
condition to éollide in the fuel-rod zone within the radius of
23cn is 0.61569, while, that of in the coolant zone ié 0.37619,
and the prbbability of -collision in a certain zone is 0.,99188, and
the probablility within a 2cm radius is 0.994._ The probability
of the neutrons produced in the cénﬁrai cooiént zone to collide

in a cerlain zone within a 2cm radius is 0.996. As later



Table 3—1. Compariscn of collision probability by Fukai’s method.

Upper stage Fukai 20-point Gaug (Ref. 6)

Tower stage This Method 16-—point Gaug

Tp = 07425153 cm

Pitch= 20 cm
Jyp = 013467736
Zro = 06733868

~.
3.6198-6
3.6288~6

20764—4
2.0685—4

58038—4
5.7885—4

™~

230043
229893

20228-3
©2.0220-3

46139~5
46148-5

e

1.1498~1
1.1494-1

1.0648-2
106612




described, the error of this standardization is the result of the
error of the approximation performed tc those in the 23cm distance.
Thereforse, with an improvement in this sectér, the error can be
maintained within 0.1%. For this. fthe collision probability
within 23em which is thejmajor collision occurrence area may be

considered to have a sufficient accuracy.

B3=2e Coilision Probability from Zone to Zone

As a uniform core is considered, the probability of the neu-
trons which are produced in a random « cell.to collide in a randonm
A cell is dependent upon the relative position of thé two cells,
and is'independent from their positionsg in the corse. Consequently,
iffé table is prepared for the .probability of the neutrong born in
the cell (0,0) as in Fig., 5-1 to collide in the oell (1,7), it may
be possible to compute the colligion probability from zone 10 zone.
The probability of he neutrons born in f/ -sub-zone of zone-i 1o
collide in £ -sub-zoné erzone-i can be given by:
Pit §1,i { = Mean Sum (Probability of the neutrons born in £'-zone

of a =cell to collide in § ~zone of g -cell)

For Mean and Sum, a calculation code was prepared using the sym-

metry for the process of these two.

3-3. Approximation Method
In order to seek the collision probability Pij in the core,
ittis nécessary_to congider all the cells in the zone to which i-

region belongs as well as all the cells in the zone %o which



J-region belongs as described in the preceding chapter. This will
require a considerable amount of célculation. For this reason, an
adequate appxorimation method was applied for the purpose of_simpli-
fication of computation of the colligion probabilities between the
regions to which the zones beyond a certain distance are belonging.
By homogenizing the intermediate medium calculated in Section
3=2, and retaining the cells heterogeneous on both end, the pro-
bability of the heterogenized cells on both ends is represented by
the f(d). Here, d represents the distance from center to center
of the two cells, and f(d) may, according to the case, correspond
o any one of the probabilifies from fuel-rod to0 fuel-rod, fuel-rod
to coolant, or from coolant to coolaﬁt. First, relating to‘d, a
table of f(d) is prepared. The colligion probability fij fromv
the zone~i to the zZone-j is approximated by an integral form and

not by sum as indicated below:

13 Grsr ot ST ar, Taer (e 000g ) e (3)
Then, a numerical integration is performed by.using long~
linear interpolation of f. Here, Nj igs the number of cells in
the zone-~j, while 8 represents the area of the zone.
In the actual calculation, 1 is fixed, and J is computed from
the point where overlaps with the last point of the zone which is
already precisely calculated under Section 3-2, and in this\ZOneg

the subsequent f£ij is restendardized so that it will correspond

t0 the precisely analyzed wvalues.



5-4. Calculation Method of Pjxj

Now that all the collision probabilities in the core have been
sought as described in the preceding pages, as the next step, the
calculation method of the collision probabilities Pixj in the sys-
tem including the blanket is described as follows:

Representing the fuel-rod zone and the coolant zone in +the

zone-m of the core by my and m, respectivelys

(3-8)

{2 m""l s s ans e F‘Llel-I‘Od z20ne
i=

2 m assvsavecnsse Goolant zone

This way, me and mg can'be aligned in a numerical order from
one without'adding any subscript (for exampie, P3f,5¢ becomes
P5,10). Furthermore, if +the homogenized blanket is divided into
& number of concentric circles and put into an alignment, thé whole
region can bé'expressed by one index, and the collision probabili-

ties between these zones shall be indicated by Pi%je

3=4=1, A-Mothod (Normalization iethod)

First, by homogenizing the blanket and the core respectively,
divide the core region into the zones same as described in Section
3-2; and the blanket is also divided into ¢ircular zones as Fig.
2-2,.C., In such circular gystem, the probability Pig that the
neutrons produced in the zone-i to collide in the zone-j can be
accurately obtained, Considering also the B-method, the black

body function is-defined as folloﬁss

1 ro<

B (I’-ro) s {
0 o<r<rg

—20=



Here, r<r, is completely full of a black body, and if there
is no black body, ry = O can be considered. When this is used,

the collision probability from zone to zone is obtained by:

Pill },'1 Vi s/t r(2{ 73Ky s (OHK 3 (e ) }HBOr~ro ) {Kia( 274+ 744 ) HKs 3

(TJ_'L) —Kis (711+ 73 )—Fi3(rii+r3)}] (8-9)
PlJ 2' ./ dT[K13(713)+K13(71+713+T )Fia(ritriz)Kis(ryt
(71 J)-I-B(r ?’0) {Klg (rn—}" 713+T1)+K13 (2114—?3_1-!- Tij+T ] )--Kl 3 (‘rn-f-

2ri+rig)-Kis(riitritripre 1] (3~10)
H .
Py, vacuum= gfv—ijg 1d 7[Ry 5(r13) K3 (rit7i HHBG—r0){Kia (rigtriy
+ri)Kjs(rig+2ritrig}] (3-11)

Where, v ig optical path length, and the meaning of each
subscript is the same as indicated in Fig. 3-7.

By A-method, PiHj is obtained by putiing ro = 0 and Pi*j is
constructed by the following method: In this case, the case of
i<3 is sought, and thén by a reciprocity thecrem, what is replaced
between i and. j is obtained. - Thefefore, firgtly, 1 is determined,

and then j can shart from J = i, Whereas, the method to obtain it.

(i) i, 3, e Core

Pi*y = Pij (3—12)
(ii) i e Core, j e blanket :
| sum PPy
4 ke blanketivacuum
Pi¥5 = P}g“)g x {W"—} (3-12)
ke Core

Here, [(x }stands for Gaubian symbol and expresses the maximum

integar not exceeding x.

(iii) i, j e blanket

a.CU.UIDPH
H k—J
Pj_*j = Pi- x — }
’ 1”%1 Pik
=3

This method is based on an idea that the probebility that the

(3—~14)

neutrons getting out of a certain zone will make collision in the
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Fig. 3—7. Collieion probability calculation method in homOgeneous zone.



blanket is in proportion to the probability of the neutrons from
the zone belonging to the initial departing region to collide in

the blanket.

3~4~2, B-Method
This method is to divide the core and the blanket into a

number of homogenized circular zones the same as described under
Section 3-4-1, and make o = T, (rc is the core's radius). If the
probability calculated by the formulas (3-9) to (3-11) is expressed
by Pijs (i,j e blanket). This represents the probability of the
neutrons departed from the zZone-i in the blanket to collide in the
zone-j without paseing the core. Pi*j from Pij and Pi'j is ob-

tained by the following approximations
(1) 1,3 e Core
*
Pi j = Pij (3-15)

(ii) 1 e Core, j o blanket

Py"j = Pio Pij (3-16)
(iii) i, j e blanket
Pi¥j = Pivy + Pyy { 1—Sum Pox } Pry (3-17)

ke Cors

Here, Pio;is the probability of the neutrons, which departed
from the zone-i_in:the core, to cross the boundary between core
and blanket, Pni is thé probability of the neutrons, which entered
inﬁo.the,oore, to collide in the zone-i of thg COTE. PjI.is
the_probability of the neutrons, which departed from the zone~j in

the blanket, to cross the boundary between core and blankel, and

—23—



PIj represents the probability of the neutrons, which entered into
the blanket by traversing the blanket boundary, to collide in the
zone-j. Here, if the entering neutrons at the boundary are assumed
all isotropic, the following equetions may be introduced according

to Ref, (3):

Pjr =1 - Sum Pjk
k e blanket + vacuum (3~18)
Pjo = 1 = Sum Pjk
ke core (3-19)
44 .
Pry =2Vi 3 5 Py (5-20)
4V4 '
Poi = —5*%t, i Pio (3~21)

Here, 5 is the surface area of the boundary between core and
blanket. The Pi*j which is obtained this way automatically satis-
fies the conservation of probability and the reciprocity theorem.

In order to make sﬁre of the accuracy of this approximation,
the core with T70.002cm radius ﬁééldivided into 30 zones, and the
blanket with a wall thickness of 29.5980m inte 12 zones, and under
a homogenized system, bthe exact reéults énaljsis and approximate
resﬁlfs were compared. The probabilities from zZone to zone of
homogeneous concentric circular system were all obtained as ro =0
by application of the formiulas (3-9) through (3-11). Next, Pij
was calculated as ro'; 70,002, -and the ccllision probability in
the entire system were calculated from Pi'j by application of +the
formulas (3-5) -‘(3-21). The zone number 30 is the outermost

core zone, and the blanket zone begins from No.31. The results



are as shown in Table 3-2. As the contributionsg at and around the
in-core blanket boundaries are considerably small, it is thought

that an approximation to this level will satisfy the purpose.



Table 3~2. Comparison between B-method and exact analjsis

' e Exact
Zone Zone Approximation analysis
31 0.2365 0.2534
32 0.0678 0,0591
27
3% 0.0242 0.0196
34 0.0093% 0.007%
31 0.1312 0.1312
32 0.0376 0.0380
28
33 0.013%4 0.0133
34 0.0052 0,0050
31 0.0810 0.0779
32 0.0232 0.0250
29
33 0.0083% 0.0091
34 0.003% 0.0035
31 0.0528 0.0494
32 . 0.0151 0.0169
30
33 0.0054 0.0063
%4 0.0021 0.0025

-2 6




4. Application to Prototype Fast Power Reactor

4=1, Caleculation

Voluntarily determining a prototype fast power reactor with a
core of 58,596cm radius and a blanket of 26.404cm thickness as the
subject reactor, an analysis of void coefficient was performed.

It is of one-region core, and one energy group. This prototype
reactor is consisted of about 20,000 fuel-rods. Disregarding the
wrapper~-tube and the control~rod the core is of hexagonal lattice
of same enrichﬁent. The fuel and the coolant has been homogeﬁized
in the blaﬁket. The various elements and the one groﬁp congtants
which are used as well ag the zone division are as shown in Table
4-1 and 4-2 respeciively.

A one group micro consbants was obtained by group reduction in
terms of the mean spectrum of the core and blanket which is calcu-
lated with 26 groups diffusion calculation. Then, a macro constant
was simply obtained by use of an atomic number density. Namely,
any of the effect arising from the changes in a group of constants
affected by the spectrum change by occurrence of void and the self-
shielding effect were excluded from the study of this time.

The number-of in-core zones is 21, and the cell has two zones,
one for the fuel rod and the other for the coolant, while the blanket
is divided into 11 homogeneous, déncen{ric circular Zones.

The computdtion of collision probabilities was performed by
the following method s

As it will 4ake a too long time to make a sufficiently accurate



Table

4~1. Constants and various elemenis

%38—

Core
© Fuel rod Coolant Homogenization Blacket
Normal Yoid ~ Normal Void Normal Void
It (cm'l) . 0,3342 0.3%342 | 0.1719 0;08852 0.24324 0.19651 0.30183
Za (cm'l) 0.01473 0.01473 0.0006181 | 0,0005875| 0.0068212 | 0.00680412| 0.004966
v 3¢ (cm‘l) 0.02218 | 0,02218 0.0 0.0 0.0097497 1 0,0097497 { 0.001096
Leakage 1 1.039 x 10"3 4 730X10“4
(cm- ) . ] L]

Fuel pin diameter

Fuel pin pitch

Core radius

0.55¢cnm
0.79cm

58.5960m

Fuel volume rstio -

Coolant volume ratio

Blanket thickness

0.43%96
0.5604

26.404cnm



Table 4-2. Zone division

Number of

Zone OCuter radius fuel pins
1 12,818 955
2 18.094 948
3 22,100 936
4 25.586 966
5 28.596 948
6 31,301 942
7 33.822 954
8 36,081 918

9 38.221 924
10 40,413% 1002
Core 11 42.%22 918
12 44.312 1002
13 46,104 942
14 47.765 906
15 43.547 1008
16 51.116 918
17 52.677 942
18 54.23%2 966
19 55.724 954
20 57.232 990
21 58.596
22 60.0
23 62.5
24 65.0
25 6745
26 70,0
Blanket 27 72.5
28 7540
29 775
30 80.0
31 82.5
32 85.0




calculation of all the collision probabilities from cell %o cell by
the method given in Section 3-1, here I.J which was the definition
given for the positions of cells as indicated in Fig. 53~1 are used
to express:
(i) For those cells of T + J <10, an integration of
| the formula of (3-2) and (3-3) with respect to
r and ¢ has been done with 10-point Gaufian
quadrature.
(i1) TFor those cells of 10 < I + J < 56, the S5-point
Gau £ ian quadrature was applied.
(iii) For those cells of 56<I + J, the values calcu-
lated by homogenizing the intermediate region
werse iﬁter-polated with the distance from center
to center of the cells, aﬁd then, it was renormal-
ized so that the totgl probability became 1.

From this, ithe probability of the neutrons, which depart from
the f-region in the zone-i $o collide in the £ '-region in the
zone-i', can be obtained by the method given in Section 3-2.  But
as this method will take é considergble amount of calculation time,
it was applied only %o /i - if/5;5, while the method given in Sec-
tion 3-3 was applied to /i - i/>5.

The leakage occurring in the axial direction due %o the finite
length of the Z-axial direction is considered as having an absorp~
tion equivalent to DB2 under the normal diffusion equation. As

the calculatiion of collision probability normally takes a substantial



amount of time, Pi*j was obtained without giving consideration to
it, and in the solution of the neutron balance equation as in the
form of 2-11, the case was added where the leakage term as shown
in Table 4-1 were considered as "absorption" for Xs.Kf,

The study was underbtaken with respect to the following three
cagses when leakage was nolt considered, and each void coefficient
wags calculated:

(1) In the case where oné-group diffusion equation was

apolied based on the diffusion coeffiéient sought by
a separate conbracition,

(2) In the case where the collision probability method was

applied for the heterogeneous systeu.

(3) In the case where the collision probability method was

applied fot the homogeneous system.

In this case, the same zoning as in the case of (2) was taken,
and used the same homogeneous constant for the fuel region and the
coolant region (Fig. 4-1).

Also, when the leakége is considered, the void coefficient was
calculated for the above caseS'(E) and (3)- Purther, with respect
to (2) and (3), the calculation with leakage and without leakage
were both performed by use of A~method under Seétion 3=4-1 and B-
method under Sectlon 3-4-2 respectively. The results are given in
Table 4-3%. Table 4-4 represents the number of collisions in each
zone under normal time and uwnder void occurrence time in both the
homogeneous and the heterogeneous systems, while Table 4-5 shows

the mean neutron flux.
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Tahle 4—3 {Calculation resgults
No leakage With leak
1 —group - _ 1 —group . _
diftusion A—method B methed diffusion A—method B—method
Hetrog— | Homoge— | Hetrog— | Homoge— Hetrog— | Homoge— | Hetrog- | Homoge—
eneity nelty eneity neity eneity neity eneity neity
Normal 116366 11602 1.1589 11634 11622 103311 IDSOi 10285 10326 10311
Void 114494 11494 11414 11527 11452 099366 099797 098977 10005 099271
ok 001872 | 00108 00175 00107 00170 003945 00321 00387 00321 00384
£ﬂ94£ 001609 0b09309 001510 0.009197 001463 003819 0.03116 003763 0.03109 003724




Table 4-4. Total number of collisions (arbitrary unit)

with no leak (B-method).

- . Homogeneity Heterogeneity
Region | Zone gii:i;;ﬂ
Normal Void Normal Void
1 1 F 2.6304 3.1847 6.1097 4.95T77
2 C 5+3555 4.0633 4.0047 1.6730
3 o F 2.5382 3.0749 5.8954 4.7862
4 C 3.2389 3.9247 3.8649 1.6153
5 3 F 2.4234 2.9411 5.6287 4.5753
6 c 5.0927 57543 3.6902 1.5441
7 4 F 2.4129 2.9358 5.6039 445631
8 ¢ 3.0793 3.7474 3.6740 1.5400
9 5 F 2.2792 2.7815 5.2926 4.3188
10 c 2.9086 3,5503 3,4698 1.4515
11 6 F 2.1772 2.6663 5.0546 4.135%
12 ¢ 2.7782 3.403%0 3,31%7 1.3956
13 7 P 2.1172 2,6030 449143 4.0327
14 ¢ 2.7018 3.3224 3.,2218 11,3610
15 8 F 1.9538 2.4113% 4.5324 37317
16 c 2.4926 3,0781 2.9716 1.2594
17 9 F 1.8840 2.3367 4.3714 3.6120
18 ¢ 2.4048 2.9832 2.8663 1.2191
19 10 T 1.9515 2.4322 4.5269 3.7548
20 ¢ 2.4910 3,1054 2.9683 | 1,2672
21 11 F 1,7065 2.1380 %.9577 %.2957
22 ¢ 2.1784 2.7298 2.5951 1.112%
23 12 F 1.7748 1 2.2361 4.1150 3,4413
24 c 2.,2656 2,8550 2.6982 1.1615
25 13 F 1.5862 2.0104 3.6764 3.,0885
26 ¢ 2.,0247 2.5669 2.4106 1.0424
o7 14 F 1.4520 1.8518 3.3642 2.8395
28 c 1.8533 2.3642 2.2058 0.95835
29 15 T 1.5315 1.9666 3.5471 %,009%
30 c 1.9547 2.5106 2.3257 1.0156
31 16 F 1,3197 1.7073 3.0553 2.6067
32 ¢ 1.6844 2.1794 2.0032 0.87973
33 17 F 1,2802 1.,6692 2.9624 2.5425
34 C 1.6337 2.1305 | 1.9422 0.85807
35 18 T 1.2375 1.6274 2.8621 2.4726
36 c 1.5791 2,0769 1.8763 0.83%444
37 19 F 1.1463 1.5217 2.6497 2.3056
38 ¢ 1.4625 1.9417 1.7370 0.77807
39 50 F 1.1103 1.4894 | 2,5651 2.2500
40 ¢ 1.4167 1.9006 1.6815 0.75920
41 o1 P 0.95288 | 1.2931 2.2004 1.9476
42 ¢ 1.2159 1.6504 1.4420 0.65674
43 22 B 2.6605 4.5029 4.4610 3.9415
44 23 B 4.2034 7.1154 7.0478 6.2279
45 24 B 3.6516 6.1825 6.1226 5.4109
46 25 B 3.1542 5.3413 5.2865 4.6743
47 26 B 2.7001 4.5731 4.5272 4.,0018
48 o7 B 2.2818 3.8651 3.8257 343820
49 28 B 1.8928 3.2066 3.1734 2.8056
50 29 B 1.5267 2.5868 2.5598 2.2632
51 30 B 1.1774 1.9951 1.9740 1.7455
52 31 B 0.83826 | 1.420% 1,4054 1.2427
53 32 B 0.49568 | 0.8400 0.83105 | 0.73487
Claggifications: F = fuel rod C = coolant B = blanket




Table 4-5. Mean neutron flux( arbitrary unit) with no leak
( B—method ).

Region Zone g%asz-{_- Homogeneltg,.r He'berogenelfzy

ication | Normal Void Wormal Void
1 1 F 0.21576 | 0.20991 | 0.21618 | 0,21189
2 ¢ 0.21588 | 0,21008 | 0.21608 | 0.21174
3 5 P 0,20974 { 0.20418 | 0,21015 | 0.20608
4 ¢ 0.20993 | 0,20441 | 0,21008 | 0.20595
5 F 0.20284 | 0.19781 | 0.20323 | 0,19954
6 3 C 0.20303 | 0.19806 | 0.20317 | 0.19941
7 F 0.19562 | 0.19127 | 0,19598 | 0.19275
8 4 o 0.1958% | 0.19150 | 0.19593 | 0.19264
9 5 F 0.18835 | 0.18471 | 0.18867 | 0.18596
10 " 0.18853 | 0.18491 | 0.18861 | 0,18584
11 6 F 0.18110 | 0.17823 | 0.18137 | 0.17922
12 C 0.18126 | 0.17842 | 0.18131 | 0,17911
13 7 F 0.17%381 1§ 0.17171 | 0.17402 | 0.17249
14 ” 0.17397 | 0.17190 | 0.17397 | 0.17238
15 5 F 0.16668 | 0.16538 | 0.16686 | 0.16594
16 C 0.16686 | 0.16558 | 0.16682 | 0,16584
17 F 0.15969 | 0.15915 | 0.15983 | 0.15951
18 ? g 0.15987 | 0.15938 | 0.15980 | 0.15943
19 10 F 0.15260 | 0.15282 | 0.15269 | 0.15297
20 _ ¢ 0.15276 | 0.15304 | 0.15266 | 0.15288
21 1 F 0.14561 | 0.14661 | 0.14568 | 0.14653
22 « 0.14579 | 0.14681 | 0.14566 | 0.14644
23 12 F 0.13876 | 0,14046 | 0.13876 | 0.14017
24 C 0.13889 | 0.14067 | 0.13875 | 0.,14009
25 13 F 0.,13195 | 0.134%8 | 0.13191 | 0.13386
26 c 0.13209 | 0.13458 | 0.13190 | 0.13378
27 14 F 0.12551 | 0.12862 | 0,12544 | 0.12789
28 ¥ 0.12565 | 0.12881 | 0.12541 | 0.1278l
29 15 F 0.11903% | 0,12283 | 0.11891 | 0.12186
30 ¢ 0.11917 | 0.12297 | 0.,11889 | 0.12178
3] 16 F 0,11262 | 0.11707 | 0.11246 | 0.11590
32 ¢ 0.1127% | 0.11722 | 0.11244 | 0.11582
33 17 F 0.10648 | 0.11157 | €.10630 | 0,11020
34 c 0.10660 { 0.11169 | 0.10627 | 0.11013
35 F 0.10032 | 0.10602 | 0.10009 | 0.10444
36 18 C 0.10039 | 0.10613 | 0.10005 | 0.10437
37 P 0.094162 | 0.10046 | 0,09390 | 0.09869
38 19 c 0.094232 | 0.10054 | 0.09386 | 0,09862
%9 50 F 0.087842 | 0.094702 ] 0.08755 | C.09276
40 ¢ 0.087911 | 0.094785| 0.08751 | 0.09268
41 o1 T 0.081289 | 0,088639 | 0.08097 | 0.08657
42 C 0,081359 | 0,088742| 0.08091.| 0.08644
43 22 B 0.076285 | 0.08368171 0,07581 | 0,08090
44 23. B . 0.065522 | 0.072020] 0,06512 | 0.06950
45 24 B 0.054687 | 0.060120| 0.05435 | 0.05802
46 25 B 0.045472 | 0.049980 | 0.04517 | 0.04823
A7 26 B 0.037508 | 0.041225| 0,03727 | 0.03979
48 27 B 0.030585 | 0.033630| 0,03038 | 0,03245
49 28 B 0.024496 | 0.026946 | 0.02435 | 0.02600
50 29 B 0.019124 | 0.021027| 0.01900 | 0.02029
51 30 B 0,014285| 0.0L5708| 0.01419 | 0.01515
52 31 B 0,009863% | 0.010844| 0,00979 | 0.01045
53 32 B 0.00569 | 0.006209| 0,00562 | 0,00600

Claggificationsg: F = fuel rod ;. C = coolant B = blanket




4=2. Discussion of the Results

Looking at the results, it can be-seen that the effect of
heterogeﬁeity is large reaching up to 30 = 40%., In the casge of
Ahomogeneity, tﬁe‘éélculation‘results by either this method or by
the diffusion theofy were.quite similar, which, therefore, indi-
cates that so far as homogeneous handliﬁg of a prototype fast
reactor system is concerned, even the diffusion theory has proved
to demonsirate a sufficient accuracy for the calculation of the
void coefficient. Neverthelesgs, s=ince the hetérogeneity effact
has proved to be cénsiderably great, it is thought that its effect
should not be ignored when an accurate result is desired.

Resﬁltwise, the neutron flux in the coolant zone and the neu-
tron flux in the fuel zZone in any of the areas were in substantially
a good concordance, and it has been determined that the hetero-
genéity effect was not due to the fihé‘structure of the neutron
flux and that, consequent;y,ithe capée-was from the heterogenelty
effect upon the leakage. :

Viﬁ Qf&ér to examine more in deiail the heiterogeneity effect
upon the neulron leakage, a study was undertaken to see how the
collision probability was influenced by the heterogeneity effect.
The coliision probabili%yrin~the cage of homogenized cells on_tﬁe
intermediate medium aslshown.by Fig.4-2 and the collision proba-
biiity in the heterogeneous system are compared in Table 4-6 and
4-7, From these tables, it can be seen that F— F, P— (¢, when

homogenized, have large values as going further away, while on the



contrary, C — G, when heterogeneous, shows larger values as going
further away, of which trend becomes stronger at the time of void
occurrence. The collision probability values given in the above
referred tables are the values faken of the cells which are aligned
gsidewisa. Whereas, as there are existing a substanitial aumber of
neutrons which have passed none at all through the fuel zZone as
against C-C, as a trend, it is considered reasonable. But in other
direction, the itrend may possibly turn around the other way.

As can be seen from Table 4«4, the scattering neutron source
in the fuel zone being larger than the one in the coolant zone,
there remains some vagueness with respect to the trend of C —C.
But the neutrons produced at a random place may well be considered
to reach a longer distance in a homogeneous system before their
first collision takes place. This trend becomes éfronger at the
time of wvoid occurrence,'

As the 1eakage from the system is the monotonous function of
the distance where the neutrons reaches in its movement before
neutrons are absorbed, the leakage in the monogeneous system may
be said larger than in the heterogenecous system.

These situations qualitatively gupport the calculation results
of the void coefficlent, and also are considered as supporting the
fact that the heterogeneity effect is considerably large.

Since all the studies were performed with one group, there may
be a number of phenomena overlooked. Due to time 1limitation for
calculation, various types of approximation were applied to colli-

sion probability computation of which results, therefore, may not



Table 4-6., Effect on collision probability of homogenization
of intermediate medicium under normal condition

B Distance between
I, J F—=F F—=C C—=C the center to
center (cm)
] 1.05536 -1 3,44900 =2 7.26302 -2
0.0 _ 0
R 1.,05536 -1 %,44900 =2 7.26302 -2
1.75513 w2 1.13370 -2 1.59709 -2
2,0 0,79
1.75484 =2 1.13299 -2 1.5823%6 -2
5.92674 -3 3.81552 =3 4.89989 -3
4.0 | 1.58
6,15131 -3 3.91244 -3 4.87592 -3
2.87795 ~3 | 1.85259 -3 | 2.40226 -3
6,0 - 2.37
3.08048 =3 1.934%2 -3% 2.38271 -3
1.61015 =3 1,04829 =3 1.37177 =3 ,
8.0 3.16
1.77261 -3 1,11291 -3 1.35273 =3
1 2.75212 -4 1.87361 -4 2,67038 -4
16.0 v . 6.32
3.35417 -4 | 2.10186 -4 | 2.55644 -4
0.41033 =5 6.59039 -5 1.00941 -4
22,0 _ 8.25
1.23145 -4 | 7.69031 -5 | 9.37033 -5
- 2.61099 -5 1.91509 -5 3.24229 ~5
30,0 . o 11,85
3.7419 -5 | 2.3320 -5 | 2.8476 -5
1.06782 -5 | 8,08702 -6 1.4907 =5
36,0 ' - 14,22
_1.6343 -5 1,0177 -5 1.2442 =5 _
40,0 15.8
92,6102 -6 5.9818 -6 7.3182 <6
1.51799 -6 | 1.24950 -6 | 2.85995 -6
50,0 19.75
2,6882 -6 1.6721 -6 2,0483 -6

Upper section: Heterogeneity
Lower section: Intermediate medium homogenized




Table 4-7. Effect on collision probability of homogenization
of intermediate medium under void occurrence

I, J F—sF F—>( ¢ —=C v
7.1851 =5 2.8964 -5 5.9162 -5

26,0 10.27
1.1513 ~4 5.7198 =5 4.5761 -5
4.0728 «5 1.711% =5 3.8462 -5

30,0 B - 11.85
6.9573 =5 2.2458 =5 2.7652 -5

36,0 14.22

- 3.4058 =5 1.0983 -5 1.3538 =5

I 1.0887. =5 5,0150 =6 - 1.4970 -5

40,0 15.8
2.1600 -5 6.9627 -6 8.5874 -6
5.1866 6 2,5414 -6 9.0950 -6

46.0 | ' | 18.17
1.1175 =5 ' 3.5997 -6 4.4429 -6 o
3.2155 -6 1.6382 -6 6.6719 -6

50.0 19,75
7.2929 6 2.3490 -6 2,9004 -6
2.01636 -6 1.07158 =6 4.9741 -6

54,0 ) 214033
4.8009 ""6 ' 1. 5460 -'6 1 L] 9096 "‘6
1.6030 -6 8.6915 -7 4.3150 =6

56.0 22.12
399062 -6 102578 “'6 1!5539 "'6
Upper section : Heterogeneity
Lower section : Intermediate medium homogenized




be expected to be precisely accurate if not considered to be %oo
inaccurate. It is, therefore, hard to say that the results of
the study have necessarily led to an accurate calculation of the
heterogeneity effect upon the void coefficient, However, ag the
final éonclusion, it may be said that there indeed exists far

larger heterogeneity effect than is generally congidered.
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