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1.INTRODUCTION

The material buckling of DO-enriched uranium

(2% U ) system with voided fuel assembly has been deter-

mined by means of the substitution technique.

The experiments were carried out in the zero po-

wer reactor RB for various lattice pitches, namely: 11.3 cm,

14 cm, and 16 cm. As a reference core the D O - enriched ura-

nium (2%U ) system without voids has been used.

The results have been analysed by the modified one-

- group perturbation theory using three regions in a substitu-

ted reactor (test, intermediate and reference). The perturba-

tions in axial and radial directions due to voided fuel as-

sembly, are also considered. In order to determine the change

between diffusion coefficients in various regions ( TD^' ad-

ditional experiments with single test fuel element were made.

The lattice pitches of reference and test regions

were the same. According to the algorithms given in appendi-

ces, the programmes for the ZUSE Z-23 digital computer wwre

made. These programmes include evaluations of the change bet-

ween diffusion coefficients (čD), and the axial buckling of

the lest lattice.
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2. THEORY OF THE EXPERIMENT

The substitution technique consists of a stepwise

replacement of test fuel elements for reference fuel ele-

ments in the central part of the reactor. With increasing

the test region in a reference lattice it is possible to

determine the material buckling of the test lattice by ap-

plying the perturbation theory.

If the diffusion and absorption properties of the

test and reference regions are too different, the simple

one-group perturbation theory for two zones gives no satis-

factory results. An improvement of the analysis of substi-

tution measurements is obtained by introducing an interme-

diate zone between the two regions. This method was sugges-

ted and described by R. Persson /2/. In the case of a reflec-

ted system the modified one-group perturbation theory can

be used.

For the unperturbed critical cylindrical reactor

with different properties in radial and axial directions,

one-group diffusion equation can be written in the follow-

ing forms

D \7^ 0 + D \7^ 0 + D B^% = 0 (2.1)
r r z z r r

where

5r
The solution of equation (2.1) is given bys

0 = AJ (^r)sin ̂ .z (2.2)
o

The relation between <̂  and ^ can be written as:

r



The anisotropy coefficient, D /D , can be determined by

perturbation measurements in a critical system.

If the critical reactor has been perturbed, this

condition that perturbed reactor still remains critical

can be expressed by:,;.

;' 0P0'dV = 0 (2.4)

tot

where P is the operator characterizing the perturbation in

a reactor, while 0 and 0' are unperturbed and perturbed

fluxes, respectively.

In the analysis of the substitution measurements,

the following approximations have been made: a) the reac-

tor core consisting of several zones is first assumed to be
2

a uniform reactor with fictitious parameters B , D , D ;
r r Z

b) the core is then divided into 1-regions with parameters

^rl ' ̂ rl' ̂ zl'

Since each region is treated as a perturbation to

the uniform core, it has an operator of perturbation, P\,

that can be determined from equation (2.1):

Then, equation (2.4) can be written as:

/ J0P0'dV = / '--'(%v'j(D -D)\?0'! + (D B^ -D B^)#''^ dV = 0
"*.",' "VJ' L 1 --- rl rl r r
' ' '' (2.6)

The perturbation theory is usually applied only if

perturbations are small. However, the range of validity of

the obtained formulas can be increased considerably if per-

turbed fluxes are taken into account properly when calcula^

ting the weight function^.For small perturbation we can put



%f'^%f. Transforming equation (2.6), and applying the proper

boundary conditions one obtains*

^ -U )W +D (̂  W -<?( U )W I = 0
L'rir' ' rl rl zl zl 1 zl zl rl--

(2.7)

where: J ̂ 2 ^

i 2

- radial part of the 0 - dependent
statistical weight,

rl

-̂ 1

V ^

2 f

J 6

dV

0 dV

^ dV

2
- radial part of the ( 0) - dependent

weight function,

.j sin^zdz
1 w-2

W = rr-7- - axial part of the 0 - dependent
, statistical weight,

J cos^zdz
V 2

,, _ 1 - axial part of the ( 0) - dependent
H/2 weight function,

. 2
^ = axial buckling of the whole core in the perturbed state,
2

^ = axial buckling of region 1, when the radial buckling

is ,6 ,
2

p = radial buckling of the oore,

D ,D - diffusion coefficients of region 1.



2-1* Progressive substitution

Since for progressive substitution method, only tire*

radial perturbation is of interest, when U = W = 1,

equation (2.7) can be transformed to the following form

W ' W ^ r
^ ^ (2.8)

wheres 1 = 1,2 and 3 subscripts referring to the reference,
2

intermediate and test region, respectively. <-*- is the axial
2

buckling of.-the reference lattice. ̂ ^ is the axial buckling

that would be obtained if all of the reference fuel were re-

placed by the test fuel and if the radial buckling remained

constant.

The other quantities in equation (2.8) are given by:

.fD ^ ^D

'- rl D ^ ^ 2 ̂ <- rl D ^ ^'^^
-, zj. ^ zj.

^zl 1 ^z2 1 ^ 1 .
- ' 3 D 2 2 D 2r - ' r3 D ^ 2 r2 D ^ 2 r3 D ^ 4 r2

D TD (
^ - - U ^ (

2y = w - U (2
r2 r2 D , 2 r2 D ^ ^̂

zl zl
- 2 = "'2 " ("3 + " l ) / ^ (2.12)

'*̂ 1 " ^l"^l (2.13)

in case of a reactor surrounded by a reflector, as

in our experiments, the first term on the left-hand side of

equation (2.8) is multiplied by the expression (l + e),
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where e is the reflector coefficient. This correction

considers the influence of the reflector when one-group

perturbation theory is applied, and is determined theore-

tically /3/.

If the left-hand side of equation (2.8) is plotted

against W /W , a straight line with an intercept of
o 2 ^

(o( -ex-) will be obtained. Each point on the line would

correspond to a different number of test fuel elements in

the reference core.

2.2. Single-rod experiments

If substitution measurements are carried on with

voided fuel elements, one should consider the components of

diffusion coefficients, in the axial and radial directions.

The changes in diffusion coefficients, refarri-mg,' to their

values in the reference region can be determined theoreti-

cally, but it is better to measure them in an additional

experiment. For this reason, separate experiments, can be

performed using single fuel elements and varying the per-

turbation axially and radially.

a) Determination of J*D /D -
z2 zl

In order to determine the difference between the

axial components of diffusion coefficients, the axial per-

turbation of the system is induced by varying the height

of the void column in the fuel element placed in the cen-

tral position of a reactor.

Transforming equation (2.7) and taking 1 = 1 and 2,

which means that only the reference and intermediate regions

exist, one obtains:



2 ^
— 1

r2 z2

2
r

— 7 —

JD
+

zl

z2

r2

zl

U
r2

r2
' -1)

(2.14)

Plotting the left-hand side of equation (2.14)

against ( ^ '̂ - l) gives a straight line with slope equal

to -rv̂ ....:̂ .

b) Determination of ,šD /D

To obtain the difference between the radial compo

nents of diffusion coefficients, the radial perturbation of

the system is induced by varying the radial position of a

single voided fuel element in the reference lattice. Substi

tuting U = W = 1, equation (2.14) becomes:

z^ ẑ

1

r2
zl

2 Dz2
Dzl D

_
W
r2

zl r2

(2.15)

against (U /W ^-l

to - 5 PD /D ̂ .r2 zl

Plotting the left-hand side of equation (2.15)

l) gives a straight line with slope equal



3. EXPERIMENTAL PROCEDURE

The experiments were performed in the zero power

reactor RB. As a reference lattice the D O - enriched ura-

nium (2% U ) system cooled with heavy water in the fuel

channel is used. The cross section of the fuel element is

shown in Fig. 5. In all experiments fifty two fuel elements

in a square lattice were present.

The investigations were made for three different

lattice pitches: 11.3 cm, 14 cm, and 16 cm. Fig. 1. shows

the reference cores for various lattice pitches.

Analysing the substitution experiments by one-

-group theory which does not take properly into account the

interaction between the test and reference regions, it is

necessary to introduce the third region, called the transi-

tion or intermediate region. The introduction of this region

requires the new definition of the cell, proposed by Pers-

son /4/. In Fig. 4, different forms of elementary cells are

shown; n and m are the area regulating factors, used in cal-

culations of the statistical weights for intermediate and

reference regions.

As the analysis of substitution experiments requi-

res the values of radial and axial bucklings of the reference

lattice, the critical experiments with reference lattice

were performed first.

The substitution measurement technique is based

on the critical experiments giving differences between the

critical levels of the compound systems and the reference

reactor.
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The accuracy of reading the water level in the

reactor RB is of the order of + 0,2 mm.

3.1. Single-rod experiments.

a) Determination of oD /D
z^ zi

In the series of experiments the axial effect

of the void height in the fuel element was investigated.

The position of the fuel element depending on the lattice

pitchy is shown in Figs. 2 and 3., and denoted by 1. To

increase the diffferences in critical levels, experiments

with a 16 cm lattice pitch were made with four test fuel

elements. These elements were placed in the nearest possible

positions, symmetrically to the centre of the core.

In order to minimize the errors of measurements,

in each experiment the critical level of the reference co-

re was checked. The height of the void column was varried

by adding heavy water to the fuel channel. With regard to

the small effect in critical levels differencies, induced

by the changes of void depths, only four different heights

of the void column were achieved.

b) Determination of 6D /D

The differencies between radial components of

diffusion coefficients were determined by varying the ra-

dial position of the test fuel element. The positions used

for different lattice pitches are shown in Figs. 2 and 3.,

and denoted by 1 to 4? and 5. In the case of a 16 cm lat-

tice pitch, the experiments were made with four symmetri-

cally placed test elements in each position.
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3.2. Progressive substitution experiments

Progressive substitution experiments consist of

the successive substitution of the central part of a refe-

rence lattice by the test lattice. The number of test ele-

ments used in our experiments wass 4? 6, 8, 12 and 16 for

all lattice pitches. A schematic view of reactor cores in

the progressive substitution experiments is given in Figs.2

and 3.

In earlier measurements in the reactor RB /3/, the

values of the extrapolated lengths in axial directions, for

various lattice pitches were analysed and approximately the

constant value of ca. (7 + 0,5) cm has been obtained in

all experiments. This value was taken in the analysis of the

substitution experiments, too.
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4. RESULTS

4.1. Calculations of the statistical weights

The statistical weight, W, of each elementary cell,

can be calculated by the following formula:

tot

where: V - the volume of the cell; V, , - the volume of the
tot

lattice; %% --.;.the unperturbed flux in a cylindrical reactor.

The integration is done in the radiaH plane, taking that

^ = J (,'', r). The statistical weight (as defined here) is

proportional to the value of J in the center of the cell

times the surface of the cell. Only a small correction has

to be added. It can be shown that for the elementary square

lattice cell with centre at the distance r from the cen-

tre of the reactor, statistical wceght is given by:
3 .2 Ĵ (f'.r) .

-r 2 / i< a ^ i -, 1 '

^o^?l- "IT ^ 'I" .2, , '

d^(<;.r) '

W(r) = (4.1)

2NJ
(^q^N7^)+j%^a

where: a - lattice pitch, N - total number of fuel elements

in the lattice. The total number of cells in a reactor is

determined so that the cells at the border of the core with

only one fuel element are also taken into account (see Fig.4)

The statistical weight of these cells is multiplied by l/m,

where m = 2. Thus the effective dimensions of the reactor

core were included in the calculation.
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To define the transient region correctly? the

statistical weight of each intermediate cell was multipli-

ed by l/n, where in our case n - 2 /2?4/.

The statistical function, U , was calculated ac-

cording to the formula given in Section 2. It was assumed

that the neutron current is proportional to J (^r).

4.2. 'D/P measurements

The evaluation of difference between the axial

and radial components of diffusion coefficients wasc done

according to eqs. (2.14) and (2.15), respectively. In ap-

pendices I and II, the algorithms for ^D/D determination

are given.

According to the definition of cells, it was as-

sumed that coefficients ^D /D and J'D /D^ are the

double values of the corresponding coefficients in The in-

termediate region /2,4/. This is true only when the dif-

ference between the test and reference region is the coolant

itself.

The procedure for determining J'D /D and
Z ̂  Z J-

^D ,̂/D is shown in Diagrams 1. and 2., whereas the va-

lues for various lattice pitches are given in Table 1,

TABLE I

Changes in diffusion coefficients for various lattice pitches

Lattice pitch ^ ,, ^
(cm)

D /D 0.077 + 0.004 0.185 + 0.019 0.254 + 0.028

D ./D ^ 0.027 + 0.002 O.138 + a,009 0.213 + 0.016rj zl *- — —
1.049 1.041 1.034rj
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4.3. Successive substitution measurements

The basic data obtained from substitution expe-

riments are given in Table II. The analysis of these expe-

riments was performed according to equation (2.8), and the

procedure is shown in Diagram 3. IR the Appendix III, the

algorithm for evaluation of the difference between the axial

bucklings of igest and reference regions is given.

TABLE II

Basic data from substitution measurements

Lattice
pitch
(cm)

11.31

14.0

16.0

No. of test
elements

0
4
6
8

12
16

0
4
6
8
12
16

0
4
6
8
12
16

Critical
height
of D O
(cmf

117.63
118.73
119.18
119.73
120.52
121.43

124.54
125.35
125.65
125.98
126.75
127.35

136.83
137.66
138.13
138.27
138.82
139.24

Axial
buckling

( -2)
i,m ;

6.3541
6.2434
6.1990
6.1452
6.0694
5.9836

5.7041
5.6345
5.6090
5.5812
5.5171
5.4679

4.7709
4.7118
4.6858
4.6768
4.6416
4.6149

Change in
ax.buckling

*2-,
t.m J

-0 :;
-< 0.1107
- 0.1551
- 0.2088
- 0.2847
- 0.3704

. 0
- 0.0696
- 0.0951
- 0.1229
- 0.1870
- 0.2362

0
- 0.0591
- 0.0851
- 0.0941
- 0.1293
- 0.1560



In the course of the analysis, the following

should he taken into consideration;

a) There are some differences between vertical

extrapolation lengths in the reference and test lattices.

However, the effect of voids in our experiments induced

only small changes in extrapolation lengths, so we did not

take it into account.

b) In cases when the test region is placed in an

eccentric position, in relation to the reactor center (in

our experiments with 4,8 and 12 test elements in the core of

11.3 cm lattice pitch, and 6 test elements in the core of

14 cm and 16 cm lattice pitches? see Figs, 2 and 3)? the mea-
p

x ) i

be multiplied by the correction factor E /l/:

sured buckling difference ('̂'" --x ) in equation (2.8) has to

E = 1 - 0,65 (-2 ---^)r^ (4.2)

wheres r is the eccentricity. Such a simplified form of the

correction factor is valid only for small eccentricities.

In Table III, the values of this correction are given.

TABLE III

Values of the correction factor E

No.of
test
elements

4
6
8

12

11.3
(cm)

a/2
0
a/2
a/2

14 and
16 (cm)

0
a/2
0
0

0.
1
0.
0.

11.3

9976

9957
9941

1
0.
l
1

E

14

9977
1
0
1
1

16

.9966
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c) To obtain the proper value of material buckling

for the anisotropic test lattice, the following expression

is useds

B =o< + 3 + ^B ; (4.3.)

where" ... ' -*;',
p -' _i p p

B̂  = - ^ r (2 ^ - . ^ (4.4)

= D /D - the anisotropy coefficient of the test lat-
zj rj

tice. !r -;.

During the series of measurements in one lattice?

only a small change in temperature was obtained (less than

0.1 C), So we did not consider the effect of the temperature

difference.

The final results for material bucklings of the

test lattices are given in Table IV.

TABLE IV

Results of one-group perturbation analysis

Lattice pitch (cm)
Buckling :—: —— -*—* ^—
, -2, 1H3 ^ 14.0 *'' 16.0

B^ 17.507 13.968 11.702
r<^ 6.354 + 0.052 5.704 + 0.044 4.771 + 0.033
^' 11.153 + 0.576 8.264 + 0.323 6.931 + 0.314

-7 ;>'' - 1.159 + 0.116 -1.388 + 0.047 -1.288 + 0.051
^ 5.195 + 0.128 4.316 + 0.065 3.482 + 0.060
'^ ..j 16.348 12.580 10.413

AB'r - 0.012 0.005 0.001

B̂ r 16.336 + 0.591 12.585 + 0.329 10.414 + 0.319

3
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5. CONCLUSIONS

The present experiences in the work on substitu-

tion experiments sh'bw that the use of one-group perturba-

tion method gives satisfactory results /2,5/. The greatest

uncertainty in values of material buckling results from me-

asurements with a single test element. To obtain a greater

precision in these results, it is necessary to measure the

critical height of the reference region after each substi-

tution measurement. In order to increase the accuracy of

reading the differences in critical heights it also recom-A

manded to use four test elements placed in symmetric posi-

tions around the center of a reactor when signle-rod ex-

periments are carried out. As mentioned earlier, this was

applied in our experiments with 16 cm lattice pitch where

changes in the critical heights are relatively small.

The error of the determination of diffusion coef-

ficient components ranges from 5% to 10%. Taking these er-

rors into account and the errors of the radial and acial

components of material buckling? the error of the material

buckling of the test lattice amounts to 3% and 4%.
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LIST OF FIGURES AND DIAGRAMS

Fig. 1. View of the reference core of a reactor for lat-

tice pitches of 11.3 cm and 16 cm. The reference

core of 14 cm lattice pitch is of the equal shape

as the core of 16 cm lattice pitch.

Fig. 2. Schematic view of the reactor core for 14 cm and

16 cm lattice pitches in the progressive substitu-

tion experiments, and the positions of test ele-

ments in single-rod experiments.

Fig. 3. Schematic view of the reactor core for 11,3 cm

lattice pitch in the progressive substitution ex-

periments, and the positions of the test element

in signle-rod experiments.

Fig. 4. Cell types in the Swedish interpretation of expe-

riments.

Fig* 5. Cross-section of the fuel element used in the re-

ference lattice. Fuel element of the test lattice

is not filled with D O .

Diag. 1. Determination of j'D /D from single-rod ecpe-

riments for various lattice pitches.

Diag. 2. Determination of -"D /D from single-rod experi-

ments for various lattice pitches.

2 2
Diag. 3. Determination of ( *^ -'' -,) from the progressive

substitution experiments for various lattice pitches.



* * *

6J

t * o o o o * *
# # 0 0 0 0 * *

cj

* * * *

t t o o o o t *

t t o o o o t *

* * * *



* * * o o w t *

* *

* # o o * <
* * * o o * *

* * o o * *
* * o o o o * #
+ O O O 4 O O * *

cfj A/=72

t o o t *
o o o o * *
oo-too**
o o o o # #
* o o < *

S < #?O * * W *

/J

o /ue/ e/emen^ o^ ̂ /)e /es^ regf/on

< ^ > <&. /<a///ce ce// o///;e /n^ermed/a^ reg/'on n = 2

< ^ \ (/. /đ^//ce ce// o^ //;e reference /*$y/b/) 7 n ^ 2

/

:%#

4





7.0

-20 -7.0

-JO

7.0

.3=74 c m

cm

a=77.J c m

0.5 7.0

<a=74 c m

=77.3 cm
a"=76 c m



Pubtishedby:
Boris Kidrič instttute of Nucfear Sciences
P.O.Box 522
BEOGRAD-V!NČA
Yugosiovia


