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Interpretation der in den schnellen kritischen Anordnungen

MASURCA und SNEAK durchgefiihrten Substitutionsexperimente

Zusammenfassung

Verschiedene Substitutionsexperimente, die in den schnel-
lea kritischen Anordnungen MASURCA und SNEAK durchgefiihrt
worden sind, wurden unter Verwendung der spektralen Syn-
thesemethode analysiert. Die Methode wurde verwendet, um
das Zweizonen-Reaktorproblem zu ldsen, und die dabei er-
haltene kritische Gleichung wurde auf eine geeignete Form
gebracht, entsprechend derjenigen, die fiir thermische Re-
aktoren abgeleitet worden war. Die Abhingigkeit der Er-
gebnisse fiir das radiale Buckling von der GrdBe der sub-

stituierten Zone wurde auch untersucht.

17. Januar 1974



Interpretation of substitution experiments performed

in the fast critical facilities MASURCA and SNEAK

Abstract

Several substitution experiments performed in the fast
critical assemblies MASURCA and SNEAK are analyzed by
using the spectral-synthesis method..The method has
been applied to solve the two region reactor problem,
and the critical equation obtained is given in a suit-
able form, analogous to the one derived for thermal
reactors. The dependence of radial buckling values on
the size of the substituted region has been investi-

gated.
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1. Introduction

The application of progressive substitution technique, that
has been used very successfully in thermal reactor systems
for material buckling determinations, makes possible the
systematic study of various uranium and plutonium fuels, as
well as the extrapolation of results in multizone experiments

when only a small amount of the fissile material is available.

The theory, based on the use of the spectral-synthesis method
(known also as the space-energy method and the overlapping-
group method), for the interpretation of substitution experi-
ments in fast media, has been derived by Storrer and Chaumont
/1/, and Naudet /2/. Sevefal substitution experiments per-
formed in the critical assembly MASURCA in Cadarache, have

been analyzed by the proposed methed /3,4,5/.

In the present report, these experiments are recalculated by
the more suitable approach in solving the system of non lin-
ear equations. The critical equation has been written in a
very convenient form, analogous to the corresponding equa-
tion derived for thermal reactors /11/, so that instead of
the linearization of a system of equations, the buckling
difference between two media can be obtained by the proce-
dure of straight line fitting. Special attention has been
given in comparing the results obtained by varying the num-
ber of substitution steps in the analysis, and trying to
find a criterion for choosing the representative value of

the buckling differences,

The analysis of substitution experiments performed in the

critical facility SNEAK in Karlsruhe, is alsc included.



2. Theory

In the spectral-synthesis method it is assumed that the space
and energy dependent‘neutron flux can be approximated by the
linear superposition of some specified functions Yi(E), i-=
132, 00ees,N, |

N
PED = ] e ORE. (2.1)
1=

: . . . . >
Wi(E) are linearly independent trial functions, and pi(r) are
the combining coefficients that have to be found for a given
—’ .
problem. E represents here the energy and r is the position

vector.

2.1 General spectral-synthesis equations

The diffusion equation for a given region with a constant
composition in a continuous energy notation can be written

in operator form as:

D(E)VZe(F,E) + HO(E,E) = O, (2.2)
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The quantities D, Ops Og and Op represent the diffusion coef-
ficient, total, scattering and fission macroscopic cross sec-
tions respectively. X is the fission spectrum and v is the

mean number of neutrons per fission.
Applying the method of weighted residuals, i.e., substituting
the approximate form, Eq. (2.1), into Eq. (2.2), multiplying

by arbitrary weight functions wj(E) and integrating over

energy, one cbtains

DV +Hp = O, (2.3)
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using the inner product notation, matrix elements Dji and

Hji are defined by:
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where

< w | A‘f> = [ w(E)A(E)Y(E)dE.
(o}

If the index j takes on N values, and if the weight functions,
wj(E), are linearly independent, Eq. (2.3) represents N cozpled
partial differential equations for the space functions pi(r).
The boundary conditions for Eq. (2.3) at a material interface
are derived from the standard diffusion theory boundary con-
ditions. The continuity of flux and current across an inter-

face specifies that:

p- = p+ (2.6)
D- Vp- = D+ Vp+ (2.7)
where the superscripts "-" and "+" refer to the left and

right sides of the material boundary. Thus, the continuity
of flux requires that each Py be continuocus acroess an inter-
face, while the current is continuous in a weighted integral

sense.



In order that expansion (2.1) be, as much as possible, an
accurate description of the system, one has to choose proper
trial functions. Series of investigations have been done in
choosing various trial functions, and it has shown /6,7/ that
for the core region a fundamental mode is an excellent choice.
Although, for small reactors with highly enriched fuel, the
asymptotic properties are in general not established in any
part of the core, so that the use of fundamental modes as
trial functions may lead to significant errors, very good
results that have been obtained /3,4,5/, justify such a

choice by interpretation of substitution experiments.

The choice of weight functions is of lesser importance. How-
ever, Kaplan /8/ has found that the variational choice is

most likely to lead to the best results; this has been proved
in many succeeding reports, e.g. /9,10/. The weight functions

are chosen as the adjoints to the trial spectra:
, *
w® = TE, (2.8)

* > . . .
where the adjoint flux, ¢ (r,E), is approximated in the same
way as the neutron flux, and satisfies the adjoint equation,

corresponding to Eq. (2.2), with the same boundary conditionms.

2.2 Two-region two—trial function problem

It is possible to obtain solutions of Eq. (2.3) for certain
simple geometries. Restricting themselves to the problem of

a bare reactor consisting of two homogeneous regioms, Storrer



and Chaumont /1/ applied the spectral-synthesis method in order

to describe such a system with only a few parameters. Their pro-
cedure will be briefly summarized her. For two reactor regionms,

an expansion of the form (2.1) is terminated after the second

term:

S(T,E) = o, (DY, (E) + p, ()Y, (E). (2.9)

The trial functions Yl(E) and YZ(E) are here the asymptotic

spectra of the reactor regions.

Applying the same method of solutiom as in the two-group, two-—
region problem, the sclutions of Eq. (2.3) can be expressed

as a linear combination of two eigenvectors, F(;) and G(?),
whose eigenvalues, for each of the two zones, are given as
(i=1,2):

a2 = B2
i
2 2
1 = e
Aj TR
where Bi2 is the material buckling of the region i, and ui's
are given by:
21 Bani Boni T Buani Bewi
0T T2 D D =D D (2.11)
B. (2)i “@2ni ani 7(22)i
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The mixing functions pi(r) can then be expressed in the

following way:

Cl Fl (;) - C2 Sl Gl (;) in zone |

+
pl(r) = - (2.12)
E2 G2 (r) in zone 2
N C2 G] (;) in zone |
py(xr) = - o (2.13)
E, F2 (r) - E2 82 G2 (r) in zone 2
where Ci and Ei are proportionality constants, and the coef-
ficients Sl and S, are given by:
D1y
St % D,
(1Nl
D
5, = 22 (2.14)
(22)2

These are the equations derived by Storrer and Chaumont. It is
seen from Eqs. (2.12) and (2.13) that the flux in each region
has two components: the fundamental and a harmonic which de-

creases with a relaxation length u-l.

2.3 Critical condition

For the bare, two—zone cylindrical reactor, the eigenfunctions

Fi(¥) and Gi(;) can be separated in r and z directions, where



the radial parts, fi(r) and gi(r), satisfy the corresponding

eigenvalue equations with eigenvalues Biz and Yiz given by:

[x™

(2.15)

P
e
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ay is the axial buckling of the zone i. The solutions of the
eigenvalue equations, omitting the proportionality constants,

can be written in terms of Bessel functions as:

4

fl(r) Jo(Blr)

gy(r) = I (yr)

£, (r) Jo(Byr) + €Y (Byr)

8y(x) = I (Y,r) + nK (y,r).

The constants € and n are determined by the requirement that

the flux must vanish at the extrapolated boundary+):

J
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The notation (""°)aR means that the argument oR is com-

mon to all the Bessel functions appearing in the brackets.



Applying the equations of Storrer and Chaumont to the boundary
conditions (2.6) and (2.7), at the zone interface R, Naudet /2/
has derived a critical condition of a two—-zone reactor system,

which can be expressed as:

S]S2 -1 (X2 - Yl) (Y2 - X])

Xp=- Xy = —g5—" T, =) , (2.16)

where the following notations have been used:

m Jo
Xl = = E— (T)
1“1 B8R
< o l__ (Jo + sYo)
2 82 J] + eY1 BZR
m Io
LS
Yy 1 YIR
Y = _].__ (Io N nKo
2 Yo Ik

m is the average value of the weighted ratios of diffusion coef-

ficients, given as:
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Y,

’ (i,j = ]’2)0
D

In many cases diffusion coefficients D](E) and DZ(E) have nearly
the same variations with energy, so that the ratio D2/D‘ depends
very little on energy, what justifies the substitution of four

different coefficients, mij’ by their average value.

With some rearrangements the critical condition (2.16) can be

expressed as:

u+ Sv = 1, 2.17)

where the following symbols have been introduced:

w
i
i
w0
wi

1°2
X
2
Y = ¥, - X)) ¥, - X
X, (Y = ¥))

This equation, relating the interface radius to the extrapolated

radius, depends on six parameters: Bl’ BZ’ Hys Hos m;and S. Para-
meter S gives indication about the migration of neutrons between

the two media. According to the expressions (2.14), it is seen

S

that the product S o does not depend on the normalization of

1
applied spectra:
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The sign of S depends on whether the product S,S2 is smaller
or greater than one. The two regions are well adapted if S
is small. For S=o, equation (2.17) reduces to X1=X2, i.e.,

to the critical condition obtained by the one-group theory.

3. Application to substitution experiments

The substitution technique consists in replacing the central
part of a multiplying medium, taken as a reference, by another
medium whose properties are to be determined. The changes in
neutron balance, produced by such a procedure, allow the study
of some basic properties of the new medium., In general, one
is trying to evaluate the material buckling of the substituted

medium from the resulting critical configurations.

The form of the critical condition (2.17) is very suitable for
the analysis of the two-zone criticals. A similar equation has
already been used, very successfully, for the interpretation

of substitution experiments in thermal and fast reactors /3,11/.

3.1 Buckling difference determination

Trying to evaluate the radial buckling of the substituted re-
gion, Bl’ from the difference between the radial bucklings of

the two regions:
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A8 = By - By, (3.1)

where 82 is the known radial buckling of the reference region,
all the other parameters that enter into Eq. (2.17) have to
be known. The radii R and R, are known experimental data. The
radius of the substituted zone, R, is directly determined by

the number of substituted fuel elements Nl’ as

where d is the lattice pitch of the reactor core. The extra-
polated critical radius of the reactor, Re’ is obtained by
measuring the change in reactivity and then finding the cor-
responding value of the critical radius, or by changing the
critical radius itself, in order to reestablish the criticality

of the reactor system.

The other four parameters: m, Hps My and S, describing the
interface effect in the model, have to be calculated. Since,
in most cases, the two media (the reference and the substi-
tuted one) differ only in the fissile nuclei, the parameters
mij are close to cne, and it is supposed that they could be
calculated very precisely. The possible uncertainty in the
valués of these parameters, as well as their substitution
by the average one, has relatively small influence on the
value of AR. Still less influence have the parameters My

and Moo The way how these parameters are calculated by a

multigroup procedure is described in the next section.

The parameters that plays the most important role in deter-

mining the radial buckling difference is the parameter S.
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Since it influences very much the value of AR, it ought to be
very well known. Its sensitivity to the interface effect, how-
ever, may lead to significant errors in its computation. In
thermal reactors one has already been faced with this prob-
lem, and the way out has been found in applying the progres-
sive substitution technique. Instead of evaluating only one
multizone system, one replaces stepwise the fuel elements in
the reference core with new elements, starting from the reac-
tor center. After each substitution, the produced effect is
measured, as already explained, and analyzing the results it
is possible to determine the buckling difference and the cou-

pling parameters S at the same time.

For several substitution steps, one measures the critical extra-

polated radius, for each radius Re of the substituted

R‘ 1
zone. From the sy;?;m of n critical equations (1 = 1,2,....,n),
it is possible to find the best solutions for AR and S, apply-
ing the method of least squares. The radial buckling of the
substituted medium enters into the critical equation implicitly.
In order to obtain its value by that equation, it is necessary
to specify an initial value OBl, or °AB, and to apply the iter-
ative procedure. However, the critical equation will not be

satisfied in that core. It may then be represented as:

u+Sv = p, (3.2)

where p differs from unity, so much as the initial value °Bl
differs from the exact one. The calculation procedure follows
than in this way: for each substitution step one measures the
extrapolated radius and calculates the quantities u and v
according to the Egqs. (2.18) with the initial value for buck-
ling difference, A8, Since u and v contain measured radii,

the system of critical equations can be represented as:
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1, (1=l,2,-oooo,n) (3.3)

where U1 and V1 are calculated values of u and v, for the
substitution step 1. Applying the method of least squares,
i.e., minimizing the sum of squared residuals €, One is
able to find the best solutions for p and S. With the ob-
tained value for p, after each iteration step k, the new

input value for the buckling difference is formed in the

following way:

k

k+1 P kAB , for AB > o

K (3.4)
AB , for AB < o©

AB

i

The iterations are stopped when the value of p becomes close
enough to unity. The fitting procedure itself, comnsists in

minimizing the weighted squares of residuals:

-1

0y (ul-Ul)z + (Vl—vl)zJ. (3.5)

0
it
o~
=S
s
™
p—
[
1]
[ Rt

] 1=1

The choice of the weights wy is in a way arbitrary. One has

to deal not only with experimental errors by determining the

extrapolated radii Rel’ but also with errors that are the
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product of the applied evaluation model, and errors arising
from calculating various parametersientering the critical
equation. All these errors can hardly be estimated, and in
a simplified manner if can be assumed that those weights

could be interpreted as differences in critical radii:

Wy v | Ry ~ Ry | (3.6)

where R, is the extrapolated critical radius of the reference
core. Since each measurement of the radius is done with the
same absoclute precision, the points with smaller change in

the critical radius will thus have a smaller weight.

The standard deviations op and gg of the parameters p and S
are obtained in the usual way by the fitting procedure. It
remains to determine the error of the buckling difference,

AB. Again, taking into account only pure mathematical grounds,

since the parameter p was obtained by varying AB, one can write:

where F is the implicit form of the critical equation (2.17),

F (61: 82, u]’ “2’ R, Re) m, S) = O,

For the series of substitution steps, one has:
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From the definition of symbols Xi and Yi’ entering into the

critical equation, it can be seen that only the term X, de-

1
pends on Bl. Therefore, BF/BBl is given as:

oF_ oF %
- e ~n_ ?
9B, X, 381
where:
F L1y _giz-T2,
3% X, Y, - Y,
2
oX J
1 R o
BR
Denoting with:
e L 3%,
= 5 EY SR,
18 X, 881

the standard deviation of the buckling difference can be

written as:

3.7)

(3.8)



3.2 Reflector savings calculation

Until now, all the equations have been derived assuming the two-
zone treactor, consisting of reference and substituted medium.
However, fast reactor assemblies are generally always reflected
by a blanket region. In principle, the described method could

be easily extended to take into account more than only two re-
gions. However, the spectrum in the blanket region is largely
influenced by the leakage of neutrons from the reactor core,

and this effect cannot be accounted for by the infinite-medium
spectrum, Calculating blanket trial functions for the physically
more realistic situation, i.e., taking the blanket center spec-
trum from a spatial diffusion calculation with the core leakage
into the blanket, leads to complex bucklings /6/. Since such

a solution in cylindrical geometry involves an infinite series
of Bessel functions, instead of the two-term expression for

real bucklings, it would not be possible to obtain the criti-
cal equation of such a system in a closed analytical form.
Therefore, it is more practical to use two-region theory also

in the case of reflected systems; one then must properly take
into account the changes in reflector savings during substitu-

tions.

For each substitution step 1 (see Fig. 1), the reflector saving
GRl, defined as:

6R1=R - R

el 21’

must be found. Applying the multigroup calculation to the given
reactor system, this difference can be calculated, and it may
be assumed that it can fairly well represent the experimental

value:

(3.9)

(R, - R (R

21)
calc meas

el
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It follows that

calc

where R21 are measured critical radii of the reference zome
during substitutions. These radii are obtained by addition

or substraction of fuel elements at the core-reflector bound-
ary. In order to avoid any discrepancies between the experi-
mental and calculated values of the critical radii, one has
to correlate the experimental and calculated data. This cor-
rection procedure, as pointed out in /3/, consists in adjust-

ments of:

1) the reference medium in such a way that the calculated
radial buckling be identical with the measured ome. This
is done by changing the mean number of neutrons per fis-

sion of the reference medium.

2) the blanket medium, so that the measured reflector saving
of the reference core be equal to the calculated one (by

changing the diffusion coefficient of the blanket).

3) the substituted medium for each substitution step, so
that the calculated critical radius R, be equal to the
measured one (by changing the mean number of neutrons per

fission of the substituted medium).

After these adjustments have been done, the two-zone calcula-
tion of the bare reactor gives the calculated extrapolated
radii Rops i.e., the calculated reflector savings GRl. Ac—
cording to the Eq. (3.10), the corresponding experimental
values of the extrapolated radii during substitutions are

obtained.



Besides the radial reflector, the fast critical assemblies have
usually an axial one, too. The method applied in the interpre-
tation of substitution experiments is based on the assumption
that the radial bucklings of the substituted and reference re-
gion remain constant during substitutions. The axial reflector
savings are different for the two media taken isolately. Since
the physical height of the both regions is equal and remains
constant during progressive substitution procedure, the axial
curvature of the meutronm flux in the central region varies: at
the beginning it is approximately equal to the curvature of

the reference region, and it approaches the value of the sub-
stituted region alone, as the radius of the central zone be-
comes big enough. Since the material buckling of the region

is a constant, i.e., the sum of the axial and radial buckling
must remain constant during substitutions (onme deals always
with a critical reactor), the radial buckling of the substi-

tuted region should vary too.

The axial and radial bucklings of the reference region are
supposed to remain constant, because the reference region
should always be thick enough in order to essentially sup-
press the influence of the central region on the flux curva-
ture. Otherwise, the applied method, taking this effect not

into consideration, would lead to wrong results.

The numerical experiment performed /5/, has shown that in
spite of small changes in axial buckling, the radial buck-
ling may still be assumed to be constant during substitu-
tions. No obserable effect on Bl could be found. This con-
clusion was well supported by the excellent agreement bet-—
ween the directly measured values of radial bucklings and

those obtained by the substitution procedure.
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3.3 Multigroup calculations

After determinating the critical extrapolated radii, Rel’ one
has to calculate the values of parameters m, My and Wy that
enter into the critical equation. As already said, the radii
of the substituted zome, R]l’ as well as the material buckling
of the reference core are known quantities, and Bl and S are

the parameters to be determined.

The parameters m, M and u, are expressed in terms of coef-
ficients Dji and Hji given by Egqs. (2.4) and (2.5). These
coefficients have to be calculated by the available multi-

group cross—section data, and can be represented as:

NN RGO A D

= *-‘g s H \Fg (i,i,z = 1,2),
TGi)z Qe5® v, 1>

where index z stands for the substituted and reference zone,
and g denotes the energy group. Taking into account the de-
finition of the operator H, and proceeding the calculation

in G energy groups, one can write:

¢ g ¥E 8
DGn. = 4 %Yy
g=1
G g 1 ' G 1 '
~ ok8 __ 8 g g g — g8 g
H(ji)z gzl \Pj ( ct,zﬁ +g,§1 Ors,z ‘ff t X, g.lef,z “’f ).

Introducing the concept of a "removal' cross-section:
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o8 = o8 - 5878 ,
rem t s
ting So® = DoB 78 ;
and writing vof E vog » the equation for the coefficient

H,., can be written as:
(1i)z

G 1 G

o . — !
H,.. = 2 {)‘g(_og \Fg + z O'g '*g\{;g +Xg 2 \)O'g \‘:g
(Jl)z g=] ] g'= ’ ] 1 f’ 1

3.4 Adjustment of the model

The applied spectral-synthesis method is based on the assumption
that the spatially dependent neutron spectrum could be adequately
represented by a linear overlapping combination of a few infinite
medium spectra that are characteristics of the subregions of the
reactor system. This assumption can hardly be justified in small
systems, where generally no asymptotic properties are present

in any of the regions. On the other hand, the approximation of
four different mij parameters with a single value m, that was
introduced in thederivation of the critical equation, may also
influence the obtained results if the energetic dependenca of

diffusion coefficients in the two media is not nearly the same.

Calculating the changes in reflector savings during substitu-
tions, the group constants of the reactor regions are adjusted,
sc that the multigroup theoretical model describes the critical
system accurately. Numerical solutions of the multigroup dif-
fusion equations can then be considered exact with respect to

the applied synthesis approximation. An adjustment of the model

to the multigroup calculations is thus necessary.

(3.12)
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As already pointed out in /2/ and /12/, parameters u, as well
as parameter S, cannot be calculated accurately, since the
interface effects are represented in a very simplified way.
However, the buckling difference is much less sensitive to
4 than to S. The parameter u can then be chosen as an adjust-

ment parameter.

Adjustment of the substitution region, as described previously,
gives values for radial bucklings of the substituted zone for
each substitution step. Critical equations, corresponding to
each step of the substitution, can then be considered as equa-
tions with two unknowns: Hy and My (actually Yy and Yz), where
other parameters are obtained by multigroup calculations. Try-
ing to solve them, an infinite set of solutions for Yy and Yy
would be obtained. Indetermination can be eliminated by adding

a supplementary condition:

l
~

1

'
~r

" " R (3.13)

adjusted 2 calculated

as given in /3/, where the calculated values are obtained
according to Eq. (2.11). Finally, the system of critical
equations is to be solved for By and S, applying the proce-

dure described in Section 3.1.

4, Results of the experiments

Six different substitution experiments performed in the fast
reactor assemblies MASURCA in Cadarache, and SNEAK in Karls-

ruhe, were analyzed by the described method. The necessary
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multigroup calculations for evaluation of parameters Di' and
Hij’ as well as reflector savings during substitutions, were
done using the existing NUSYS-program system with KFKINR cross-—
section set /13/, developed in Kernforschungszentrum Karlsruhe.
26~group diffusion theory calculations in one dimension were
applied, expressing the axial leakage through the measured
axial buckling of the reference core. Calculations of the
various parameters entering the critical equation, adjustment
of the equation to the multigroup calculation through para-
meters i and o> and the evaluation of experiments accerding
to the procedure described in the Sectiom 3.1, were dome with

a FORTRAN-IV program SUBSTI that was written for these purposes.

Besides the progressive substitution experiments, in the assembly
MASURCA, the critical experiments with core regions consisting

of substituted medium only, were also made. Thus, the values ob-
tained by the application of synthesis approximation in the treat-
ment of substitution experiments, were tested with the directly

measured ones.

In all the experiments, the substituted zone extended axially

throughout -the whole core,

4.1 Experiments performed in the critical facility MASURCA

The following MASURCA substitution experiments were evaluated:

2u, 702 2380y in the
reference core, 1B, was replaced by the plutonium fuel (257

Pu, 747 238

1) 1B/IA', where the uranium fuel (30% 23

U, 1% Fe) giving the substituted core 1A';

2) R2/22, where also the uranium fuel of the reference core, R2,
was replaced by the plutonium fuel, forming the substituted

core Z2;
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3) R2/R2 %-Na, where one half of the sodium present in the
reactor cell was simply taken out, forming thus a void in

the substituted core, R2 %-Na.

All the experiments are described in detail in /3/, /4/ and
/5/, respectively. The experimental data for critical radii
during progressive substitutions, as well as the calculated
corresponding extrapolated radii, are given in Tables 3, 4
and 5. It should be noted that the data for the experiment
1B/1A' were obtained using the Karlsruhe cross-section sets,
while for the other two, the results obtained in Cadarache
are presented. The composition of the reactor cores 1B and
1A', used in multigroup calculations, is given in Table 1.
The measured values of radial bucklings for all the investi-
gated assemblies, by means of the fission rate traverses /12/,
are given in Table 2. Expressing the results of these experi-
ments in terms of radial buckling differences, AB (inm cm_l),

one obtains:

A8 (1B/1A") = - 0.00198 + 0.00014
AR (R2/22) = 0.00274 + 0.00016
AB (R2/R2 5 Na) = - 0.00233 £ 0.00015 ,

where the value for the reactor system 1B/IA' is taken from
/12/. These values, denoted as ''measured", are to be compared
with those obtained by substitution experiments and inter-

preted by the described spectral-synthesis approach.
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4.2 Experiments performed in the critical facility SNEAK

A detailed description of the experiments performed in the assemb-
lies SNEAK-3A and 3B is given in /15/ and /16/. In the reference
uranium core 3A2, the plutonium zone was introduced giving the
core 3B2. The final plutonium zone radius reached 29.9 cm, so
that the 3B2 core consisted of two zones (the uranium zone radius
extended to 44.9 cm). The reflector saving of the reference core
3A2 was estimated to be 13.53 ecm /17/, and the radial buckling

was (in cm—l):

R = 0,04133 + 0.00020,
ref -

Although these data are not known accurately, it can be expected
that the buckling differences obtained by the substitution tech-

nique are well determined.

The two-zone core 3B2 served as a reference core to the partial
replacement of the steel by nickel and molybdenum for the simu-
lation of Inconel. The substitution was performed in 5 steps
with a final radius of 20.59 cm. Since the evaluation method
cannot be applied to multi-zone cores, it was assumed that the
two-zone treatment will provide good results as long as the
substituted zone does not significantly apprcach the plutonium-
uranium interface. The whole reference core was treated as

consisting of Pu-zone only, with the radial buckling of (in cm_l)

Bog = 0+04084 * 0.00026 ,

obtained by the 3A2/3B2 substitution experiment.
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The radius of the cylindrized blanket zone was in both cases
80,86 cm, and the axial buckling according to the measurements
/16/ was estimated to be 0.02864 cm—l. The material composi-
tion of these assemblies is given in Table 6, and the experi-
mental data for both substitution experiments are given in
Tables 7 and 8.

In the assembly SNEAK-7B /14/, here denoted as a reference
core 7BO, the uranium-oxide was replaced by plutonium-
uranium-oxide fuel (37 Pu), forming the substituted zome 7Bl.
The substitutions were performed in five successive steps with
2, 4, 6, 8 and 16 elements replaced. The cross-section of the
core for the largest substituted region is given in Fig. 2.
The material compositions of both core media and a surrounding
reflector (radial blanket) are given in Table 9. Since no con-
trol and no shim rods were present in the central substituted
region, the compositions of the two cores has been assumed as

consisting of normal cell platelets only.

The effect measured after each substitution was the reactivity
change of the reactor, combined with the change of the radius
of the reference core. The data, obtained by the cylindrization
of regions, are given in Table 10. The measurements on the re-
ference core alone have given the radial reflector saving of

12,0 em, and a radial buckling (in cm_l):

B = 0,04825 + 0.00010,
ref -

Two more data used in the analysis were the cylindrized radius
of the radial blanket - 67.84 cm, and the measured axial buck-

ling of the reference core - 0,03386 cm_l.

The final substituted zone radius was 12.28 cm, which is

approximately one third of the radius of the reference core
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of 37.84 em, Although the substituted zone was very small, the
measured reactivity changes were very marked, as can be seen
in Table 10.

4,3 Analysis of the results and conclusions

The results obtained for the synthesis parameters entering the
critical equation, are given in Tables 11 and 12. The complete
calculations were done for the SNEAK substitution experiments
and the MASURCA 1B/1A' substitution. All cases show a very
good spectral matching between the substituted and reference
media, leading to small values of the parameter S, and very
similar values of different diffusion coefficients, qualify

ing their representation through the average one.

In Tables 13 to 18 are given the results of radial buckling
differences obtained by varying the number of substitution
steps in the analysis. Starting from the smallest number of
the first three substitution steps, it can be seen that the
results obtained show a tendency of having a minimum value
if the substituted zome was large enough. The inconsistency

in the results may be attributed to the following reasons:

1) the theory itself, since for the small test regions the
choice of the asymptotic trial function is a poor one.
On the other hand, for large test regions, the inter-
action between the test and reflector zones becomes

significant, which has been neglected in the analysis,

2) approximate treatment of the radial reflector and the
changes in the material composition during substitutions

(because of the presence of control and shim rods).



_28._

The comparison between the values obtained for radial buckling
differences and the'corresponding volumes of the substituted
zone, shows that the more or less stationary values of A8
coincide with the replacement of about 25% to 30% of the vol-
ume of the reference core. These values show, at the same
time, the best agreement with the directly measured ones, as
can be seen in Table 19, where V2,ref stands for the volume

of reference core. The ratio (AB)sub/(AB)meas for various
substitution steps that were taken into account, is shown

in Fig. 3.

The results obtained for substitution experiments performed
in MASURCA indicate a certain unreliability for the buckling
difference in the SNEAK-7B experiment, since the substituted
region was too small. Only 1/10 of the reference core has
been replaced by the new fuel elements. It might be expected
that the real value for AR should be smaller. In additionm,
the material buckling difference was calculated by a one-

dimensional diffusion program with 26 enexrgy groups giving

- B = 0.00670 cm ! .

B ref

sub

The asymptotic properties of the cores 3A2 and 3B2 were very
similar, and the changes in the critical radius during sub-
stitutions were small. Inconsistency of the results, when
only a small number of fuel elements were replaced, as camn
be seen in Table 16, is due to numerical difficulties arising

in such cases.

From the results obtained for the 3B2/3B2-In substitution
experiment, it may be concluded that there were no inter-

actions between the substituted inconel zone and the uranium
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zone, The volume of the substituted zone was below the optimum
one, but the consistency of the results for the last twoc sub-
stitution steps, as shown in Table 17, gives a certain confi-

dence in the value of the buckling difference.

All the results have been obtained by applying the weights
defined by Eq. (3.6) in the least squares method. If these
weights were omitted ( ascribing thus the same weight to
each measurement), one gets results which differ up to about
10% compared with those given in Table 19. Another way of
finding the solutions for B, and S from the system of n non-
linear equations by their linearization /4,5/, where no

weight factors can be used, seems to be less precise.

The results given in Table 19 show a very good agreement bet-
ween the directly measured bucklings, by a fission chambers
technique, and those obtained by substitution experiments.

The standard error of the obtained radial bucklings is smaller
than 17. As.long as the spectra of the two media compared are
not too different, and if the substituted to reference volume
ratio has a value of about 1/4 to 1/3, the two—trial function
spectral-synthesis approximation can be very successfully
applied for the interpretation of substitution experiments

in fast media.
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Table 1 Composition of the MASURCA core (atoms/cm3‘x l()2 )
Element 1A! 1B Reflector
235y 0.125020+10™% 0.215993+102 0.176406+1072
238 0.554809+ 102 0.580557+10 2 0.418977+107!
239, 0.169669 102
2405, 0.156480+ 107>
2415, 0.148408+ 10"
242p, 0.184742+107°
Fe 0.489409+ 1072 0.389184+1072 0.389184°102
Cr 0.122814* 1072 0.104502+ 102 0.104502+1072
Ni 0.604271+1072 0.877353*107 3 0.170971+1072
c 0.564682+10"! 0.564682+107




Table 2 Measured radial bucklings in MASURCA cores

Core type B (Cm—l)
1A' 0.05039 + 0,00033
1B 0.05237 + 0.00037
R2 0.03520 + 0.00009
R2 -;— Na 0,03287 + 0.00015
22 0.03794 + 0.00009




Table 3 Experimental critical radii for MASURCA 1B/IA' substitution

Number of substituted Test zone radius Critical reference Reflector saving Critical extra-
fuel elements R, (em) zone radius | SR (cm) polated radius
R, (cm) R, (cm)

0 0. 33.09 12.83 45,92

16 5.98 33.11 12.84 45,95

52 10.78 - 33,28 12.83 46.11

64 11.96 33.32 12.83 26.16
112 15.82 33.52 12.83 26.35
144 17.94 33.65 12,81 26.47
192 20.72 33.89 12.78 46.68
256 23.92 34,13 12.74 46.90
320 26.75 34.36 12.67 47.08




Table &4

Experimental critical radii for MASURCA R2/Z2 substitution

Number cf substituted

Test zone radius

Critical reference

zone radius

Reflector saving

Critical extra-

polated radius

fuel elements R] (cm) . (emy SR (em) 2 (o)
2 e

0 0. 47.86 20,46 68.32
16 5.98 47.58 20.46 68.04
52 10,78 47.14 20.46 67.60
144 17.94 45,98 20.46 66.44
192 20,72 45.60 20.46 66,06
256 23.92 45,05 20,43 65.48
320 26.75 44.61 20.38 64.99
548 35.00 43,78 20.00 63.78




Table 5

Experimental critical radii for MASURCA R2/R2 l-Na substitution

2

Number of substituted

Test zomne radius

Critical reference

zone radius

Reflector saving

Critical extra-

polated radius

fuel elements R, (cm) R (em) SR (em) R (cm)
2 e

) 0. 47.77 20.55 68.32
64 11.96 47.96 20.53 68.49
112 15.82 48.10 20.52 68.62
192 20.72 48.34 ' 20.51 68.85
256 23.92 48.50 20.51 69.01
320 26.75 48.65 20.50 69.15
548 35.00 49,22 20.50 69.72
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Table 6 Composition of the SNEAK cores 3A2/3B2/3B2-In (atoms/cm3 x 1077)

Element 3B2 3B2-In 3A2 Reflector
Al 0.1274+10"" 0.127410"" 0.1291+107 ! -
c 0.956 *1073 0.956 +107> 0.932 +1073 0.14 -107%
Cr 0.3595+10 2 0.1888. 10”2 0.3647+1072 0.1267+1072
Fe 0.1197-10" ! 0.6199+10 2 0.1218°10" ! 0.3955+10"2
H 0.1849+10"2 0.1849+1072 0.1792+10"2 -
Mg 0.131 +1073 0.133 -1073 0.64 +107" -
Mo 0.29 1074 0.885 +1073 0.39 1074 0.19 +107%
Nb - 0.5 +107° - -
Ni 0.1755+ 102 0.9500+ 102 0.1854+10"2 0.984 1073
0 0.1222+10°% o.1222-10f‘ 0.145310"} -
si 0.254 +1073 0.179 -1073 0.188 +10°> 0.46 +107%
i 0.38 -107% - 0.40 +107% -
239, 0.1476*1072 0.1476+1072 - -
2405, 0.133 +1073 0.133 +1073 - -
2415, 0.11 +107% 0.11 «107% - -
242py 0.6 +107° 0.6 107> - -
235 0.56 107" 0.56 1074 0.2031+10"2 0.1625+1073
238y 0.8186+10" 0.8186+10"2 0.8104+10" 2 0.399414+10""




Table 7

Experimental critical radii for SNEAK 3A2/3B2 substitution

Number of substituted

Test zone radius

Critical reference

zone radius

Reflector saving

Critical extra—

polated radius

fuel elements R, (em) T com) SR (cm) R (em
2 e
0 0. 44,66 13.53 58.19
1 3.07 44,64 13.54 58.18
5 6.86 44,59 13.54 58.13
9 9.21 44,52 13.55 58.07
21 14,06 44,47 13.55 58,02
37 18.67 44,40 13.55 57.95
57 23.17 44,34 13.54 57.88
69 25.49 44-%; 13.54 57.83
71 25.86 44,29 13.54 57.83
93 29.60 44,33 13.53 57.86
95 29.91 44,33 13.53 57.86




Table 8 Experimental critical radii for SNEAK 3B2/3B2-In substitution

Number of substituted Test zone radius Critical reference Reflector saving Critical extra-
fuel elements R, (cm) zone radius SR (cm) polated radius
R2 (em) Re (cm)
0 0. 44.33 14,54 58.87
1 3.07 44,36 14.55 58.91
5 6.86 44,48 14.55 59.03
9 9.21 44,59 14.55 59.14
25 15.35 45,01 14.54 59.55
45 20.59 45.43 14,54 59.97




Composition of the SNEAK-7B core (atoms/cm3 x 10

24

Table 9 )
Element 781 -7BO Reflector
-5 -4
Al 0.603026+ 10 0.120403+10 -
-3 -4 -4

c 0.169621+10 0.659598+ 10 0.13559+10

Cr 0.293490¢ 102 0.286026+ 102 0.11955+10"2

Fe 0.999023+ 10”2 0.995765+10 2 0.39549+10™2

H - 0.759470+107° -

Mg 0.267494+10™° 0.534040+10"2 -

Mo 0.230847+10% 0.197950+10"% 0.9970 +107°

Nb 0.930045+107° 0.902870+10 "> 0.8544 +107°

Ni 0.149339+10™% 0.146020+10"2 0.9845 «103

0 0.332400+10" ] 0.338377+10" ! -
239, 0.218166+10 2 0.197406+ 102 -
2405, 0.212618+1073 0.177338+103 -
2415, 0.182663+10™% 0.161162+10°% -
2425, 0.152830+10"° 0.809970°10~° -

Si 0.820402+10~% 0.119667+10 > 0.4532 +10°%
235 0.103978+103 0.106317+1073 0.162451+1073
238 0.141194+10" ! 0.145684+10 ) 0.399401*10" !




Table 10 Experimental critical radii for SNEAK 7BO/7Bl substitution

Number of substituted Test zone radius Critical reference Reflector saving Critical extra-
fuel elements R (cm) zone radius SR (cm) polated radius
1 R, (em) R (em)
2 e
0 0. 37.84 12.00 49,84
2 4.34 37.62 12.04 49.66
4 6.14 37.39 12,05 49,44
6 : 7.52 37.14 12.06 49,20
8 8.68 36.91 12.05 48,96
16 12.28 36.04 12.05 48.09




Table 11 Calculated values of synthesis parameters for the MASURCA cores
Substitution experiment
Parameter
1B/1A R2/Z2 R2/R2 5 Na
S1 1.024
82 0.979
S -0.0024 -0.0056 0.00094
my 0.9805
m 0.9815
M 0.9800
My, 0.9812
m 0.98085 0.9786 0.916
ny Cem ™) 0.26663 0.1218 0.0517
uy (em ) 0.33055 0.1579 0.0771




Table 12 Calculated values of synthesis parameters for the SNEAK cores

Substitution experiment

Parameters
3A2/3B2 3B2/3B2-In 7B0/7B1
s 0.9730 1.0643 0.8164
s, 1.0282 0.9395 1.2255
S -0.00047 0.000084 -0.00052
m 0.9529 1.0752 0.9909
m, 0.9530 1.0753 0.9910
m,, 0.9528 1.0757 0.9910
m,, 0.9529 1.0757 0.9910
m 0.9529 1.0755 0.9910
u, (el 0.5574 0.2262 0.1740
uy (em ) 0.5970 0.0809 0.1644




Table 13

Results of the synthesis calculations.

Experiment MASURCA 1B/1A'

Number of substitution Volume ratio -1
steps taken into account Vl/vz, ref A (em )
3 0.131 -0.00286
4 0.229 -0.00208
5 0.294 -0.00200
6 0.392 -0.00209
7 0.523 -0.00214
8 0.654 -0.00215




Table 14

Results of the synthesis calculations.

Experiment MASURCA R2/Z2.

Number of substitution Volume ratio -1
steps taken into account v, /vz’ ref AR (em )
3 0.141 0.00285
4 0.187 0.00270
5 0.250 0.00274
6 0.312 0.00279
7 0.535 0.00287




Table 15

Results of the synthesis calculaticns.

Experiment MASURCA R2/R2 %-Na

Number cof substitution

Volume ratio

. AR (em )
steps taken into account VI/VZ, ref
3 0.188 -0.00244
4 0.251 -0.00237
5 0.314 -0.00229
6 0.537 -0.00228




Table 16

Results of the synthesis calculations.
Experiment SNEAK 3A2/3B2

Number of substitution Volume ratio .
steps taken into account VI/VZ, fef AB (em )
3 0.043 0.000229
4 0.099 -0.000352
-5 0.175 -0.000470
6 0.269 -0.000480
7 0.326 =0.000457
8 0.335 -0.000449

9 0.439 -0.000461
10 0.449 -0.000466

[




Table 17 Results of the synthesis calculations.
Experiment SNEAK 3B2/3B2-In

Number of substitution Volume ratio -1
] AB (em ')
steps taken intoc account VI/VZ, rof
3 , 0.043 '~ -0.000325
5 ' o.118 -0.000612

5 0.213 ~0.000683




Table 18

Results of the synthesis calculations.

Experiment SNEAK 7B0O/7BI

Volume ratio

Number of substitution
. AB (cm—l)
steps taken into account VI/VZ, rof
3 0.040 0.00944
4 0.053 0.00926
5 0.105 0.00819




Table 19

Comparison of the direct measured radial bucklings with those obtained by

substitution experiments

Reactor system ABdir (cm_]) ABsub (cm_l) B] . (cmfl) Bl (cm—l)
dir sub

MASURCA 1B/1A' -0.00198+0.00014 -0.00200+0.00014 0.05039+0.00033 0.05037+0.00040
MASURCA R2/Z2 0.00274+0.00016 0.00274+0.00034 0.03794+0,00009 0.03794+0.,00035
MASURCA RZ/RZ%Na -0.00233+0.00015 -0.00229+0.00009 0.03287+0.00015 0.03292+0.00013
SNEAK 3A2/3B2 - -0.00048+0.,00017 - 0.04085+0.00026
SNEAK 3B2/3B2-In - -0.00068+0.00011 - 0.04017+0.00028
SNEAK-7B0/7B1 - 0.00819+0.00056 - 0.05644+0,00057
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