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CONTROL ROD EXPERIMENTS IN RACINE 

A. STANCULESCU*, G. HUMBERT 

RESUME: 

A survey of the control-rod experiments planned within the 
joint CEA/CNEN-DeBeNe critical experiment RACINE is given. The 
applicability to both heterogeneous and boaogeneous large power 
LMFBR-cores is discussed. 

Finally, the most significant results of the provisional 
design calculations performed on behalf of the RACIliE control-
rod progresse are presented. 
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R E S U M E 

On donne un aperçu du programme barres de commande tel 
qu'il est prévu dans Le cadre de L'expérience critique RACINE 
(programme commun CEA/CNEN/DeBeNe). 

On discute l'applicabilité aux gros coeurs du réacteur 
de puissance à neutrons rapides tant hétérogène qu'homogène. 

Enfin, on donne les résultats les plus significatifs des 
calculs préparatoires. 



I - INTRODUCTION -

RACINE is a joint CEA/CNEN-DeBeNe (KFK, INTERATOM, 
BELGONUCLEAIRE) critical experiment performed on the HASURCA 
facility at CADARACHE. 

In line with the parametricaI approach already retained 
by the CEA (clean core, core with a central fertile zone), 
RACINE is aiming at studying the neutronics of a large 
heterogeneous core concept with a central fertile zone and 
two fissile rings, separated by a fertile ring IM. 

The international cooperation agreements enable the 
set-up of large critical assemblies (nearly 2.2 t fissile 
material of various provenience are available for the RACINE 
programme) leading to configurations which enhance the features 
of the heterogeneous core concept. 

Other critical experiments for heterogeneous configurations 
have been performed /2,3,4,5/. 

For what concerns the RACINE programme, a more parametric 
approach has been chosen with the goal of finding the basic 
dependencies between the main physics properties of a hetero
geneous core and some characteristical design parameters 
(like the ratio of fertile to fissile volume, the position 
and the thickness of the fertile ring, the number of fertile 
rings, ...) of such a configuration. 

This paper deals only with the control-rod experiments 
foreseen within the frame of the RACINE programme. 
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Aftsr some general remarks, the concept of neutron 
coupling 16/ is briefly recalled and its application to a 
qualitative understanding of the control-rod interactions 
is di scussed. 

Then, the control-rod configurations as well as the 
planned experimental steps are described. 

Finally, the most significant results of the provisional 
design calculations performed on behalf of the RACINE control-
rod programme are presented. 

II - CONTROL-ROD EXPERIMENTAL PROGRAMME -

11-1/ The incentive for performing control-rod experiments 
in zero-power critical facilities is both an economical and 
a safety related one. Thus, a better understanding of the basic 
pbysics is sought leading to reliable bias factors and reducing 
the associated uncertainties. 

11-2/ In heterogeneous cores,a loose coupling between 
the fissile zones means an increased sensitivity to power and 
reactivity perturbations : the more a core is loosely coupled, 
the more flux- and power-tilts and the reactivity worths of 
the control-rods will be sensitive upon the degree of coupling 
itself. 

Actually, the concept of neutronic coupling has been 
used in the framework of the heterogeneous core concept 
analysis /&/. 
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The interesting point is that the strong power tilts 
found in heterogeneous configurations, and described in 
terms of neutronic coupling, are altogether comparable to 
the power tilts found in large homogeneous power reactor 
cores (see also § II-4/) . 

To illustrate these problems, a brief outline of 
AVERY's theory of coupled reactors /6/, will be given for 
a heterogeneous core with to fissile ?ones separated by a 
fertile zone. 

For such a system : 

k12 k21 = ( 1 " k l } ° " k 2 } (1) 

'12 
1-k, (2) 

(and, equivalently) : 

P., '21 
1-k. r 1 ' *2 

Differentiating (1) and (2) yields 

6k 1 1-k1 

(2*> 

(3) 

&(P,/?2) 5k 1 

V^ 1-k, 
(4) 



• i,.-

yhere k. and k^ are the effective multiolicat : on factors of 
the respective subzones for neutrons coining from the subzone 
itself, whereas k-, and k_. auantify the neutronic coupling 
between the subzones, and can be conceived as multiplication 
factors of the respective subzone (i.e. 1 and 2) for neutrons 
coming from the other subzone (i.e. 2 and 1 ) . P 1 and P ? , 
finally, stay for the subzones' power. 

If coupling tends to zero, one obviously concludes from 
(1) tl.at at least one of the subzones must be critical on its 
own. 

On the contrary, for tight coupling, each of the subzones 
taken on its own can be allowed to become subcritical. Thus, 
always supposing that overall criticality is achieved, the 
subcriticality of the subzones of the core indicates whether 
the coupling is tight (the subzones may then be even highly 
subcritical), or weak (one of the subzones tends to criticality). 
In this latter case, considerable power tilts between the 
subzones are possible (equations (2) and (2')). 

The coupling factors k 1 2 and k_- depend both upon the 
leakage probability out of the subzone and upon the "permeabi
lity" towards the leaked neutrons of the fertile zone sparating 
the two fissile zones. Hence, the degree of coupling depends on 
geometrical (thickness of the fertile ring, radii of the 
fissile zones), and other general design features (fissile 
density, erichment, . . . ) . 

With the aid of a simple numerical example (Table I ) , 
one can easily get an idea of the order of magnitude of the 
control-rod interaction -as well as power tilting- effectS:to 
be expected at different degrees of neutronic coupling. 
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Thus, for a constant reactivity insertion of 5 ° / 0 0 Ak in 
subzone 1 and going from a weak to a tight coupling, the 
response in subzone 2 passes from a factor of 4 to about 10%. 

Accordingly, the same reactivity insertion leads to a 
relative change of the P./P 2 power fraction of 25% for the 
weakly against 1% for the tightly coupled core. 

TABLE I 

REACTIVITY AND POWER PERTURBATIONS 

WEAK COUPLING : 
1 - k, = .020 
1 - kg = .005 

MEDIUM COUPLING : 
1 - k, = .300 
1 - kg = .150 

TIGHT COUPLING : 
1 - k, = .500 
1 - kg = .450 

5k, 

6kg 

SCP.j/Pg) 

+ 5.00 x 1 0 " 3 

- 1.25 x 1 0 ~ 3 

+ 25 % 

+ 5.00 x 10~ 3 

- 2 .50 x 10~ 3 

• 1.7 X 

+ 5 . 0 0 x 1 0 " 3 

- 4 .50 x 1 0 " 3 

+ 1.0 % 
P 1 / P 2 

+ 5.00 x 1 0 " 3 

- 1.25 x 1 0 ~ 3 

+ 25 % 

+ 5.00 x 10~ 3 

- 2 .50 x 10~ 3 

• 1.7 X 

+ 5 . 0 0 x 1 0 " 3 

- 4 .50 x 1 0 " 3 

+ 1.0 % 

For some control-rod configurations in RACINE, we expect 
Locally flux tilts up to 70%, so that we are dealing with a 
weakly coupled annular heterogeneous assembly. As a consequence, 
we expect interaction factors between control-rods of up to 
100% or even more. 

To illustrate this, a survey of the planned control-rod 
configurations in RACINE as well as the most significant results 
of the design calculations will be given. 
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11-3/ The control-rod configurations planned within 
RACINE include both critical and subcritic2l assemblies. 
Standard experimental techniques will be employed for the 
critical configurations. For the subcritical measurements 
both the MSM (Codified 2 0 u r c e ^ethod), and the inverse kinetics-
technique are foreseen. 

Figure 1 shows the lay-out of the RACINE core with the 
control-rod positions indicated. As can be seen, a two-ring 
configuration is planned (rods 1-4 on the inner, rods 5-12 
on the outer ring). The experiments concern the measurement 
of reactivity worths, power distribution in and around the 
rods, interaction effects between single rods and groups of 
rods on each and between the rings, Sodium-Void reactivity 
(voidening in and/or around the rods), and S-curves in axially 
asymmetrically perturbed configurations. 

A configuration with a single big (280 cm ) central rod 
is also foreseen, yielding results for an absorber rod mock-up 
of SUPER-PHENIX dimensions. 

As absorber material B 4 C of various B enrichment 
(ranging from natural up to 94% 1 0 B content) will be employed. 
The considerable amounts of B 4C needed are also provided by a 
joint German (SNEAK) and French (MASURCA) effort. 

11-4/ Some significant results of the calculations 
performed on behalf of the definition of the control-rod 
experimental programme are shown in Table.II. 

As can be seen, considerable reactivity insertions (up 
to about 20% Ak/k) will be attained. 
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Hence, t h e shadowing and a n t i - s h a d o w i n g f a c t o r s f 

(with the usual definition f = p. ./£p.) achievable vary 
tot ^ i 

between f = .8 and (for calculations not shown in Table II, 
where enriched B.C is considered) f > 2. A homogeneous 
assembly of the same dimension (about 2200 I) would have f-
factors not greater than jf-1' < 0.1 . 

TABLE II 

CALCULATIONAL RESULTS (REACTIVITY 
WORTHS AND INTERACTION FACTORS) 

N° ROD POSITION ABSORBER MATERIAL P&TÊ1 fi:-] 
1 Inner r ing follower - .28 _ 
2 Inner r ing c. -rod Enriched B4C MASURCA 1.8 -
3 Inner ring c.rrod Enriched B4C SNEAK 1.5 -
4 Inner ring c. -rod Natural B4C SNEAK 1.0 -
5 Inner r ing c. - rod Natural B4C MASURCA 1.3 -
6 Control-rods 1+3 Natural B4C MASURCA 2.7 1.061 <N°5,6) 
7 Outer ring c. - rod Natural B4C MASURCA 1.1 -
8 Control rods 5+9 Natural B4C MASURCA 2.8 1.241 (N '7 ,8) 
9 Inner ring Natural B4C MASURCA 4.8 0.951 (N e 5,9) 

10 A l l control-rods Natural B4C MASURCA 20.8 1.464 (N°5,7,10> 
11 Outer r ing Natural B4C MASURCA 14.7 1.621 <N°7,11) 
12 Control-rods 5+6+12 Natural B4C MASURCA 2.7 -
13 C.-rods 5+6+12+8+9+10 Natural B4C MASURCA 9.6 1.789 (N°12,13) 

The reactivity reserve for the RACINE control-rod 
experiments is about 6-7% Ak/k, a fact that limits the critical 
experiments to patterns with no more than 4-6 outer ring rods. 

The higher reactivity worth of the MASURCA material is 
due to its higher density. 

An important feature of the controL-rod experimental 
programme will concern the study of the mutual interaction 
effects in a weakly coupled assembly. 
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As already stated in 11-5/^ RACINE is a very weakly 
coupled heterogeneous configuration, thus presenting the 
opportunity of achieving high interaction factors. 

Table III shows some results on this topic. Here, a 
configuration with eight (called A) and another one, with only 
six (called B) outer ring rods have been studied. Starting 
from the situation with all outer rods inserted (p„ and p, , 
respectively) , one rod has bee successively withdrawn. The 
calculated reactivity Levels for these situations as well as 
the interaction factors defined as f. s (p. -p._ 1)/p. , 
i >. 2 are shown in Table III. 

TABLE III 

OUTER RODS INTERACTION FACTORS 

p i CONFIGURATION B CONFIGURATION A 
:i=N* of Nat. B4C SNEAK Nat. B4C NASURCA Enri. B4 C SNEAK Nat. B4C MASURCA 
outer 
rods) P«f] f1nt » " * ] fint p[%^] fint »B$ f i « . 

p8 - - - 17.6 --p8 - - - 3.4 
P7 - - - 13.2 P7 - - - 3.5 
p6 8.7 12.6 18.5 8.7 p6 2.3 3.2 4.7 2.1 
p5 6.4 8.8 11.4 6.0 p5 2.1 • 2.7 ' 3.2 1.4 
p4 4.3 5.5 6.6 4.2 p4 1.4 1.7 1.7 0.9 
P3 2.9 3.5 4.1 3.1 ' P3 1.1 1.0 0.9 0.8 
p2 1.8 2.3 2.7 2.1 p2 0.8 0.9 0.8 0.6 
p1 1.0 1.2 1.5 1.3 
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Since the main goal of this study was a comparative 
one, the caleu lationa I methods for obtaining the results of 
Table III were somewhat crude as compared to those whose 
results are shown in Table II, thus explaining some incon
sistencies between the two tables. 

Considering the Boron actually to be used for the 
experiments (of SNEAK provenience), the best ca leu lationa I 
methods yield the interaction factors plotted in Figure 2. 
As can be seen, the maximum interaction effect is obtained 
for the withdrawal of the second control-rod out of the bank : 
actually, the reactivity loss due to the withdrawal of this 
control-rod is more than 2.5 times higher than the reactivity 
worth of the isolated control-rod. 

This order of magnitude of the interaction fattors 
found here is -and this is an important feature of the control-
rod programme within RACINE- characteristic also for large 
homogeneous fast breeder cores of SUPER-PHENIX 1 or SNR2 
dimensions 111. 

By comparison,in compact homogeneous cores like PHENIX 
interaction effects not greater than 20% to 40% have been 
found. 

It is worthwhile noting, that the interaction effects 
increase with an increasing reactivity insertion. 

Another interesting item noted also in 111, is the 
influence of the number of outer ring-rods on the interaction 
factor : in configuration B, the withdrawal of one rod out 
of the bank involves the loss of more than 30% of the total 
(bank-) reactivity, whereas for the configuration A only 
about 25% is lost. 
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These kind of experiments are important in view of 
rod-stuck considerations. 

Ill - CONCLUSIONS -

In line with the parametrical approach followed these 
last years at MASURCA, the control-rod experiments planned 
within the annular heterogeneous core RACINE have as a main 
goal to : 

. perform standard measurements for configurations 
with absorber and follower-singularities ; 

. study the interaction effects between control-rods 
as a function of their position and reactivity worths ; 

. study the influence of axially asymmetrical perturbations ; 

. study the influence of the control-rods .on the 
Sodium-void reactivity ; 

. study the influence of Sodium-voidening on the control-
rod worths. 

As most original feature of the control-rod programme 
within RACINE^ the possibility of obtaining considerable 
interaction effects between the single rods must be emphasized. 
This is due to the fact, that the RACINE assembly is weakly 
coupled. 

In this context, the applicability of the results of 
this experimental programme not only to heterogeneous configu
rations, but also to large homogeneous cores like SUPER-PHENIX 1 
and SMS 2 must be stressed. 

•oOo-
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RACINE LAY-OUT 

(control-rod positions : 1-12) 

FIGURE 1 
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