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. control of warm shutdown (180 °C isotherm) by control rod assemblies 
only. 

The second objective of the study is to make a contribution to the 
development of RCVS design procedures and to highlight the aspects 
requiring the development of tools and of design procedures, or the 
intensified knowledge of the basic data. 

DESCRIPTION OF REACTOR FUEL AND ABSORBER 

Geometric characteristics 

The special feature of the RCVS core is its ability to accommodate 
two types of fuel simultaneously, a mobile fertile fuel used for the 
spectral shift and reactivity monitoring, and a stationary fissile fuel 
generating most of the power (figure 1). 

The preliminary studies are conducted on the design basis of the 
Framatome N4 reactor. The main differences concerne the core and the 
reactivity control principle. Soluble boron is replaced by gadolinium 
mixed with the fertile fuel of the spectral shift and clusters. 

The assembly has a height of 425 cm with a triangular pitch. The 
upper and lower parts are occupied by axial blankets. 

The tables 1 and 2 gives the RCVS characteristics ; 

number of positions in the vessel 253 
number of fuel assemblies 199 
number of blanket assemblies 54 
number of control rod clusters 61 
number of spectral shift rod clusters 138 
cell moderation ratio 1.01 
assembly moderation ratio without fertile rods 1.45 
assembly moderation ratio with fertile rods 1.15 

Table 1 : composition of the core 

fissile rod : UO2-PUO2 : 0.2 % U5, 7.3 % of fissile Pu 
fertile rod : U02~Gd203 : 0.2 7. U5, 6 % Gd2Û3 
absorber rod : B,C 90 % 10„ 

Table 2 : rods characteristics 
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Figure 1 : Radial view of core 



DESIGN PROCEDURE 

The hardening of the spectrum resulting from the presence of pluto
nium and from the decrease in the moderation ratio leads to the use of a 
specific design procedure. The heavy nuclei chain and the characteristics 
of the pseudo fission products were adjusted accordingly. 

The design procedure for the absorber assembly takes account of the 
environment of the assemblies with BA.C rods in the transport calculations. 
The procedure used here consists in defining the procedure leading to the 
lowest efficiency, with an environment consisting of nex assemblies. 

The core diffusion calculations are carried out with a homogeneous 
assemblage configurât ion, that requires obtaining cross-section libra
ries with six énergie macrogroups (4). 

A comparative study of the performance of the finite element method 
used in the finite element diffusion code CRONOS 1 [6], proves that the 
optimized numerical approximation for calculating the reactor is para
bolic with 19 points per assembly. 

The power distribution calculation method adopted is similar to the 
one used for PWRs. The rod power peak is obtained from the assembly power 

-• calculated by CRONOS, superimposed with the power gradient in the assem
bly and the fine structure in infinite medium. 

The main codes involved in the design procedures are follows : 

APOLLO (5) 
Sections with 99 groups 
Multicell calculations in infinite medium 

I 
Library of cross-•sections condensed in 
six groups parameterized as a function of: 
fuel temperature, moderator density and 
burnup 

! 
CRONOS (6) 
Finite element diffusion code with a 
thermal hydraulic module : FLICA 3 (7) 

LOSS OF REACTIVITY 

Assembly without fertile rods 
The multiplication factor in infinite medium ranges from 1.17194 to 

0.96446 between 0 and 62.5 GWd/t. The slope, which is -0.42 pcm/MWd/t at 
the start of irradiation, is -0.27 pcm/MWd/t from 30 GWd/t. The migration 
area is 52.0 cm2. 

TRANSPORT 

DIFFUSION 



Fission product absorption accounts for 10,5 % of total absorption 
at 62.5 GWd/t. Their variation in absorption accounts for 64 Z of the 
variation in total absorption. 

Assembly with fertile rods 
The 36 6% gadoliniated UO2 rods constitute the fertile medium of 

the assembly. The fertile rod clusters are withdrawn out of the core 
in order to balance the loss of reactivity during the irradiation. In 
this epithermal spectrum, the gadolinium disappears slowly without 
disturbing the variation in the infinite multiplication factor. With 
this content in a PWR type lattice, a rise in reactivity would be 
observed. At the stard of life, the spectral shift assembly accounts for 
about 11,000 pm in the assembly. 

The multiplication factor in infinite medium ranges from 1.04704 to 
0.92154 between 0 ar.d 62.5 GWd/t. The slope is -0.31 pcm/MWd/t between 0 
and 10 GWd/t and -0.18 pcm/MWd/t from 30 GWd/t. 

At the start of irradiation, gadolinium absorption accounts for 
5200 pcm of total absorption and represents 46 % of the reactivity effect 
of the removal of the fertile assemblies. Some residual absorption 
subsists, arount 1700 pcm or 32 % of the initial value. 

Reactivity balance of 20 GWd/t cycle 
The fuelling plan adopted results from an optimization study on 

cycling by thirds, the reactivity requirements are as follows : 
. reactivity loss 4320 pcm 
. fission products (Xe, Sm) 1400 pcm _ . . ,,„-^ 1 • c«« total 6720 pcm . control margin 500 pcm r 

. compensation of irradiation 500 pcm 

* including a spectral shift gain of 700 pcm. 1000 pcm "* \ % m 4-̂  
k 

Fissile plutonium balance of cycle 
The fissile plutonium yield of the cycle B. is defined by the ratio 

of the quantity of fissile plutonium leaving the core to the quantity 
entering it. The different contributions of R are : 
. 0.709 of fissile rods participating in spectral shift (0,69 without 
spectral shift effect), 

. 0.05 of radial blankets, one-third discharged at 5500 MWd/t, 

. 0.022 of fertile SS rods, one-third discharged at 4600 MWd/t, 

. 0.009 of axial blankets, one-third discharged at 2000 MWd/t, 
making a total yield R » 0.79. 
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POWER DISTRIBUTION 

Fine structure in infinite medium 
It can be shown that, in all the situations considered for the 

assembly witho--*: fertile rods, the assembly power peak remains above 
1.10 and is aftected by the position of tb*> «ater holes, and the most 
unfavourable case gives 1.24, 

If the fertile rods are present, the flux /itches at the periphery 
of the assembly and fxy remains above 1,22. This high value is due to 
the presence of the water sheet at the periphery and to the position of 
the fertile rods, which must remain concentrated toward the interior of 
the assembly (figure 2), 

Without gadolinium in the spectral shift assemblies, the power peak 
in the assembly in infinite medium is 1.17 . The presence of gadolinium 
increase the power peak by 6 Z . 

Core power distribution 
The values of the power peaks change very slightly during the cycle 

(between -3 and -6%), 

Diagrams (a), (b) and (c) of figure 3 show the power distributions 
during irradiation. The most active region of the core is the interme
diate zone, rings 3, 4 and 5. The power generated between batches is 
fairly well distributed. 

The rod power peak is located in an assembly with spectral shift 
rods, although it is not the hottest assembly. During the cycle, the 
maximal axial power remains less than 1.24. 

The core power coefficient varied slightly during a cycle and is 
about -19 pcm/%PN (PN, power rating). 

At any time during the cycle, the feedbacks increase the power at 
the periphery of the core. In this region of the core, the power can be 
modified by more than + 7 %, while on the peak located closer to the 
centre, the effect is only - 3 %. 

Figure 2 ; 

fine structure 
of assembly with and 
without f er t i l e rods 
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Figure 3 : power distribution during irradiation 

CRTTF.RTON FOR WARM SHUTDOWN 

The reactor is at zero power, its temperature is uniform at 180 °C, 
and the pressure in the vessel is only 30 bar. The reactor core is in a 
penalizing situation with respect to the reactivity requirements with 
the stard of cycle at equilibrium. All the spectral shift assemblies are 
inserted. All the control and shutdown assemblies are dropped,except the 



most effective. In these conditions, the subcriticality of the core must 
be guaranteed to within - 1000 pcm (plus uncertainties), 

REACTIVITY BALANCE, WARM SHUTDOWN CRITERION 

NEEDED (pcm) AVAILABLE (pcm) 
PN 155 bars 180°C 30 bars 4375 assemblies with B4C rods 11565 
axial power redistribution 300 B4C rods cluster jammed -3000 

control of reactivity -300 
xenon 800 margin insertion -500 

subcriticality margin at 
shutdown -1000 

TOTAL 5475 TOTAL 6765 

Gadolinium absorption in the core at 180 °C is about 3000 pcm. The 
gadolinium input (or of any other absorber) is necessary to control the 
reactivity at 180 °C. 

CONCLUSIONS 

The authors show that, for a discharge burnup of 60 GWd/t, the 
fissile plutonium content of about 7.3 % is such that the local void 
coefficient is positive for a discharge burnup of 46 GWd/t it would be 
negative. The core void coefficient is negative for the both . Monitoring 
of the reactivity by means of control rod assemblies and spectral shift 
rod cluster is feasible for a 20 GWd/t cycle. To do this, the spectral 
shift rod cluster consist of gadoniniated uranium in co-ground form. A 
6 % content is sufficient and disturbs the variation in reactivity of 
the assembly in a monotonie manner. In this spectrum, the soluble boron 
has a very low efficiency of -1.56 pem/ppm. 

Control of warm shutdown (180 °C) is achieved by spectral shift and 
shutdown assemblies containing rods of B4C enriched to 90 % with boron 
10. The presence of an absorber in the spectral shift assemblies is 
necessary to guarantee the subcriticality of the core. The loss of 
fissile plutonium nuclei per cycle of 20 GWd/t (accounting for the 
blanket and spectral shift) is 20 %. The contribution of the spectral 
shift represents about 6 % of the fissile plutonium extracted from the 
core, and the blankets represent about 7.5 %..The gain procured by 
spectral shift is estimated at 14 % of the cycle time. 
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