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A B S T R A C T 

This document is the final report on the work performed under the ENEL-
E U R A Ï O M Research Contract No. 092-66-6 TEE1 for utilization of plutonium 
in thermal reactors, which became effective in June 1966 and was completed 
in 1970. 

The .studies carried out for the selection of the reactor for the irradiation 
program with plutonium prototype assemblies are briefly summarized. A 
detailed description is given for the calculation methods and codes used for 
the design of the plutonium prototype assemhlies that have been in the 
Garigliano reactor since summer 1968. 

The paper contains also the main results of the experimental activities carried 
out under the program and, in particular, the results of the criticality meas­
urements in the Garigliano reactor, of the gamma-scanning on the core containing 
twelve irradiated prototype assemblies, and of the post-irradiation measurements 
on an enriched-uranium assembly irradiated to about 10 000 MWd/MTU. 

The operating experience gained up to mid-1970 with sixteen prototype 
plutonium assemblies is also summarized. At that date, the prototype assemblies 
had reached an average irradiation level of 7 000 MWd/MTM with a lead 
assembly v:>lue of 7 500 MWd/MTM. 

Tili· paper reports on the results of the optimization studies to determine 
the plutonium value, particularly where the plutonium is blended with depleted 
uranium recovered from the reprocessing of Magnox reactor fuel. 

Finally, areas that require further studies for a specific reactor are indicated. 
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1. Introduction / 

The main r ea son for the i n t e r e s t in recycl ing plutonium in t h e r m a l 

r e a c t o r s pending the indust r ia l development of fast r e ac to r s s t ems f rom the 

large quantit ies of plutojiium that a r e being produced as a by-product in the 

r eac to r operat ing today and wh ichwi l l significantly grow in the future as 

the insta l led nuclear capacity i n c r e a s e s . The feasibili ty of utilizing p lu to ­

nium as a recyc le f issi le ma te r i a l and its economic advantages have been 

carefully invest igated by ENEL. In mid-1966 ENEL, in cooperation with 

EURATOM, launched a r e s e a r c h p r o g r a m , the purpose of which was to a s s e s s 

the economic potential of such a r ecyc l e , to prove the technical feasibi l i ty 

and to find out the best ways of util izing plutonium in ENEL's wa te r 

r e a c t o r s . Therefore , the studies were devoted on one hand to evaluate the 

technical -economical advantages of using plutonium in a given r e a c t o r type 

and, on the other , to develop nuclear design c r i t e r i a to optimize the fun­

damental cha r ac t e r i s t i c s of this fuel. This goal was approached through 

different exper iments which inc reased the amount of ürif or mation available 

to adjust the design calculation methods to be used, and through the demon­

stra t ion of the technical feasibility of plutonium recycle with a re la t ive ly 

large i r rad ia t ion p r o g r a m using prototype plutonium as sembl i e s . 

Therefore , studies have been conducted as rea l i s t i ca l ly as poss ib le 

on uranium and plutonium fuel cycles to es tab l i sh on which r eac to r to c a r r y 

out the demonstra t ion i r rad ia t ion p r o g r a m with prototype a s s e m b l i e s . The 

models used in these studies were the fuel cycles of the two water r e a c t o r s 

operating on ENEL ' s network, namely, the 150-MWe Garigliano boiling wa te r 

reac to r and the 257-MWe Trino Verce l l e se p r e s s u r i z e d water r e a c t o r . 

Based on the r e su l t s of the p r e l i m i n a r y studies, the choice for the 

implementat ion of the i r radia t ion p r o g r a m fell on the Garigliano r e a c t o r in 

which the prototype plutonium as sembl i e s were loaded. 

I r rad ia t ion s ta r ted in the s u m m e r of 1968 and is still sa t i s fac tor i ly 

u n d e r w a y . By-the· end of June 1970, the f i r s t twelve assembl ies had r e a c h e d 

an average burnup of over 7000 MWd/MTM, without any significant differ­

ence in behavior from the en r i ched-u ran ium a s s e m b l i e s . 

*) Manuscript received on January 19, 1972 



The proto type a s sembl ie s were fabricated with the plutonium r e c o v ­

e r e d f rom r e p r o c e s s i n g of the fuel i r r ad ia t ed in the Lat ina gas -g raph i te 

r e a c t o r . Over 70 kgs of this plutonium was requ i red to fabr ica te the sixteen 

a s s e m b l i e s , thus giving a t h e r m a l output due to the UO -PuO a s sembl i e s 
Cá Cê 

in the core of about 10% of the tota l . Thus the Garigl iano stat ion is the f i rs t 

c o m m e r c i a l s ta t ion in the world to c a r r y out an exper iment on plutonium 

recyc le of such extent . 

Since one of the main objectives of the p rogram was the develop­

ment of adequate design c r i t e r i a for plutonium assemblie s, a t ta inment of 

this objective r e q u i r e d a considerable amount of effort to produce suitable 

calcula t ion methods and techniques, which were also verif ied against ex­

p e r i m e n t s conducted under the Rè sea rch P rog ram. .For this par of the work 

ENEL a lso made available the r e su l t s of the neutronics e x p e r i m e n t s per-., 

f o rmed by UKAEA for ENEL in the DIMPLE cr i t i ca l facility at Winfrith on 

a u ran ium-p lu ton ium lattice like that of the Garigliano r e a c t o r . 

A deta i led discussion of all the phases of the p r o g r a m was given 

in s e v e r a l topica l and p r o g r e s s r e p o r t s prepared in compliance with the 

Cont rac t , and a l i s t of these r e p o r t s may be found at the end of this doc­

ument . However , all the main r e s u l t s a re described again here in , grouped 

so as to provide a complete p ic ture of all the activit ies and the conclusions, 

with no need to r e fe r to other documents . 
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2. REPORT ON WORK PERFORMED 

The P r o g r a m for Plutonium Utilization in T h e r m a l Reac to r s can be con­

s idered divided into two main p h a s e s . 

In the f i r s t phase , an ana lys i s was made of al l the technical a spec t s a s ­

sociated with the introduction of plutonium fuel in the ENEL wa te r r e a c t o r s , 

to invest igate the var ious potential p rob lem a r e a s and to a s s e s s the economic 

impl ica t ions . In this phase , the c r i t e r i a and techniques for nuc lear design of 

prototype plutonium a s sembl i e s to be used for an i r rad ia t ion p r o g r a m were 

a l so developed. 

The second phase compr i sed exper iments on the Garigl iano fuel to obtain 

data which were then used to verify and t r i m the calculation techniques . In 

this second phase a total of sixteen plutonium a s s e m b l i e s were loaded into the 

r e a c t o r and a re still being exposed. 

Bes ides the main r e s u l t s obtained in the two p h a s e s , this Section p r o ­

vides a brief descript ion of the c ha r a c t e r i s t i c s of the prototype a s s e m b l i e s 

and the experience acquired at the Garigl iano with the operat ion and handling 

of these a s s e m b l i e s . 

2. 1 Selection of the Reactor for the I r radia t ion P r o g r a m with Plutonium 

Prototype Assembl ies 

Studies have been conducted on as rea l i s t i c as possible u ran ium and 

plutonium fuel cycles for the two wate r r e a c t o r s of ENEL to examine the 

main p rob lem a r e a s and to select the r eac to r in which to c a r r y out the d e ­

mons t ra t ion i r rad ia t ion exper iment with prototype plutonium a s s e m b l i e s . 

On the bas i s of the technical and economic evaluations per fo rmed , it was 

poss ib le to draw a number of conclusions on each of the a r e a s invest igated 

(a) The analys is of the technical p rob lems assoc ia ted with the introduct ion 

of plutonium in the two r e a c t o r s indicated that a slight pe r tu rba t ion on 

power dis tr ibut ion could be caused under cer ta in c i r c u m s t a n c e s . 

The re fo re , from the technical standpoint, the selection'of the r e a c t o r 

to be used f i rs t for the exper iment with prototype plutonium a s s e m b l i e s 
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was dictated by the g r e a t e r power marg in after the deduction assoc ia ted 

with the pe r tu rba t ions due to plutonium loading. The invest igations and 

high void t e s t s previous ly pe r fo rmed on the Garigl iano r eac to r under 

another r e s e a r c h cont rac t with EURATOM had indicated that this r eac to r 

does p o s s e s s ample m a r g i n s . On theother hand, the Tr ino reac to r was 

being carefully examined with an a im at exploiting the available power 

m a r g i n to i nc rease the e l ec t r i ca l output. It was therefore reasonable to 

expect , f rom the standpoint of using prototype plutonium a s s e m b l i e s , that 

th is r e a c t o r would no longer have the degree of flexibility des i red for 

prudent ia l r e a s o n s . However, it was possible that a be t ter fuel assembly 

des ign or other improvemen t s would give r i se to a further power marg in , 

but this would have to be cons idered in further detail , 

(b) The economic ana lys i s re la t ing to the a s ses smen t of the industr ia l value 

of plutonium revea led that it was more dependent on the assumption on 

plutonium fabrication overpr ice than on the reactor type. Thus, from 

the standpoint of economics , there were no prevalent r easons to prefer 

e i the r r e a c t o r for the demonst ra t ion i r radia t ion exper iment . 

The re fo re , ENEL and EURATOM agreed to pe r fo rm the exper imenta l 

p a r t of the r e s e a r c h program on the Garigliano r eac to r , in which a number 

of prototype plutonium a s s e m b l i e s were loaded to demonst ra te their behaviour 

under i r r ad i a t i on . However, the usefulness of the information derived a l so 

for appl icat ion to PWR fuel has never been overlooked. 

2. 2 Descr ip t ion of the Calculation Methods 

The calculat ion methods for the study of the var ious aspec ts of a core 

loaded with UO -PuO fuel was developed by adapting methods and techniques 

that had been developed for en r i ched -u ran ium sys tems . The adaptation was 

based mainly on the exper imenta l r e su l t s obtained with c r i t i ca l a s sembl ie s 

of plutonium fuel and on m e a s u r e m e n t s purposely ca r r i ed out on the Gar ig l ia ­

no r e a c t o r (cfr. Sub-Section 2 .4) . 
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The use of plutonium fuel revealed in t r ins ic difficulties in r e s p e c t of 

neutron calculation, e s sen t i a l ly because of resonance at low e n e r g i e s . Gen­

e r a l l y speaking, it may be stated that for plutonium-bear ing s y s t e m s the c a l ­

culation of the s p e c t r u m - - a n d thus of the nuclear constants ave raged over the 

s p e c t r u m - - m u s t be c a r r i e d out with g rea t e r ca re than for a l l - u r a n i u m s y s t e m s . 

There fo re , the calculat ion methods were developed with an a i m at a sce r t a in ing 

what degree of p r ec i s i on in spec t rum represen ta t ion is requi red for the different 

kind of problems tö be solved. To this purpose , use was made of d ig i t a l - compute r 

codes a l ready p r epa red for uran ium sys t ems ; it was f i r s t n e c e s s a r y to modify 

the capacity of these codes to allow a proper study of the c h a r a c t e r i s t i c s of the 

two ENEL water r e a c t o r s and subsequently to adapt them to take into account 

the p resence of plutonium. 

The computer codes were selected in re la t ion to the different l a t t i ce s 

of BWR's and PWR' s ; even though the work was devoted to adapting the p r o ­

g ram to the Garigl iano boiling water r e ac to r , some effort was made to d e ­

velop s imi lar methods for the Tr ino Verce l lese p r e s su r i zed water r e a c t o r . 

In the following desc r ip t ion , the calculation methods for the two r e a c t o r types 

will be dealt with sepa ra te ly . Depending on the nature of the p r o b l e m s to be 

solved, the calculat ion methods have been divided in: 

(a) methods for power dis t r ibut ion and reac t iv i ty determinat ion; 

(b) methods for fuel cycle s tudies; 

(c) methods for the ver i f icat ion of the shutdown margin ; 

(d) methods for the study of t r ans ien t s . 

2. 2. 1 Methods for Power Distr ibution and React ivi ty Determinat ion 

The calculat ion method developed is based on the use of a diffusion code 

which is applied in a t w o - or th ree -d imens ion geometry according to the na ture 

of the problem to be solved. In tnis connection, it should be pointed out that 

mos t of the operat ing si tuat ions of a BWR core a r e cha rac te r i zed by h e t e r o g e ­

nei t ies of a t r id imens iona l type, especial ly because of the d is t r ibut ion voids 
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along a channel , so that r e c o u r s e must be had to the technique of super impo­

si t ion of effects. Instead, for PWRs it i s possible to consider the axial and 

r a d i a l flux components separable and thus r e s o r t to a bidimensional r ep resen ta ­

tion of the p r o b l e m s . 

Lat t ice cons tants and their var ia t ion with exposure were general ly ca l ­

culated by means of RIBOT code; the K calculation normal ly follows the power 

d i s t r ibu t ion calculat ion. The codes used for these calculat ions can be concep­

tual ly grouped in two main ca tegor ies ; 

(a) Codes that p e r m i t the determinat ion of the macroscop ic power d i s t r ibu­

tion of the whole core as a function of i r rad ia t ion . 

(b) Codes that p e r m i t the evaluation, as a function of i r rad ia t ion , of the 

extent to which the power d is t r ibut ion is affected by local conditions 

owing to non-uniformit ies in the la t t ice , such as water gaps between 

a s s e m b l i e s , different isotopie composit ions of adjacent a s sembl i e s , and 

p resence of control rods . 

After careful examination of all the codes available for BWRs, for 

the ca tegory (a) a FLARE-type code, namely ERFLARE, was selected b e ­

cause of i t s flexibility and economic advantages, while a TURBO-type code, 

CONDOR, appeared more suited to PWR prob lems . 

The ca tegory (b) code normal ly used was the two-group BURNY, 

whi ls t a new code, BURSQUID, resul t ing from linking the five-group RIBOT 

with the SQUID diffusion code, was p r epa red for more detailed calcula­

t ions . 

Whenever it was considered n e c e s s a r y for the lat t ice constants ca l -

cu la t ions to adopt a more sophist icated represen ta t ion of the neutron energy 

d i s t r ibu t ion , use was made of the GAM or FORM code to calculate the con­

s tan ts re la t ing to the higher than t he rma l ene rg ie s , and of the THERMOS 

code for t h e r m a l ene rg i e s . To solve problems cha rac t e r i zed by the p r e s ­

ence of control rods and to calculate the nuclear p a r a m e t e r s in par t i cu la r 

reg ions such as the neutron s o u r c e s , the fuel a s sembly sheaths , e tc . , 

use was made of the GGC-II and DTK codes , as appropr ia te . In all these 

c a s e s the diffusion code used was ini t ial ly PDQ-2, and l a te r the SQUID 
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of greater capacity. For a number of special problems for which the assump­

tion of axial and radial neutron flux component separability i s not justified, such 

as the evaluation of local perturbations induced by the control rods on the radial 

power distribution, use was made of the tridimensional diffusion code, TRITON. 

The following is a description of the main characteristics of all the 

above-mentioned codes. 

The ERFLARE Code 

This code (ENEL Revised FLARE) is the ENEL version of the FLARE 
(2) codev , adapted for the requirements of a large boiling water reactor. 

The three-dimension FLARE code permits a fairly approximate calcu­

lation of reactivity, power distribution and burn-up, and also the representa­

tion of the control rod configuration during the per iods in which the life of a 

BWR is subdivided for the purpose of the calcula t ions . 

The original vers ion of the FLARE code was charac te r ized by a r e l ­

at ively l imited number' of points (14 χ 14 χ 12 in the x, y and ζ d i rec t ions) 

and could not be usefully applied to the Garigliano core. In fact, to repre­

sent each assembly on an horizontal plane with at least one point requires 

16 points in both the χ and y d i rec t ions . The code was therefore modified to 

accommodate a 16x16x16 point arrangement. Incidentally, it should be 

noted that the larger number of axial points contributed to an improved rep­

resentation of the axial power distributions. 

The original version of the code was also modified on a semi-empir ica l 

bas is in relation >to the representation of the regions containing high control 

rod density and to the Haling techniquew) to determine a power distribution 

capable of minimizing the core peaking factor throughout the cycle. The in­

troduction of this technique considerably simplified the matter of obtaining 

the control rod withdrawal sequence, since it was reduced merely to the 

determination of a control rod pattern that would give that particular power 

distribution. The ERFLARE code was trimmed and verified against the 

data collected from the operation of the Garigliano reactor during the first 

two ope rating cycle s and, in particular, from the first three gamma scanning 

measurements . 
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The CONDOR code 

In P W R ' s the mac roscop ic power distr ibution can be calculated with 

a fa i r degree of approximat ion by assuming as valid the separabi l i ty between 
(4) 

the axia l and rad ia l flux components . The CONDOR code was used to d e ­
t e r m i n e the m a c r o s c o p i c rad ia l power distr ibution in Tr ino Verce l lese PWR 
as a function of burnup. This code p r e s e n t s the following main c h a r a c t e r i s ­
t i c s : 

(a) Two-d imens ion calculat ion technique. 

(b) Capabil i ty of r ep re sen t ing fuel e l emen t s , fuel followers and s t ruc tura l 

m a t e r i a l s epa ra te ly . 

(c) Capabil i ty of evaluating the effects of burn-up separa te ly for each region. 

The operat ion of this code can be summarized as follows: 

- Storage in the l i b r a r y of the two-group microscopic c r o s s - s e c t i o n s calcu­

lated a p r i o r i by means of an auxi l iary code. 

- Calculat ion of the macroscop ic c ro s s - s ec t i ons of each region performed 

on the bas i s of the isotopie concentra t ions and microscopic c r o s s - s e c t i o n s . 

- Automat ic s e a r c h of the boron concentrat ion requ i red to make the r eac to r 

c r i t i c a l c a r r i e d out by simplified diffusion calculations ( i . e . ha rmonics 

method) . 

- Two-d imens ion diffusion calculat ion and determinat ion of the macroscopic 

power d is t r ibut ion that i s assumed as constant throughout the p r e s e t burn-

up s tep. 

- De te rmina t ion of the isotopie concentrat ions of each region as a function 

of the at tained burn -up . 

- Repet i t ion of the calculat ion cycle and use , when des i r ed , of another l i ­

b r a r y containing data calculated for the new mean burn-up level. 

The val idi ty of the calculation method was verified by using the ope ra ­

t ional data obtained with the Aerobal l sys tem on the f i r s t core of the Tr ino 
(5) 

V e r c e l l e s e r e a c t o r at different burn-up levelsv . In these calculat ions the 

c r o s s - s e c t i o n s introduced in the l i b ra ry were calculated by means of the 

RIBOT code for al l the burn-up levels of in te res t . 
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The RIBOT Code 

The RIBOT code , developed by CNEN, p e r f o r m s ze ro -d imens ion c a l ­
culat ions of K or reac t iv i ty l ifetime for water l a t t i ces ; it u t i l i z e s a fou r -

eff 
group scheme (1 t he rma l and 3 fast groups) la tely modified to a f ive-group 

scheme (2 t he rma l and 3 fast groups) for the RIBOT-5 ve r s ion ,pa r t i cu l a r l y 

sui ted for studying plutonium la t t i ces . The nuclear constants a r e ca l cu ­

lated f rom cor re la t ions resul t ing from a fitting p r o c e d u r e . Natural ly , such 

a calculat ion model is not complete if it is not supported by exper imen ta l 

r e s u l t s or computations effected with m o r e accura te mode ls . The method 

proved to be fair ly accurate in itself, and ve ry useful especia l ly for its 

flexibility in application to the nuclear design of fuel a s s e m b l i e s . The code 

co l lapses the three fast groups and /or the two the rma l groups to yield four.« 

(3 fast, 1 thermal ) , three-( l fast, 2 thermal ) and two-group (1 fast, 1 t h e r ­

mal) cons tan ts . Since this code const i tutes the main sub-rout ine of the 

BURNY code, the main cha rac t e r i s t i c s of the nuclear calculat ions a re 

desc r ibed below, together with the BURNY code. 

The BURNY Code 
(7) (8) The BURNY code ' ' pe r fo rms calculat ions of diffusion and l ifet ime 

in the x, y and r , ζ dimensions, utilizing a two-group scheme with energy c u t ­

off at 0. 625 eV. The neutron constants a re ca lcula tedby means of the RIBOT 
(9) 

code and a re introduced into the EQUIPOISE code which pe r fo rms the dif­
fusion ca lcula t ions . 

The t he rma l constants a re calculated by means of a co r r e l a t i on of the 

c r o s s - s e c t i o n s based on the Wigner-Wilkins spec t rum as a function of the 

following cha rac t e r i s t i c p a r a m e t e r s : (a) absorpt ion l / v per a tom of H; 

(b) U-235 concentrat ion per atom of H; (c) Pu-239 concentrat ion pe r atom 

of H; (d) absolute modera tor t e m p e r a t u r e . 
(10) The cor re la t ion was c a r r i e d out with r e c o u r s e to the TEMPEST code; 

the cel l disadvantage factors were ca lcula tedby means of the Amouyal-Benois t 

theory . With r e g a r d to the determinat ion of the constants of the fast 
group, the method used is st i l l quicker than the one used for the t h e r m a l 

(12) 
cons tants , even though as a c c u r a t e . To def ineOmbre l la ro type m i c r o ­
scopic c r o s s - s e c t i o n s , the fast group is in turn subdivided into t h r ee s u b -
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groups , the lower l imi t s of which a re 183 KeV and 0. 625 eV respec t ive ly . 

The c r o s s - s e c t i o n s of the three sub-groups are then condensed'in one fast 

g roup . The values of these mic roscop ic c ros s - sec t ion are obtained by c o r ­

re la t ing the r e s u l t s of a s e r i e s of calculations performed with the MUFT-IV 
(13) code for a va r i e ty of water l a t t i ces . Instead, the resonance in tegra l s 

re la t ing to Sub-Group 3 were calculated case by case as a function of the 

c h a r a c t e r i s t i c s of the latt ice being considered. 

The scheme for computing Pu-240 resonance integral has been deduced 

f rom he te rogeneous Monte Ca r lo calculat ions. For small concentrat ions of 

Pu-240 a smooth t rans i t ion curve was used from the infinite dilution r e s o ­

nance in tegra l (8400 ba rns ) to the actual heterogeneous value for high Pu-240 

concent ra t ion . 

Making use of the RIBOT technique which pe rmi t s the neutron constants 

to be calculated in a re la t ive ly short t ime (about 0. 1 sec), the BURNY code 

has the specific c h a r a c t e r i s t i c of calculating the constants of the individual 

r eg ions after each i r r ad ia t ion in terval . 

The BURSQUID Code 
(14) This code i s a link of the f ive-group RIBOT and SQUID codes and 

was p r e p a r e d by ENEL in the f ramework of this Contract . 

The f ive-group RIBOT code re ta ins the main features of the ca lcula­

tion model of the two-group calculat ion method descr ibed e a r l i e r ; the mod­

if icat ions involve only the subdivision of the thermal spect rum into two 

g roups . In addit ion, the condensation of the fast groups is no longer c a r r i e d 

out, and there fore the division in groups is the following: 

Group 1 over 183 keV 

Group 2 183 to 5. 5 keV 

Group 3 5. 5 keV to 0". 625 eV 

Group 4 0. 625 eV to 0.2 eV 

Group 5 l e s s than 0. 2 eV 

The m a c r o s c o p i c t r ans fe r c r o s s - s e c t i o n s of Group 3 (3 „ „ , and 
V 4_R3,4 

} Ώ o c) a r e obtained f rom ^ on the assumption that the sca t te r ing is 
-* = R 3 , 5 *"- = Λ 3 
e l a s t i c and i so t rop ic and due only to a toms of H. 
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With r e g a r d to downscat ter ing phenomena of Group 4 and those of up-

sca t te r ing from Group 5 to Group 4 , it i s a s sumed that these phenomena a r e 

due only to hydrogen according to the Wigner-Wilkins theory. The va lues of 

E„ Λ „ a n d / „ „ . were obtained by the TEMPEST code for a wide va r i e ty R4, 5 *—=R5,4 
of water l a t t i ces . 

For the diffusion calculat ion, use was made of the 10, 000-mesh-poin t 

SQUID code which accepts a complete mat r ix of t r ans fe r c r o s s - s e c t i o n s . 

The GAM and FORM Codes 

These codes r e p r e s e n t a well-known tool for studying the slowing-down 

spec t rum up to the t h e r m a l e n e r g i e s . Both codes a r e different v e r s i o n s of 
(15) the ea r ly MUFT-IV code. GAM is the Genera l Atomic ve r s ion with a 

100-group scheme for flux spec t rum and is more flexible than the co r r e spond­

ing 54-group FORM , especia l ly for a more complete l ib ra ry . 

The THERMOS Code 

Also this code is a well-known tool for studying the neutron t h e r m a l i z a -

tion; it i s based on the one-dimension calculat ions of the integral t r a n s p o r t 
(17) equation with i so t ropic sca t te r ing . The ve r s ion used was that with 50 

groups up to 1.8 eV for flux spec t rum ana lyses . 

The GGC-II Code 
This code is a combination of the GAM and GATHER codes of the Gen­

ie c -
(19) 

(18) e r a l Atomic set . The code i s divided into th ree main p a r t s : a fast sec 

tion covered by GAM code, a t h e r m a l section covered by GATHER code 
(18) and a section covered by COMBO code which combinsed fast and t h e r m a l 

c r o s s - s e c t i o n s into single s e t s . 

As compared with the e a r l i e r ones, this code is more flexible as it 

readi ly makes available la t t ice constants for each m a t e r i a l , condensed in 

mul t i -group schemes and in some c a s e s d i rec t ly on punched c a r d s which 

can be used as input for other codes such as the DTK. 
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The DTK Code 
(20) The DTK code solves the t ranspor t equation in one dimension 

and in a mu l t i -g roup scheme over the whole spectrum. It is used to ca l ­

culate la t t ice cons tan ts in strong absorbing media and is par t i cu la r ly suited 

for the de te rmina t ion of control rod c h a r a c t e r i s t i c s . 

The TRITON Code 
(21) The TRITON code solves the diffusion equation in three d imen­

sions with a m a x i m u m capacity of 20, 000 mesh points . Calculations with 

th is code a r e ve ry t ime-consuming and therefore i ts use was l imited to 

a few indispensable c a s e s in which a high degree of p rec is ion in the local 

flux d is t r ibut ion predic t ion was requ i red for par t icular core regions . This 

was the case , for ins tance , of the contro l - rod- induced per turbat ion of the 

r ad i a l power d is t r ibut ion in the 3x3 configuration of fuel a s sembl ie s in the 

open -ves se l expe r imen t s ca r r i ed out in the Garigliano reac to r in 1968. 

The r e su l t thus obtained was util ized to optimize the level at which gamma 

scanning was to be pe r fo rmed after i r radia t ion of the fuel a s sembl i e s . 

2. 2. 2 Methods for Fue l Cycle Studies 

Fue l cycles a r e studied both from the standpoint of react ivi ty l i fe­

t ime to de te rmine the fuel loading s t ra tegy and from the s t r ic t ly economic 

standpoint of evaluat ing the influence of the various p a r a m e t e r s on the kWh 

cost and de termining the industr ial worth of plutonium. In addition to the 

tools p rev ious ly desc r ibed the MOVEL code was developed for the fuel 

a s s e m b l y shuffling, and the AGENA and TITAN codes for the economic a s ­

s e s s m e n t s . All these codes have been developed in the f ramework of this 

Cont rac t . 

Descr ip t ion of the MOVEL Code 

The MOVEL code was p repa red to study the Garigl iano reac to r 

fuel cyc les and the deta i l s of the operating cycles . The inputs of this code 

a r e K ,, and isotope composit ion of the fuel as a function of i r rad ia t ion for 
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var ious types of fuel a s sembl i e s up to a max imum of fifteen. The code c a l ­

culates the var ia t ion in reac t iv i ty with t ime until the completion of each 

phase of the cycle, taking into account fuel shuffling a n d a p r e - s e t flux d i s -

t r ibut ion. 

F o r each phase of the fuel cycle, the code calculates : 

(a) the c r i t i ca l i ty of the core by averaging the K of the fuel a s s e m b l i e s by 

means of " s ta t i s t i ca l weights" ; . 

(b) the burn-up of each as sembly and of the average assembly in the c o r e ; 

(c) the isotope composit ion of all the d i scharged as sembl ie s . 

The K rs var iat ion ve r sus burn -up , the power distribution and the 

s ta t i s t ica l weights of the flux a r e calculated separa te ly . 

The validity of the code for the a s s e s s m e n t of the react ivi ty l i fet ime 

during the single phases of the fuel cycle was confirmed by more refined 

calculat ions per formed with other codes . The approximation resul t ing f rom 

the use of s ta t i s t i ca l weights is quite adequate for the evaluation of the a v e r ­

age core Ke££ (within +0. 5%). 

Descr ipt ion of the AGENA and TITAN codes 

The AGENA code ca lcula tes the level ized average cost of kWh for 

both the u ran ium and the uran ium-plu tonium cycles as the ratio of the total 

net cos ts , inclusive of in t e re s t cha rges during the economic l ifetime of the 

station, to the output of e l ec t r i c i ty in that per iod. 

The total net costs a r e the algebraac sum of the following i t e m s : 

(a) Net fuel consumption cost, given by the difference between the value of 

the init ial amount of fuel and the value of the final amount. 

(b) Plutonium credi t . 

(c) Fue l cycle cost, r epresen t ing the resu l t an t of all expenses re la t ing to 

fabrication, t r anspo r t and chemica l p rocess ing for recovery of f iss i le 

m a t e r i a l . 

The in te res t charges a r e the sum of in te res t on the capital inves ted 

during the accounting per iod for the fuel cycle considered. The p r e s e n t -

worth method r e f e r r e d to a given date i s used for the evaluation. 
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The TITAN code was developed to determine the indus t r ia l worth of 

plutonium in t h e r m a l r e a c t o r s . It u t i l izes the AGENA code as a sub-rout ine 

and is based on the so-ca l led indifference method. The indifference method 

cons i s t s in calculat ing the cost var ia t ions of a re ference enr iched-uranium 

cycle and a plutonium cycle as a function of the plutonium worth, taken as a 

va r i ab le , for a given r eac to r ; the in tersec t ion of the two corresponding curves 

d e t e r m i n e s the indus t r ia l worth of plutonium for which use of e i ther cycle is 

indifferent. 

2. 2. 3 Method for the Verification of the Shutdown Margin 

React iv i ty de terminat ions , such as for the shutdown marg in and for 

the m a x i m u m control rod worth, a re generally requ i red for a core c h a r a c ­

t e r i z e d by e i the r fully withdrawn or fully inser ted rod pa t t e rn s . Since in 

this case it is fair ly legit imate to a s sume that the flux can be separa ted in 

the two d i rec t ions , axial and radial., it is possible to use the so-ca l led 

" s t i ck" technique for these calcula t ions . 

This technique entai ls a number of axial, one-dimension calculat ions 

for the va r ious types of fuel a s s e m b l i e s in the core r e f e r r ed to as " s t i cks" , 

including in this meaning also those assembl ies that have the same c h a r ­

a c t e r i s t i c s but differ from one another e i ther in the intensity of the control 

or in the void dis t r ibut ion or in i r rad ia t ion . These calculat ions lead to the 

c rea t ion of fi les of a s sembly-wise lat t ice constants , averaged axially over the 

volumes and fluxes, for the var ious types of fuel a s sembl ie s and for differ­

ent condit ions of t e m p e r a t u r e , i r radia t ion , power and control rod density. 

Once the fi les a r e complete, it is possible to examine any core situation 

with a two-dimens ion diffusion code in the x ,y geometry (SQUID code), the 

input data of which a r e consti tuted by the lattice constants in the f i les . 

The underlying c r i t e r ion of the shutdown "margin control sys t em is 

that, in the cold condition and with al l the xenon decayed, the r e a c t o r is 

to be subc r i t i ca i by at leas t 1% with al l the rods in and with the h ighes t -

wor th rod a l l out. 
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F o r the prepara t ion of the la t t ice-cons tan t files i t i s n e c e s s a r y to 

calculate the different isotope concentra t ions in the fuel under the var ious 

core operating conditions, that i s , for var ious values of void content and 

i r rad ia t ion . Therefore , a number of a ssembly burn -up calculat ions a r e 

pe r fo rmed with the th ree -g roup (two thermal , one fast) BURSQUID code 

under operating conditions. On the bas i s of the concentrat ions so computed, 

the average assembly constants a re determined, for the cold condition, as 

a function of i r radiat ion, void content, p resence of control rods , by means 

of the four-group (one the rmal , three fast) BURSQUID code. It has , in 

fact, been found n e c e s s a r y to use a wider represen ta t ion of the fast groups 

for the react ivi ty calculations than is n e c e s s a r y for the burn-up ca lcula t ions . 

These constants a r e again averaged axially for severa l average a s sembly 

burnups , both with and without the p resence of control rods by means of the FOG 
(22) code ; this code is capable of handling various types of r e a c t o r c a l ­

culations based upon the solution of the one-dimensional diffusion equation. 

Consequently, for each rea l situation in which the r eac to r shutdown marg in 

is to be verified there is a file of la t t ice constants to p r e p a r e the input data 

for the SQUID diffusion code, which is used to r ep re sen t the core in cold 

condition with all the control rods in. On the bas i s of the resul t ing neutron 

flux distr ibution it is possible to identify the h ighes t -wor th control rod. 

The SQUID p rog ram is therefore run again for this rod a l l out, to check the 

co re Keff. 

The validity of this approach was verified for severa l r e a l conditions 

of the Garigl iano reac to r , and the calculat ions were always in excel lent 

ag reement with the exper imenta l s i tuat ions. 

2. 2. 4 Methods for the Study of T rans i en t s 

After the diffusion of the new fast digital computers equipped with 

p lo t t e r s which r eco rd the var ia t ions of the significant quanti t ies , it has 

become more and more frequent to use digital computers ra ther than analog 

compute rs for the solution of p rob lems of dynamics . The possibi l i ty of r e ­

presen t ing a large number of physical phenomena very a c c u r a t e l y - - a n d thus 
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of improving the p rec i s ion of the ca l cu la t ions - - i s the f i r s t advantage offered 

by n u m e r i c a l techniques . For ins tance, non- l inear i t i es , the represen ta t ion 

of which by analog techniques is very expensive, can be r ep resen ted very 

ea s i l y by digital computer codes. But it is mainly p rob lems dealing with 

space-dependent phenomena, which were previously tackled with models of 

few nodes, that can now be p r o c e s s e d in great detai l . 

In the case of nuclear r eac to r dynamics, the c o r r e c t represen ta t ion 

of the spat ial d is t r ibut ion of neutron and heat fluxes in the core is very i m ­

por tant , and the one-point model used with the analog technique is inadequate 

in m o s t c a s e s . Neve r the l e s s , the analog-computer mode ls a r e still valid 

for s tudies on the whole power plant. 

The studies on t r ans ien t s and incidents desc r ibed in Sub-Section 2,i7 

were conducted with an analog computer ; the resu l t s can be used as the 

input data for a digital computer p r o g r a m to study core behavior in detai l . 

In o rde r to have a suitable dynamics code to r e p r e s e n t the behavior 

of the Garigl iano co re , ENEL developed the GARDIN code. 

Descr ip t ion of the GARDIN Code 

The code u se s a model which r ep re sen t s a channel of average c h a r a c ­

t e r i s t i c s on which a r e imposed, as l imit ing conditions, the t ime-dependent 

var ia t ions of p r e s s u r e (assumed uniform along the whole length), inlet 

t e m p e r a t u r e and flow r a t e . The fuel t empera tu re var ia t ions and their in­

fluence on the Doppler effect a r e taken into account by means of the equa­

tion for heat t r ans fe r in the pellet , in the pel le t - to-cladding gap, and in the 

cladding. 

Fo r the the rmohydrau l ic analysis., the channel is divided into segments , 

r e p r e s e n t e d by nodes, to each of which the equations of m a s s and energy 

conserva t ion ve r sus t ime a re applied. The s t eam- to -wa te r sl ip ra t io is a 

function of the channel c h a r a c t e r i s t i c s and of the local void fraction a c -
(23Ì cording to the M a r c h a t e r r e and Hoglundv ' co r re l a t ions . Based on the 

void and fuel t e m p e r a t u r e dis t r ibut ions , the code computes the nuclear 
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c o n s t a n t s K , M , Ρ . and Κ . for e a c h node f r o m p o l y n o m i a l c o e f f i c i e n t s 

app l i ed to i r r a d i a t i o n , c o n t r o l rod d e n s i t y , void f r a c t i o n and fuel t e m p e r a ­

t u r e , for e a c h type of fuel in the c o r e . 

The code c o m p u t e s the a x i a l p o w e r d i s t r i b u t i o n on an a d i a b a t i c m o d e l 

by m e a n s of o n e ­ n e u t r o n g r o u p e q u a t i o n s . The p o w e r i n c r e a s e a f t e r a p r e ­

e s t a b l i s h e d t i m e i n t e r v a l is then c a l c u l a t e d wi th kinet ic e q u a t i o n s us ing s i x 

g r o u p s of d e l a y e d n e u t r o n s . At th i s point , the fuel t e m p e r a t u r e , the ax i a l 

void d i s t r i b u t i o n and the new shape of a x i a l p o w e r a r e c a l c u l a t e d o v e r a g a i n . 

The input da ta for the code a r e : 

­ the g e o m e t r i c d i m e n s i o n s and d e n s i t i e s of the c h a n n e l m a t e r i a l s ; 

­ the p e r c e n t a g e s of d i f f e ren t type of fuel in the c o r e ( f~ 10); 

­ the n u m b e r of a x i a l n o d e s (¿. 20); 

and for e a c h a x i a l node of the channe l : 

­ the e x p o s u r e of e a c h fuel type ; 

­ the void f r a c t i o n and c o n t r o l rod d e n s i t y a v e r a g e d o v e r the c o r e l i f e t i m e . 

To c r e a t e the l i b r a r y of n u c l e a r c o n s t a n t s for e a c h type of fuel a s ­

s e m b l y it is n e c e s s a r y to c o m p u t e the c o n s t a n t s for a s e t of v a l u e s of the 

i n d e p e n d e n t p a r a m e t e r s by m e a n s of a c e l l code (for i n s t a n c e , R I B O T ) . 

F r o m t h e s e da t a an a u x i l i a r y code d e r i v e s the p o l y n o m i a l coef f i c ien t s to 

be fed to the GARDIN c o d e . T h i s s e t of da ta a l l o w s m a n y d i f fe ren t c a s e s 

to be s e t up qu i ck ly for d i f fe ren t c o r e c o n d i t i o n s , wi thou t having to p e r f o r m 

p r e l i m i n a r y e v a l u a t i o n s of the n u c l e a r c o n s t a n t s . 

F o r e a c h t r a n s i e n t , the code a l s o a s s e s s e s the p r e ­ e x i s t i n g s t e a d y ­

s t a t e c o n d i t i o n s . 

At e a c h t i m e i n t e r v a l and for e a c h a x i a l node the code p r i n t s out : 

­ the p o w e r s h a p e f a c t o r ; 

­ the t e m p e r a t u r e d i s t r i b u t i o n in the fuel p e l l e t , in the c ladd ing and in the 

w a t e r ; 

­ the h e a t flux on the c l add ing s u r f a c e ; 

­ the w a t e r and s t e a m v e l o c i t i e s ; 
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- the enthalpy of the mix tu r e ; 

- the void fract ion. 

The adequacy of the code in simulating t rans ien t s of common in te res t 

in boiling wate r r e a c t o r s was verif ied by comparing the theoret ical neutron 

flux var ia t ions with those r eco rded during t rans ien ts that occur red in the 

cou r se of t e s t s c a r r i e d out on the Garigl iano reactor (see Pa rag raph 2. 6. 5). 

2. 3 Prototype Plutonium Assembl ie s 

The prototype plutonium a s s e m b l i e s fabricated for the Plutonium 

I r r ad ia t ion P r o g r a m a r e sixteen. Twelve as sembl ie s , so-cal led "first 

se t" , were loaded during the summer 1968 shutdown, and by the end of their 

f i r s t operat ing cycle (June 1970) they had reached an average burn-up of 

7000 MWd/MTM. Subsequently a second set of four a ssembl ies fabricated 

en t i r e ly within the Community were loaded during the summer 1970 shut­

down. 

All the prototype a s semb l i e s have the same mechanical c h a r a c ­

t e r i s t i c s as the re load a s s e m b l i e s , as they were all fabricated arid a s ­

sembled with the same hardware supplied for the reload fuel. Each a s ­

sembly cons i s t s of 64 Z i r ca loy -2 -c l ad rods of the s t ra ight- through type 

a r r a n g e d in an 8x8 square la t t ice . 

2. 3. 1 Proto type Assembl i e s of the F i r s t Set 

The prototype a s s e m b l i e s of the f i rs t set a re of two types. One 

type contains only plutonium rods and is commonly called "s tandard type". 

The other contains plutonium rods at the center surrounded by uranium 

rods and is cal led "mixed type". 

The eight s tandard- type a s semb l i e s were fabricated by the UKAEA 

to E N E L ' s nuc lear design, whereas the four mixed-type assembl ies were 

designed and fabr ica ted by Genera l E l e c t r i c . 

The fuel is in the form of co ld -p re s sed and s intered pe l le ts , ex ­

cept for the four mixe d-type a s s e m b l i e s which a l so include rods fabr i -
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cated with h o t - p r e s s e d pe l le ts , v ibrocompacted powder (VIPAC), and cold-

p r e s s e d and s in tered wafers . The pel le ts of the s tandard- type a s s e m b l i e s 

a r e a l l dished. 

F r o m the nuclear standpoint, thes'e a s sembl i e s were designed to 

have the same performance as the re load uranium fuel. The nuc lea r design 

of the s tandard- type a s semb l i e s was based mainly on the following c r i t e r i a : 

(a) To have the same react iv i ty l ifetime as the 2. 3%-enr i ched-u ran ium re load 

a s sembly . 

(b) The local power peak due to the effect of the water gap and p rox imi ty 

of en r i ched-uran ium as sembly was not to exceed the value r e a c h e d 

in the f i r s t - c o r e a s s e m b l i e s . 

(c) The number of enr ichments was to be the least compatible with the r e ­

qu i rements (a) and (b) above, 

(d) Natura l uranium oxide was to be the diluent for plutonium oxide. 

The plutonium'isotope composit ion in these prototype a s s e m b l i e s 

was as follows: 

Pu-239 88.96% 

Pu-240 9.77% 

Pu-241 1.19% 

Pu-242 0.08% 

On the bas i s of the c r i t e r i a descr ibed above and of the isotopie c o m ­

posit ion of the plutonium used, a th ree -concen t ra t ion assembly was adopted. 

The dis t r ibut ion of the concentra t ions is shown in F ig . 2. 1. 

The mixed- type prototype a s s e mb l i e s , whose plutonium isotope c o m ­

position is the same as for the s tandard- type a s s e mb l i e s , have four e n r i c h ­

ments , two for the plutonium and two for the uranium. As shown in F ig . 2. 2, 

twenty-four rods a r e plutonium and forty a re uranium. The se lec ted a r r a n g e ­

ment of rods (all u ran ium rods at the per iphery) leads to l ess power p e r ­

turbat ion at the interface between a no rma l uranium assembly and one con­

taining plutonium, a higher average content plutonium pe r fuel rod and m o r e 

flexible var ia t ion in the amount of plutonium deployed. 
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\ / UO ­PuO rode containing natural uranium and 2.89% of f issile plutonium 

Vía? UO ­PuO rods containing natural uranium and 1.80% of fissi le plutonium 

\^J UO rods enriched to 2.41% in U­235 

% J UO rods enriched to 1.83% in U­235 

O Rods containing 2.85 w/o of fissjle plutonium 

Rods containing 1 .40 w/o of f issi le plutonium 

Rods containing 0.74 w/o of fissiie plutonium 

Average fissile plutonium content : 1 ,82% 

to 

Fig. 2­2 ­ DISTRIBUTION OF ROD ENRICHMENTS IN THE "MIXED­TYPE' 

PLUTONIUM PROTOTYPE ASSEMBLY 
Fig. 2­1 ­ DISTRIBUTION OF PLUTONIUM CONTENT IN THE "STANDARD­

TYPE" PLUTONIUM PROTOTYPE ASSEMBLY 
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2. 3. 2 Prototype Assembl ie s of the Second Set 

Following the decisions made jointly by EURATOM and ENEL to p r o ­

ceed with the fabrication of a second set of prototype plutonium a s s e m b l i e s 

within the European Community, views were exchanged in 1967 with specia l ized 

Community manufacturer s inte re sted in fabricat ing plutonium a s se mblie s. On 

the bas i s of the discussion, a technical specification for UO -PUO fuel a s -
(24) . . . 

sembl ies was prepared^ , which took into account the main pa r t i cu la r r e ­

qu i rements of the Community manufac tu r e r s . In January 1968, ENEL i ssued 

an enquiry for the supply of four prototype plutonium assembl ies to be loaded 

into the Garigliano r eac to r during the scheduled shutdown in Spring 1970. 

F r o m the analys is of the economic bids received, it emerged that 

the cost of the supply, based on the faci l i t ies at p resen t available in the C o m ­

munity for the fabrication, was much higher than the cost of the re load u r a ­

nium a s s e m b l i e s . In o rde r to . reach a solution that would be acceptable to 

ENEL and would at the same time pe rmi t the Community industr ies to acqui re 

exper ience on plutonium fuel fabrication, ENEL p re fe r r ed to have a few m a n ­

ufac tu re r s in the Community separa te ly fabr icate the plutonium rods r equ i r ed 

for four 8x8 a s sembl i e s , for which ENEL would make available s tandard ha rd ­

ware procured with the reload uranium a s s e m b l i e s . In this connection, E N E L 

reached an agreement with the Community manufac tu re r s ALKEM and Be lgo -

nucléa i re , for the fabrication of the plutonium rods which were subsequently 

a s sembled into finished fuel a s sembl i e s by Fabbr icaz ioni Nucleari at KRT 

works . Fabbr icazioni Nuclear i , which supplied the fuel for the second 

re load of the Garigl iano reac tor , also p rocured the hardware and fabr ica ted 

the en r i ched-uran ium .spacer-captur ing rods like those used for the n o r m a l 

re load fuel. · 

ENEL personnel followed all the phases of fabrication and test ing 

at the manufac tu re r s ' shops, chiefly to ensure p rope r coordination of the 

ac t iv i t ies of the three manufac tu re r s . 

The c r i t e r i a adopted in the nuclear design of this second set of four 

a s s e m b l i e s were s imi l a r to those cf the eight s tandard- type a s s e m b l i e s of 

the f i r s t set. The plutonium used for the fabrication of these a s s e m b l i e s had 

the following isotopie composit ion: 
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Pu-239 83.32% 

Pu-240 14 .31% 

Pu-241 2 .13% 

Pu-242 0.24% 

As wil l be noted, the content of Pu-240 is higher in the a s sembl i e s of 

the second set (14. 31% v e r s u s 9. 77%); this higher content should have a neg­

ligible influence on the local power peak factor. Therefore the fissile pluto­

nium content in these a s s e m b l i e s was chosen equal to that a l ready adopted for 

the s tandard- type a s s e m b l i e s of the f i rs t set (see Fig . 2-1) . 

The main difference from those a s sembl ie s l ies in the use of an en­

r i c h e d - u r a n i u m capture rod as one of the four centrale rods . 

This solution was adopted to simplify the fabrication p r o c e s s , and b e ­

cause r ecen t on-s i te rod gamma scanning measuremen t s have shown that 

plutonium c a u s e s power peaks higher than enriched u ran ium, in proximity 

of the connec tors of the spacer rod itself. 

The use of the en r i ched -u ran ium spacer capture rod in a plutonium 

a s s e m b l y a p p e a r s not to p r e s e n t inconveniences as to power dis tr ibut ion and 

i ts power densi ty s e e m s to be more favourable than that of the same rod in 

a r e load fuel a s s e m b l y (Fig. 2-3) . 

2. 4 Expe r imen ta l Act ivi t ies 

To ga ther useful information on the main technical a spec t s a s s o ­

ciated with the introduction of plutonium in power r e a c t o r s , exper iments 

were c a r r i e d out in the Gar ig l iano r e a c t o r with prototype plutonium a s s e m ­

b l i e s . The purpose of these expe r imen t s was to m e a s u r e the cr i t ica l i ty of 

different a r r a y s of fuel a s s e m b l i e s , including plutonium a s s e m b l i e s , and 

the power d is t r ibut ion inside u ran ium and plutonium fuel a s s e m b l i e s . The 

r e s u l t s of these m e a s u r e m e n t s were used to verify the adequacy of the 

c r i t e r i a followed in the design of the prototype a s s e m b l i e s and to check 
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the m a g n i t u d e of t e c h n i c a l d i f f i cu l t i e s a s s o c i a t e d wi th the u s e of p l u t o n i u m . 

The e x p e r i m e n t s b r o u g h t to the fo re c e r t a i n a s p e c t s tha t m u s t be t aken into 

c o n s i d e r a t i o n for a b e t t e r p r e d i c t i o n of p lu ton ium fuel b e h a v i o r and i n c r e a s e d 

the b u l k of e x p e r i m e n t a l da t a a v a i l a b l e for c r o s s - c h e c k i n g and t r i m m i n g the 

c a l c u l a t i o n m e t h o d s for p l u t o n i u m s y s t e m s . 

The m e a s u r e m e n t s w e r e p e r f o r m e d dur ing two s t a t i o n shu tdowns for 

r e f u e l i n g , r e s p e c t i v e l y s u m m e r 1968 and s u m m e r 1970. 

Of the e x p e r i m e n t a l da ta o b t a i n e d under the sub jec t C o n t r a c t , a l s o 

i n t e r e s t i n g a r e the r e s u l t s of the p o s t - i r r a d i a t i o n e x a m i n a t i o n of an e n ­

r i c h e d - u r a n i u m fuel a s s e m b l y , A - 1 0 6 , d i s c h a r g e d f r o m the G a r i g l i a n o r e a c t o r 

a t a n a v e r a g e b u r n - u p of abou t 10, 000 M W d / M T U . 

2. 4 . 1 O p e n - v e s s e l E x p e r i m e n t s in the G a r i g l i a n o R e a c t o r Dur ing the 

Shutdown of 1968 

D u r i n g the shu tdown of the G a r i g l i a n o r e a c t o r for r e fue l ing in 

s u m m e r 1968, a s e r i e s of e x p e r i m e n t s w e r e p e r f o r m e d on c r i t i c a l a s s e m ­

b l i e s c o n t a i n i n g r e l o a d e n r i c h e d - u r a n i u m fuel a s s e m b l i e s and p r o t o t y p e 

p l u t o n i u m a s s e m b l i e s . The p u r p o s e of t h e s e e x p e r i m e n t s w a s to c h e c k the 

e x p e c t e d p e r f o r m a n c e of p l u t o n i u m fuel a s s e m b l i e s by a s s e s s i n g the a c c u r a c y 

of the c a l c u l a t i o n m e t h o d s u s e d in the n u c l e a r d e s i g n of p l u t o n i u m fuel a s ­

s e m b l i e s . S ince t h e y w e r e p e r f o r m e d on f u l l - s c a l e a s s e m b l i e s , they p r o ­

v ide an i n t e g r a t i o n of the e x p e r i m e n t a l da t a p r e v i o u s l y o b t a i n e d on c r i t i c a l 

f a c i l i t i e s . In p a r t i c u l a r , t h e s e e x p e r i m e n t s a l low an a s s e s s m e n t of the 

a c c u r a c y of the c a l c u l a t i o n s for the d e t e r m i n a t i o n of c r i t i c a l i t y c o n d i t i o n s 

a n d p o w e r d i s t r i b u t i o n in m i x e d l a t t i c e s , a s well a s the e v a l u a t i o n of the 

e f f e c t s of w a t e r gaps and con t igu i ty of p lu ton ium a s s e m b l i e s to e n r i c h e d -

u r a n i u m a s s e m b l i e s (power s h a r i n g ) . 

The e x p e r i m e n t s can be s u b d i v i d e d into" two g r o u p s : 

(a) C r i t i c a l i t y e x p e r i m e n t s 

(b) M e a s u r e m e n t of the l o c a l p o w e r d i s t r i b u t i o n t h rough g a m m a scann ing 

on s l i g h t l y i r r a d i a t e d fuel r o d s r e m o v e d f rom the a s s e m b l i e s . 
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The cr i t ica l i ty exper iments were pe r fo rmed in the r e a c t o r p r e s s u r e 

vesse l where a sufficiently large number of fuel a s sembl ies was d i scharged 

to completely c lear a core quadrant (see F ig . 2. 4). The c r i t i ca l configurat ions 

were separa ted from the i r r ad ia t ed a s s e m b l i e s by a water belt of over 60 cm 

which was enough to segregate the m e a s u r e m e n t a rea so as to exclude any 

neutron interact ion and to lower the gamma background to acceptable l i m i t s . 

In o rde r to acquire exhaustive information from the c r i t i ca l i ty e x ­

pe r imen t s , it was deemed advisable to begin with a c r i t i ca l configuration with 

all f resh en r i ched-uran ium fuel a s semb l i e s (2. 3% U-235) and subsequent ly to 

replace an uranium assembly in different posit ions with a plutonium a s s e m b l y 

so as to p rogres s ive ly obtain different configurations. 

The c r i t e r ion of retaining the same geometry in all the c r i t i c a l a r r a y s 

would permi t any e r r o r in the evaluation of neutron leakage to be approximate ly 

the s a m e , thus permit t ing sufficiently p rec i s e es t imate of the reac t iv i ty v a r i a ­

tions according to the type and location of the substituting fuel a s s e m b l y . 

The var ious configurations obtained with the success ive r e p l a c e m e n t s 

were (Fig. 2-5): 

Configuration II A s tandard plutonium assembly loaded into a co rne r 

position 

Configuration III The s tandard plutonium assembly shifted to the oppo­

site co rne r position, to check reproducibi l i ty 

Configuration IV The s tandard plutonium assembly loaded into a m o r e 

cen t ra l position 

Configuration V A mixed-type plutonium assembly substi tuted for the 

plutonium assembly in the preceding configuration. 

It was possible to pass from one configuration to the next with the 

control rods at the same levels , so that the ^ K involved in a r ep l acemen t 

could be a s s e s s e d on the bas i s of the difference between the r e l a t e d p e r i o d s . 

The K value for the c r i t i ca l configuration formed by seven e n ­

r iched-uranium fuel a s sembl i e s and with al l the control rods out was e s t ima ted 

to be 1.0109+0.0050. 
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Table 2-1 shows the differences in K ,, values obtained from the pe 
eff 

r iods m e a s u r e d for the various configurations with the control rods at the 

s a m e level . 

TABLE 2-1 

C o n f ] 

A 

II 

III 

V 

III 

IV 

V 

V 

V 

V 

V 

V 

V 

gurat ions 

Β 

I 

I 

I 

π 
II 

II 

II 

II 

III 

III 

IV 

IV 

A K " K e f f A _ K e f f B 
pcm 

246. 1 

229. 7 

189.4 

-16. 5 

149. 7 

-41 .2 

-56. 7 

-46. 3 

-33 . 6 

-40 .2 

-194.2 

-190.9 

pcm 

4 . 9 

5.2 

4. 5 

4. 1 

3. 6 

4 .4 

3. 0 

4. I 

5.0 

3 .4 

24.4 

5. 6 

Control rod position 
(notch) 

F9 FIO Remainder 

17 17 35 

17 17 35 

17 17 35 

17 17 35 

16 16 35 

16 16 35 

17 17 35 

17 16 35 

16 16 35 

17 16 35 

16 15 35 

16 16 35 

The power dis tr ibut ion measu remen t s consis ted in slightly i r r a d i a t ­

ing nine fuel a s s e m b l i e s in a smal l pile and in monitoring, by means of the 

Na l -de t ec to r technique, the 1.6-MeV gamma activity of the Ba-140/La- 140 

chain on the individual rods after d isassembly of three selectedfuel a s s e m b l i e s . 

The La-140 gamma scan was p re fe r r ed to the measu remen t of the total 

f iss ion product gamma activity because the cor re la t ion factor between gamma 

act iv i ty and power can be calculated with fair approximation for different 

types of r o d s . Indeed, a few p re l imina ry measu remen t s of the total gam­

ma act ivi ty , pe r fo rmed on short fuel segments previous to the formation 



35 -

of the c r i t i ca l a r r a y s , had indicated a substant ia l difference between the decay 

laws of the var ious types of rods . 

Symmetry r equ i rement s led to the choice of a configuration of nine fuel 

a s semb l i e s in a 3x3 a r r a y : four were enr iched-uran ium a s s e mb l i e s , four were 

mixed-type plutonium assembl ies and the one in the center was a s tandard- type 

plutonium assembly (Fig. 2-6). 

The four u ran ium assembl ies and the cen t ra l plutonium a s s e m b l y 

were housed in s ta in less s teel ra ther than Zi rca loy sheaths, to l imi t the e x ­

cess react ivi ty of the assembly and thus the degree of control rod inse r t ion . 

The use of the s ta in less s teel sheaths lowered the K ,, to 1.006. 
eff 

Under these conditions it should have been possible to obtain a suf­

ficiently flat radia l power distr ibution at a level of in te res t without any d i s ­

turbance from the control rod bank, a lmos t fully withdrawn. The conf igura­

tion thus selected was charac te r ized by a high degree of symmet ry and by 

the presence of all th ree types of a s s e m b l i e s in one octant. This pe rmi t t ed 

the gamma scanning to be concentrated on the rods of an octant and to d i s ­

as semble only three a s sembl i e s . With the control rod bank nea r ly al l out 

(70 cm inser t ion, corresponding to / \κ=0.006) , the 3x3 configuration r e a c h e d 

cr i t ical i ty , thus confirming the theore t ica l predic t ion. 

The n ine -a s sembly a r r a y was i r r ad i a t ed at a neutron flux of about 

1 0 ' nv for about one hour. These conditions r e p r e s e n t a sat isfactory c o m ­

promise between the requ i rement of sufficient La-140 gamma act ivi ty for 

the measu remen t , and the necess i ty of keeping the radiation level low enough 

to pe rmi t rod handling without undue exposure of the personnel . A set of 

specimens was placed near the boundary of the 3x3 configuration in o r d e r to 

check the gamma act ivi ty decay laws; the use of spec imens was suggested 

by the r equ i remen t of reducing rod handling to a min imum. 

After a decay period of 14 days, th ree a s semb l i e s were d e c o n t a m ­

inated and t r a n s f e r r e d one at a t ime to the f resh fuel vault where they w e r e 

d i sassembled and gamma-scanned . 
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A total of 125 rods were scanned at two leve ls : at the top of the core 

in the uncontrol led region and at the bottom, in the fully control led region. 

The m e a s u r e d La-140 counting r a t e s were co r rec ted for the back­

ground and for the activity of the fuel rods before i r rad ia t ion and were al l 

brought back to the reference t ime (14 days after i r radia t ion) by using the 

Ba -140 /La -140 chain decay law obtained from per iodica l scanning of the 

three spec imens over the whole durat ion of the exper iment . The resu l t ing 

decay law i s an exponential with a half-life of 12. 6 days v e r s u s the figure of 

12. 8 days given in the l i t e r a tu re . 

The La-140 gamma activity thus obtained was converted into power 

densi ty by m e a n s of the conversion factors evaluated for each rod on the bas is 

of the macroscop ic fission c r o s s - s e c t i o n s of the individual i so topes and the r e ­

lated fission yie lds . The c r o s s - s e c t i o n s were obtained with the calculat ion 

method used for the p rogramming of the exper iment . 

At the level net affected by the control rods , the 3x3 configuration 

is cha rac t e r i zed by a diagonal symmetry ; in giving the exper imen ta l d i s t r ibu­

tion of the power density the data relat ing to each set of s y m m e t r i c a l p o s i ­

tions were averaged. The values indicated in Fig. 2-7 a r e affected by a s tan­

dard deviation of +0. 7%, which includes the random e r r o r , the e r r o r a s s o ­

ciated with the cor rec t ion for decay and the e r r o r due to engineer ing t o l e r ­

ances . 

At the level influenced by the control rods the gamma act ivi ty of the 

fuel rods was ve ry low because of the high depress ion in the neut ron flux 

caused by the control rod bank; consequently there was an apprec iable degree of 

uncer ta in ty in these data. 

The values of the La-140 gamma activity compared to those of the 

total gamma activity showed a sys temat ic d iscrepancy which a p p e a r s to be 

mainly due to the uncer ta inty in the total gamma activi ty data resu l t ing f rom 

the s t rong component of the rod background. 

As a resu l t of car ry ing out the exper iment on actual r e a c t o r fuel 

and ha rdware r a the r than on ideal c r i t i ca l fac i l i t ies , a number of i n t e r -
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est ing, f ine - s t ruc tu re effects were observed. With r ega rd to axia l power d i s ­

tr ibution, they included: 

(a) The depress ion (<v 4%) noticed in al l the fuel rods not adjacent to the 

space r -cap tu r ing rod, due to the s teel spacer gr ids (Fig. 2-8) 

(b) Slightly pronounced peaks (»v4%) (Fig. 2-8) p resen t only in the rods a d ­

jacent to the plutonium space r -cap tu r ing rod; these peaks a r e caused by a 

t he rma l flux r i s e in the Z i rca loyend connectors . The effect i s not v is ib le in 

en r i ched-uran ium space r -cap tu r ing rods where the t h e r m a l flux i n c r e a s e 

in the end connectors is probably sma l l e r and is compensated by the a b ­

sorption in the g r ids . 

In the rad ia l power distribution, the following was observed: 

(c) The effect on rod power densi t ies due to rod manufacturing t o l e r a n c e s . 

This effect was evaluated by compar ison of a significant number of s y m ­

me t r i ca l rods . The value obtained (average: +0. 5%) is net of the s tandard 

deviation of the m e a s u r e m e n t , 

(d) Strong effect of the neutron source on the power level of the co rne r rod 

adjacent to the source (about a 15%> local reduction) (Fig. 2-7) . 

(e) Power depress ions in the pe r iphera l fuel rods c loses t to the a luminum 

dummy a s sembl i e s (Fig. 2-7). 

2. 4 . 2 Gamma Scanning Measu remen t s on the Garigl iano Reactor Core 

Containing Twelve Plutonium Prototype Assembl i e s 

During the shutdown of the Garigl iano r eac to r for refueling of June 

1970, a number of fuel a s semb l i e s sufficiently represen ta t ive of the core 

was subjected to gamma scanning in o rde r to de te rmine , among the other , 

the actual operating conditions of the plutonium a s sembl i e s in the las t 

month of operation before shutdown, and compare them with the design p r e ­

dictions ^-> ' . In pa r t i cu la r , the power distr ibution through the core was 

de termined by detecting the La-140 gamma activity from 52 fuel a s s e m b l i e s 

by means of the ve ry -h igh- reso lu t ion so l id-s ta te technique (Ge-Li detector) 
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which proved to have g r e a t e r flexibility in r e spec t to other techniques for 

m e a s u r e m e n t s to be c a r r i e d out during plant shutdowns. 

This technique was used in the Gar igl iano plant by placing al l the m e a ­

suring ins t rumentat ion outside the fuel pool in o rde r to avoid or minimize i n ­

t e r f e rences with refueling opera t ions . To this end, a c i rcu lar hole was bored 

in the south wall of the fuel pool at about 2 m above the fuel r a c ks in which 

i r rad ia ted a s s e m b l i e s ' a r e s tored. This pe rmi t s the measur ing equipment to 

be located outside the pool on a platform, while only the equipment to move 

the fuel a ssembly in front of the col l imator is located in the pool. This a r ­

rangement permi t ted also the e l iminat ion of the gamma background effect due to 

the i r r ad ia t ed a s sembl i e s in the pool. F ig . 2-9 shows the equipment lay-out . 

In the hole, which extended to the ex te rna l surface of the pool l iner , 

a s ta in less steel blind pipe was inser ted , anchored to the pool wall and sealed. 

A first coll imating sys tem was placed in the pipe, consisting of two cy l ind r i ­

cal lead blocks that were, rigidly held together by means of s ta in less s teel 

c l amps . During the m e a s u r e m e n t s , a second col l imator was placed between 

the pipe and the detector . 

The detector was constituted of a Ge -L i c rys ta l of an active volume 

of 30 cm^, equipped with a Dewar c ryos ta t for t empera tu re control ; the in ­

s t rumentat ion was ca l ibra ted by means of s tandard sources of about 10 

m i c r o c u r i e s each. 

The fuel assembly handling and positioning equipment was const i tuted 

of a guide sliding on ra i l s to move the a s sembly in the ver t ica l di rect ion, and 

a mo to r -ope ra t ed chain dr ive . The guide supports the assembly a lso during 

its rotat ion around the main axis and during hor izonta l movement . 

In prepar ing the power dis t r ibut ion m e a s u r e m e n t p rogram, the fol­

lowing conditions were borne in mind: 

(i) the t ime available for the gamma scans was obviously l imited; 

(ii) the core region to be scanned was to be sufficiently large to provide 

meaningful exper imenta l data for compar i son with the calculated va lues ; 
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F ig . 2-9 - GAMMA SCANNING EQUIPMENT 
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(iii) the region was to be located so a s to include control - rod-affected fuel 

a s s e m b l i e s , s tandard and mixed-type plutonium assembl ie s and groups 

of four a s s e m b l i e s with and without plutonium assembl i e s cen te red in 

r e s p e c t of the posi t ions of the n o r m a l i n - co re flux moni tors ; 

(iv) the m e a s u r e m e n t s were to be supplemented with a sufficient number 

of gamma scans on a s sembl i e s in symmet r i ca l posit ions in the c o r e . 

The s imul taneous determinat ion of the power distr ibution by means of 

gamma scanning of the four a s s e m b l i e s r e f e r r e d to in (iii) above and by 

means of flux wire readings p e r m i t s a compar i son of the exper imenta l va lues 

of the neutron flux at the posit ion of the i n - co re monitor with the theo re t i ca l 

va lues . 

The additional gamma scans mentioned in i tem (iv) are r equ i r ed to 

check the t rue symmet ry of the core and to de te rmine the difference between 

the power generated by the standard and mixed types of plutonium a s s e m b l i e s . 

On the bas i s of the conditions listed above, it was decided that gamma scan ­

ning should be per formed on fifty-two a s s e m b l i e s placed in the posi t ions 

shown in F ig . 2-10. 

The actual m e a s u r e m e n t s were p receded by the p re l imina ry t e s t s in 

conditions a s close as possible to the actual working conditions with an a im 

at obtaining an advance indication of the difficulties that could be encountered 

in the m e a s u r e m e n t s and to have a re l iable check of the accuracy of the m e a ­

s u r e m e n t s to prevent an undetected e r r o r on all the exper imenta l data , thus 

impai r ing the significance of the p r o g r a m . 

The La-140 gamma activity was scanned at severa l elevations and 

f rom the four c o r n e r s of the a s sembly at each elevation. This p rocedure 

was p r e f e r r e d to continuous scanning along the assembly length, a s e x p e r i ­

ence had indicated that scanning at an adequate number of elevat ions (eight 

for the Garigl iano fuel a s sembl ies ) can give the a s sembly power with be t t e r 

accu racy . 

F o r the sixteen a s sembl i e s adjacent to the in -core moni tors for which 

a be t t e r knowledge of the axial d is t r ibut ion was des i r ed , the number of e l eva -
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t ions at which the m e a s u r e m e n t s were to be per formed was r a i s e d to twelve . 

These elevat ions were se lec ted so that they would be sufficiently far f rom the 

space r gr ids to avoid the dep re s s ions produced by the gr ids in the power d i s ­

t r ibut ion. The magnitude of these depress ions r e f e r r e d to the total a s s e m b l y 

power was subsequently a s s e s s e d by means of v e r y fine axial scans (every 

cen t imete r ) on an a s s e m b l y of the f i r s t - co re load and one of the f i r s t r e load . 

The 1. 6-Mev gamma activi ty of La-140 was obtained by in tegra t ing the 

a r e a of the corresponding peak, as supplied by the mul t i -channel ana lyzer 

co r r ec t ed for the background and for the Compton effect; other c o r r e c t i o n s 

w e r e made la te r to allow for the ins t rumentat ion dead t imes and La-140 decay. 

The re levant values of each elevation of the a s sembly were summed and con­

ver ted to power by means of a factor that took into account the different con­

centra t ions of fissile i so topes , the respect ive yields and the r e c i p r o c a l sh ie ld­

ing effect of the rods ; the l a t t e r cor rec t ion (shielding effect) was v e r y i m p o r ­

tant because the scanned a s s e m b l i e s differed in enr ichment , number of r o d s , 

f iss i le m a t e r i a l , and burnup. F r o m the power va lues re la t ing to the va r ious 

e leva t ions , the overa l l a s sembly power was der ived. The macroscop ic r ad ia l 

power dis tr ibut ion was obtained by normal iz ing the fifty-two expe r imen ta l 

va lues to the corresponding calculated values . Fig . 2-11 shows the theore t i ca l 

power dis t r ibut ion together with percentage deviation for the m e a s u r e d va lues . 

2 . 4 . 3 Determinat ion of Burnup and Heavy Isotope Content in a Uran ium-

Enriched Fuel Assembly I r rad ia ted in the Garigl iano Reac to r 

To complete and supplement the available exper imenta l data to be used 

for the verif icat ion of the p rec i s ion of the calculation technique on i r r a d i a t e d 

fuel, pos t - i r r ad ia t ion m e a s u r e m e n t s of burnup and isotopie content were taken 

on an en r i ched-u ran ium as sembly i r r ad ia ted at about 10,000 MWd/MTU in the 

Garigl iano r eac to r . 

The fuel rods of this a s sembly (A-106) were sufficiently i r r a d i a t e d to 

contain an appreciable amount of plutonium and the assembly i tself was e x ­

posed in a fair ly cen t ra l posit ion of the core so that the power t i l t ing effect 

could be expected to be r a the r l imited. 
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Since the assembly was removed from the reactor during the May 

1967 shutdown, in view of the long period of decay elapsed before the b e ­

ginning of the hot ce l l measurements , the program was limited to the m e a ­

surements of burn-up and fuel isotopie composition. 

The program was logically broken into two parts: non-destructive 

measurements based on gamma spectrometry and gamma scanning, and d e ­

s t ruct ive m e a s u r e m e n t s of burn-up and isotopie composition based on g a m ­

ma , alpha, and m a s s spec t rome t ry of dissolved samples . 

The non-des t ruc t ive gamma-ac t iv i ty m e a s u r e m e n t s were to de t e rmine 

the burn-up dis t r ibut ion at a p r e - s e t level on the l a rges t possible number of 

rods . These m e a s u r e m e n t s a re actually e a s i e r and more amenable than the 

des t ruct ive m e a s u r e m e n t s , even though they can not provide the absolute 

value of burn-up, because in general the r e su l t s a re dependent on the g e o m -
(26) 

e t ry of the m e a s u r e m e n t itself . On the con t r a ry , dest ruct ive m e a s u r e ­
ments pe rmi t an a s s e s s m e n t of the heavy atom content, specifically the d e ­
pletion of U-235 and generat ion of plutonium, and offer the possibi l i ty of d e ­
te rmining burn-up through the measu remen t of the concentration of a s table 

(27) fission isotope, such as Nd-148 

Therefore , the absolute value of burn-up was determined on a l imi ted 

number of rods and then cor re la ted with the r e s u l t s of the non-des t ruc t ive 

measu remen t s of burn-up distr ibution. In addition, the availabili ty of the 

dissolved fuel samples p repa red for the des t ruc t ive m e a s u r e m e n t s offered 

the possibi l i ty of checking the burn-up by means of an additional des t ruc t ive 

measu remen t , that i s , through the de terminat ion of the specific act ivi ty of 

Cs-137. 

For the purpose of adjusting the calculat ion method, it was of i n t e r e s t 

to determine the burn-up reached by the a s sembly at a given level , in o r d e r 

to apply the x-y geomet ry technique. In brief, the non-des t ruct ive m e a s u r e ­

ments were taken on 34 rods at two levels corresponding to the posi t ions of 
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the in-core ins t rumenta t ion (levels C and D; see F ig . 2. 12), whilst the de­

structive measurements were l imited to 18 fuel sect ions taken al l at the same 

l eve l ( level C). For a check of the axial distr ibution calculat ions, two rods 

w e r e subjected to gamma scanning over the i r ent i re length. 

The m e a s u r e m e n t s pe rmi t t ed an in tegral and analyt ical verification 

of the calculat ion mode l s and methods used in the nuclear design of the pluto­

nium fuel a s s e m b l i e s . More specifically, the purpose of the measu remen t s 

was to a s c e r t a i n that the calculation technique was capable of: 

- de te rmin ing the c o r r e c t burn-up distr ibution among the var ious rods ; 

- adequate ly a s s e s s i n g the concentrat ions of the heavy nuclides as a function 

of burn -up , with specia l re ference to plutonium, while allowing for the ef­

fects of spec t rum var ia t ions . 

F r o m the flow d iagram of Fig. 2-13 the sequence of analyses pe r ­

formed can be seen. 

The burn -up distr ibution in the fuel assembly was determined 

through the moni tor ing of the gamma activity from each fuel rod at the same 

axia l posit ion, by means of h igh-resolut ion gamma spec t rome t ry (Ge -Li 

de tec to r ) . This non-des t ruc t ive technique is based on the possibil i ty of co r ­

re la t ing the gamma activity of a selected fission product to burn-up , so 

leading to a re la t ive burn-up distr ibution. 

The isotopes selected for the burn-up distr ibution determinat ion 

we re : 

Isotope Energy, keV Half-life, yrs 

Ru-106 /Rh-106 512 1.008 

Cs -137 662 30.600 

C e - Ï 4 4 / P r - 1 4 4 2186 0.778 

Atyp ica l spec t rum obtained from a fuel rod is shown in Fig. 2-14 

where the peaks due to these isotopes a re c lear ly recognizable . The ca l ­

culation p rocedure r equ i red for the in terpreta t ion of the spec t ra was con-
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s iderably simplified because for these i sotopes it was only n e c e s s a r y to 

es tabl i sh the re la t ive act ivi ty of the r o d s . 

An axial gamma scanning was a l so c a r r i e d out along the whole length 

of two rods . F o r this purpose a continuous advancing sys tem was used and 

the individual activi ty of the se lec ted isotopes was recorded . 

F igu re s 2-15 and 2-16 give the normal ized values of the m e a s u r e d 

act iv i t ies ; the two cha r t s c lea r ly show the d ivers i ty between the axial d i s ­

t r ibut ion of a co rne r rod (upwards tendency) and that of a cen t ra l rod ( ten­

dency to shift toward the bottom of the core ) . This diversi ty is due to the 

combined effect of the voids and control r o d s . 

At the beginning of the des t ruct ive m e a s u r e m e n t p r o g r a m it was 

decided to take advantage of the availabil i ty of dissolved fuel s l i ces to check 

the burn-up level by determining the specific activity of the same f iss ion 

products selected for the non-des t ruc t ive ana lys is and in par t i cu la r C s -137 . 

Therefore , a portion of each solution was subjected to gamma s p e c t r o m e t r y 

with an abso lu te -ca l ib ra ted sys tem (Ge-Li moni tor ) . 

Once the specific activity of C s-137 (in Ci/g) was known, it was 

possible to derive the burn -up (in MWd/MTU) by means of a convers ion 

factor that takes into account in an appropr ia te way the c h a r a c t e r i s t i c s of 

this fission product and the r eac to r h i s to ry . 

The concentrat ion of U-235, U-236, U-238, Pu-239, Pu-240 , P u - 2 4 I , 

and Pu-242 were de te rmined by m a s s spec t rome t ry combined with isotopie 

dilution techniques. Each m a s s s p e c t r o m e t r y measu remen t was genera l ly 

per formed three t i m e s . The exper imenta l e r r o r s , expressed as deviat ion 

from the mean value for a single ana lys is , were on the average c lose to the 

method cal ibrat ion e r r o r . Pu-238 , together with amer ic ium and cu r ium 

isotopes, was instead analyzed by means of the alpha spec t romet ry technique. 

The isotopie composit ion r e su l t s were re la ted to the init ial amount 

of fuel, that is , use was made of the ra t io of each heavy isotope N· to the 

total of heavy isotopes Nj° before i r rad ia t ion ( i . e . al l initial u r an ium a toms) ; 
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in this way the results were eas ier to compare with the calculated values. 

Nd-148, as burn-up monitor, has been determined by mass spectrometry 

with isotopie dilution technique using a Nd-150 spike; the separation of 

neodymium was performedby chromatographic elution on res ins . The ob­

tained Nd-148 concentrations were converted into Frp, that is , the per­

centage of fissioned atoms referred to the initial heavy a toms , and sub­

sequently into bu rn -up (in MWd/MTU) taking into account the average 

value of the Nd-148 fission yield, a s sumed as 1. 965%^ ', and an average 

value of 196 MeV for the total energy re leased per fission * ' . 

In the de te rmina t ion of burn-up as F-p, the e r r o r in fission yields 

p reva i l s over all other e r r o r s and l imits the accuracy of the burn-up 

ana lys i s to about I . 5% 

The m e a s u r e d contents of uranium and plutonium iso topes , to ­

ge ther with the F va lues , a re collected in Table 2-II. 

To check the consis tency of experimental resu l t s on isotopie 

conten ts , a sys temat ic study of the relat ionships existing between differ­

ent isotope ra t ios and cer ta in r eac to r p a r a m e t e r s was conducted*· ' . 

Severa l l inea r co r r e l a t i ons were observed and some of these , especial ly 
Ì31Ì those based on fission gas nuclides^ ', s e e m t o be of genera l in te res t . 

In F ig . 2. 17 and 2. 18, two of these observed l inear cor re la t ions a r e i l ­

l u s t r a t ed . 

2. 5 Operating Exper ience with Prototype Plutonium Assembl ies 

The p r e sence of prototype plutonium as sembl i e s in the Garigl iano 

plant r equ i r ed a check of the activity due to these prototypes and to adopt 

adequate p recau t ions in handling them in order to prevent or to l imit the 

consequences of a sp read of plutonium mate r i a l , should an a s sembly be 

dropped accidental ly . 

This Sub-Section contains the results of the r ad iomet r i c su rveys , 

a description ni the precautions taken, the main information on the opera-



TABLE 2-II 

Resul t s of F de terminat ion and of the contents of uran ium and plutonium isotopes 

Sample 

A. 1 

A: 3 
A. 5 

A. 9 

B. 1 

B . 2 

B. 8 

C. 1 

C . 3 

D . 2 

D . 4 

E. 1 

E. 5 

G . 7 

H. 2 

H. 8 

J . 1 

J . 9 

F T 
a / o 

1. 126 

i : 11*0' 

1.128 

1.499 

1.046 

1.094 

1.293 

1. 138 

0.972 

1.008 

0.941 

1. 153 

0.950 

1.121 

1.273 

1.351 

1.370 

1.542 

Uranium 

235 

0.00777 

0.01235 

0.01185 

0.00555 

0.00851 

.0.01231 

0.01050 

0.01225 

0.01348 

0.01297 

0.01332 

0.01204 

0.01335 

0.01199 

0.01096 

0.01036 

0.00631 

0.00541 

236 
EN? 

.0.00161 
0.00187 

0.00173 

0.00184 

0.00142 

0.00189 

0.00199 

0.00188 

0.00168 

0.00173 

0.00172 

0.00190 

0.00164 

0.00183 

0.00195 

0.00200 

0.00180 

0.00191 

238 
Σ*? 

0.9739 
0.9693 

0.9697 

0.9720 

0.9742 

0.9696 

0.9693 

0.9692 

0.9697 

0.9698 

0.9701 

0.9690 

0.9701 

0.9693 

0.9690 

0. 9685 

0.9725 

0.9714 

Plutonium 

+238 
ΓΝ? 3 
χ 10 

0.01860 

0.01751 

6.01586 

0.02669 

0.01864 

0.01701 

0.02004 

0.01774 

0.01332 

0.01427 

0.01691 

0.01739 
0.01780 

0.01890 

0.01892 

0. 02047 

0.02900 

0.03246 

239 
EN? 3 
χ 10 

.3. 725 

3.884 

3.977 

3.439 

3. 859 

3. 357 

3. 685 

3. 929 

4. 148 

4 .028 

4. 181 

4. 058 

4 .221 

4. 167 

3. 820 

3.855 

3.663 

3.518 

240 
E N ? 3 
χ 10" 

. .1. 117 

0.919 

0.935 

1.420 

1.010 

0.879 

1.064 

0.919 

0.807 

0.809 

0,764 

0.934 

0.770 

0.941 

1.028 

'1 .133 

1.324 

1.474 

241 
EN? 3 
χ 10 

0.4394 
0.3722 

0.3847 

0.5496 

0.4030 

0.3506 

0.4036 

0.3761 

0.3360 

0.3383 

0.3311 

0.3909 

0.3336 

0.3894 

0.4130 

0.4360 

0. 5497 

0. 5840 

242 
IN«? 3 
χ 10 

.0.0861 
0.0544 

0.0555 

0. 1649 
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t ion of the Gar ig l iano c o r e , and the per formance of the twelve plutonium a s ­

sembl ies loaded in the Garigl iano core a t the beginning of Cycle 2. 

2. 5. 1 Health P h y s i c s Aspects Associated with Proto type Handling 

The handling of the prototype plutonium a s sembl i e s did not give r i s e 

to any pa r t i cu la r radiological p rob l ems . In fact, the average plutonium con­

centrat ion was l e s s than 2%, of which only about 1% was P u - 2 4 1 . The r a d i o ­

logical hazard of plutonium fuel comes mainly f rom the neutrons emi t t ed in 

spontaneous f i ss ions and (o(,n) reac t ions with the oxygen in the pe l l e t s , and 

f rom gamma r a y s emi t ted by Am-241 . 

The neutron and gamma dose r a t e s were measured on newly f ab r i ­

cated prototype plutonium assembl ie s in different posit ions and the r e s u l t s 

a r e given in Tables 2-III and 2-IV. 

Table 2-III 

Neutron Dose Rate , m r e m / h r 

Distance from a s s e m b l y 
(cm) 

12. 5 ( ins t rument con­
tacting as sembly 

100 

Mid-height of assembly 
(150 cm) 

3 

0 . 4 

50 cm from an 
assembly end 

2 

0 . 4 

Table 2-IV 

Gamma Dose Rate , m r e m / h r 

Distance from a s s e m b l y 
(cm) 

5 ( ins t rument contac t ­
ing assembly) 

100 

Mid-height of a s sembly 
(150 cm) 

6 

< 0. 5 

50 cm f rom an 
a s sembly end 

6 

< 0 . 5 
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The handling procedures called for checks for alpha, beta and gam­

ma surface contamination, and measurements of airborne contamination. Sur­

face contamination was monitored by alpha and gamma counting on swabs taken 

on the external rows of fuel rods, whilst the airborne activity was monitored 

by alpha and g amma counting of paper fi lters used for the continuous and inter­

mittent sampling of the air in the fuel vaul t . During fuel handling, thanks to 

the s t r i c t fabricat ion specif icat ions, no alpha contamination due to plutonium 

was detected . 

The g r e a t e s t radiological haza rd in handling the prototype plutonium 

a s s e m b l i e s would be accidental dropping or violent impact of an assembly 

such as would cause escape of the oxide fuel. In addition to the s t r ic t i n s t ruc ­

t ions i s sued to the pe rsonne l handling these a s sembl i e s , severa l precaut ions 

were taken during the opera t ions , consis t ing mainly in keeping the a s sembl ie s 

wrapped in p las t ic bags until they were loaded into the r eac to r . At any r a t e , 

the station staff was equipped with suitable portable ins t ruments for emergency 

act ion. 

2 . 5 . 2 Information on Core Operation 

Since it was f i r s t placed on line in May 1964, the 160-MWe Gar ig l ia -
9 

no nuc lear power s tat ion has generated 6 . 0 x 1 0 kWh as of 30 June 1970. The 

core is composed of 208 fuel a s s e m b l i e s for a total of 50 tonnes of fuel; during 

Cycle 2, which las ted from October 1968 to June 1970, in the core there were 

142 fuel a s s e m b l i e s of the initial load and 66 reload a s s e m b l i e s , twelve of 

which were plutonium a s s e m b l i e s . At the end of this period of i r rad ia t ion , 

the average burnup of the initial fuel load was about 13, 000 MWd/MTU (aver ­

age design burnup 13, 3 00 MWd/MTU) and the i r rad ia t ion of the lead initial 

load fuel a s s e m b l y was 18,900 MWd/MTU. Irradiat ion of the lead reload fuel 

a s s e m b l y was 7,900 MWd/MTU, whilst the average and the peak i r rad ia t ion 

of the prototype plutonium a s sembl i e s were 7,000 and 7, 500 MWd/MTM r e ­

spect ively. 
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The assemblies of the first load, 9x9 lattice, have a design peak 
2 2 

heat flux in overpower of 99 W/cm (315,000 BTU/hr-ft ), that i s , 12. 8 

kW/ft, whilst the reload fuel a s sembl i e s , 8x8 lattice, have a design peak 

heat fli 

kW/ft. 

2 2 
heat flux in overpower of 133 W/cm (420,000 BTU/hr-ft ), that i s 18. 9 

The maximum values actual ly exper ienced in Cycle 2 at r a t ed 

power were around 7. 2 kW/ft for the 9x9 init ial load fuel a s semb l i e s and 

10.4 kW/ft for the 8x8 re load fuel a s s e m b l i e s . 

The maximum es t ima ted l inear power density for the plutonium 

prototypes was approximately the same as indicated for the n o r m a l re load 

8x8 a s s e m b l i e s . 

The operating cycle ending June 13, 1970, was one of the longest 

ever reached with boiling water r e a c t o r s . The durat ion of this cycle was 

equivalent to about 17 months of operat ion with a 90% plant capaci ty factor . 

The core operating conditions were analyzed per iodical ly by means 

of follow-up calculat ions with the ERFLARE code; the value of K obtained 
eff 

in all these calculations was sys temat ica l ly l e s s than unity. The deviat ion, 

albeit re la t ively small ( -<0. 006 ¿\ K), was prac t ica l ly constant throughout 

the i r r ad ia t ion cycle. These calculat ions thus confirm the val idi ty of the 

method adopted to evaluate core reac t iv i ty depletion, 

The radia l power dis t r ibut ion is shown in F igures 2 -19 , 2-20 and 

2 - 2 1 , respec t ive ly at the beginning, middle , and end of Cycle 2. Also shown 

in these f igures a re the control rod pa t t e rns for each situation; each rod i s 

r ep re sen ted by a c i rc le at the center of the four assembl ies control led by 

that rod, and the number in the c i rc le co r responds to the notches by which 

the control rod is withdrawn. These number s a re comprised between 0, rod 

al l in, and 35, rod all out. (In the f igures , the number 35 for the complete ly 

withdrawn control rods was omitted, so that a white c i rc le means " rod al l 

out". ) Fig . 2-22 shows the burnup dis t r ibut ion at the end of Cycle 2. 
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GARIGLIANO STATION 

ι ι l i l i · ΐ ι ι 

Assembl i e s r*-50 51 52 53 5* 55 56 57 5ê 59 60 61 52 S3 6* 65 66 67 6« 69 70 71 73 

Control r o d s * * A 

FIG. 2-19 - RADIAL POWER DISTRIBUTION AS OF DECEMBER 10, 1968. 
AVERAGE CORE BURN-UP: 7,100 MWD/MTU 

JÊk. Mixed-type plutonium a s s e m b l y 

@ Notches of cont ro l rod wi thdrawal 

Standard-type plutonium assembly 
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GARIGLIANO STATION 

A s s e m b l i e s -+-50 51 52 53 54 55 56 57 58 53 60 61 62 63 64 6S 66 

C o n t r o l r o d s — ^ A ß c D £ F G H 

67 68 69 

J 7C 

70 7/ 72 

L 

N o t c h e s of c o n t r o l r o d w i t h d r a w a l 

*&> M i x e d ­ t y p e p l u t o n i u m a s s e m b l y 

¿£v S t a n d a r d ­ t y p e p lu ton ium a s s e m b l y 

F I G . 2 ­20 ­ RADIAL POWER DISTRIBUTION AS O F J U N E 30, 1 969 
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GARIGLIANO STATION 

Assemblies 

Control rods 

SO 51 52 53 54 55 56 57 5ê SS 60 61 62 63 6« 65 66 67 6« 63 70 71 72 

H 

FIG. 2-22 FUEL ASSEMBLY BURN-UP AS OF JUNE 13, 1969. 
AVERAGE CORE BURN-UP: 12,000 MWD/MTU 

/JPQQS Standard-type plutonium 

Mr assembly 
<^6900^> Mixed-type plutonium 

assembly 
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GARIGLIANO STATION 

Assemblies ~-so 51 52 S3 ** ss 56 57 58 Ss 60 61 6Z w 6* 6 S 6 δ 67 6 θ 6 9 7 0 7 ' 72 

Control rods — - « · A 

FIG'. 2-21 - RADIAL POWER DISTRIBUTION AS OF JUNE 30, 1970 
AVERAGE CORE BURN-UP:12, 000 MWD/MTU 
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From the operational standpoint it i s useful to point out that during 

Cycle 2 generator tripping at full power generally scrammed the reactor, by 

contrast with the experience in Cycle 1 when this very rarely happened. Un­

doubtedly, the increased void coefficient associated with a higher plutonium 

content in the core contributed to this situation; the higher plutonium content 

i s main ly due to higher fuel burnup and, to a smal le r ex'tent, to the p re sence 

of the twelve prototype plutonium a s s e m b l i e s . It should also be noted that the 

void coefficient d e c r e a s e s between the beginning and the end of the cycle as a 

r e s u l t of the gradua l withdrawal of the control rods , and consequently the 

phenomenon was felt m o r e at the beginning of the cycle. At any r a t e , s tudies 

a r e under way to take provis ions to e l imina te the inconvenience. 

B e s i d e s , during Cycle 2, the off-gas activity inc reased slowly and 

constant ly . The ra t e of inc rease averaged about 4,000 m i c r o c u r i e s / s e c per 

month , and before shutdown the off-gas activity reached a ceiling of 3 5, 000 -f-

40, 000 m i c r o c u r i e s / s e c . F r o m the examination of the type of activity of 

these g a s e s , a slow change was noted f rom a "slow diffusion" mixture (de­

noting leakage of f ission products from smal l c racks) to a " r eco i l " mixture 

(denoting the p r e s e n c e of exposed uran ium) . After plant shutdown, a sipping 

ana lys i s of all the fuel a s semb l i e s was performed in the reac tor p r e s s u r e 

v e s s e l . This ana lys is showed a ce r t a in number of suspect fuel a s s e m b l i e s in 

the ini t ia l load and re load. The sipping analysis was repeated in the pool on 

al l the suspect a s s e m b l i e s and on a ce r t a in number of a s sembl i e s cons idered 

unfailed; th is ana lys i s confirmed the prev ious r e s u l t s . 

The sipping signal for all the prototype plutonium a s sembl i e s was 

wel l within the average value for the whole core ; some of the plutonium a s ­

s e m b l i e s showed the lowest ac t iv i t ies measu red , thus confirming the high 

d e g r e e of in tegr i ty of these a s s e m b l i e s after one cycle of operat ion. This 

in tegr i ty was a l so confirmed by the TV examination per formed on some of 

the plutonium a s s e m b l i e s and by the bore scope examination of a few pins of 

an a s s e m b l y that was d i sassembled for the gamma scans (see Sub-Sect ion2. 4). 
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2. 6 Verification and Trimming of the Calculation Methods 

The calculation methods described in Sub-Section 2. 2 were subjected 

to extensive investigation aimed at ascertaining their adequacy in dealing with 

the va r ious aspec ts of UO -PuO c o r e s . The data derived from the operation 

of the Garigliano and Trino Vercel lese stations permitted a first verification 

of the methods on uranium s y s t e m s . 

The calculation techniques for plutonium sys t ems were ver if ied and 

t r i m m e d by compar i son with the exper imenta l data gathered from expe r imen t s 

conducted abroad on c r i t i c a l faci l i t ies or from ad hoc expe r imen t s , such a s 

the p r o g r a m implemented by the UKAEA for ENEL on the DIMPLE r e a c t o r or 

those ca r r i ed out under the subject P r o g r a m (cfr. Sub-Section 2 .4 ) . 

The methods used for the calculation of reac t iv i ty and power d i s t r i bu ­

tion in these compar i sons were applied with different energet ic subdivisions of 

the neutron spec t rum. The codes were the two-group BURNY (1 t h e r m a l and 

1 fast); the five-group BURSQUID (2 the rmal and 3 fast) and the four -group 

BURSQUID (1 the rma l and 3 fast) . In pract ice these a re all ve r s ions of the 

same code, differing only in the number of energy groups . 

The survey was a l so extended to the th ree -g roup GAM-THERMOS-

SQUID system of codes (1 t he rma l and 2 fast) which i s a conventional technique 

for a more detailed calculat ion of the lat t ice cons tants , but is much more t i m e -

consuming. 

The use of the th ree fast groups p e r m i t s a more detailed evaluat ion 

of the neutron diffusion that occurs in the fast region of the spec t rum, the a t ­

t r ibut ion of the U-238 absorpt ion en t i re ly to the resonance group (0. 625 eV to 

5. 5 eV), and thus a more accura te a s s e s s m e n t of Pu-239 generation. 

With the adoption of two the rma l groups (with energy cut-off at 0. 2 

eV) the var ia t ions in neutron reac t ion r a t e s due to discontinuit ies (water gaps 

or heterogeneous en r i chment s ) capable of modifying the the rmal spec t rum 

locally should be evaluated more accura te ly . 
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The following is a summary of the main results of the trimming of 

the calculation method in respect of the experiments considered. 

2. 6. 1 Expe r imen t s on Cr i t ica l Fac i l i t i e s 

The informat ion der ived from a number of c r i t i ca l exper iments 

w e r e used mainly to check the method for the calculation of the local power 

d i s t r ibu t ion . The e x p e r i m e n t s used for this check were those of the PRCF 

and of the Saxton P r o g r a m , as they were the most suited for this verif icat ion, 

and the configurat ions set up in the DIMPLE reac to r for a latt ice geometry 

n e a r e r to that of the ENEL-des igned plutonium a s s e m b l i e s . 

(32) P R C F Power Dis t r ibut ion Measuremen t s - Of the P R C F m e a s u r e m e n t s , 

two were of p a r t i c u l a r i n t e r e s t for the theore t ica l -exper imenta l compar ison, 

because they offered the possibi l i ty of studying the effect of different pluto­

n ium isotope composi t ions (from 7 to 23%) under the same geometr ica l and 

phys ica l condit ions. The r e su l t s of these measuremen t s were compared with 
(5) those obtained with the two-group BURNY code and were general ly found in 

good a g r e e m e n t , espec ia l ly for the rods near the re f lec tor ; a d iscrepancy on 

the o r d e r of 4 % was observed at the center of the c r i t i ca l a s sembl ie s and at 

the in ter face between the two regions of different isotope composi t ions. 

(33) Saxton Power Dis t r ibut ion Measu remen t s - Six configurations were s e ­

lec ted f rom the expe r imen t s pe r fo rmed on a lattice of 19x19 rods (Fig. 2-23). 

These configurat ions were in te res t ing because they provided information on 

the power t rend in the plutonium rods near a water gap or nea r UO rods . 

The expe r imen ta l data were compared with the r e su l t s obtained from the 

two-group BURNY and the f ive-group BURSQUID codes and found in fair agree · 
(5) men t Li both cases . However, power sharing between UO -PuO rods and 

UO r o d s is r ep roduced bet ter by the two-group, code, because the five-group 

code gives a deviat ion of 4 - 5 % for the rods at the boundary between the two 

co re reg ions by under ra t ing the power of the UO rods in r e spec t to those of 
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CONFIGURATION 5: Two­region core (b). 

The internal region contains PUO2­UO? rods 
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region contains UO9 rods enriichcd to 5. 742 

»v/o in U­235. 

CONFIGURATION 6: Two­region core (b). 

The internal region contains UO rods en­

riched to 5. 742 w/o in U­235; the external 

region contains PuO_­UO_ rods enriched to 

6 .6 w/o in PuO,. 

Fig . 2­23 ­ S AX TON FACILITY. Core pa t te rn for different rod configurat ions, 
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UO ­PuO . On the other hand, a systematic disagreement between the values 
C* C* 

of Κ , , obtained from the two­group calculation methods and those from the 
eff 

f ive­group method i s apparent (abt 1%). The five­group calculation is in better 

agreement (within 1%) with the experimental values, especial ly when high plu­

tonium enrichment values are taken into account. The small dimensions of the 

cri t ical assembly (19x19 rods) and the high degree of fuel enrichment used 

made th is a v e r y s t r ingent t e s t of the calculation techniques and therefore the 

a g r e e m e n t between theory and exper imen t s were encouraging. 

P o w e r ­ S h a r i n g Measu remen t in the DIMPLE Reactor at Winfrith ­ The UKAEA 

p e r f o r m e d , on behalf of ENEL, a s e r i e s of measurement s on UO^­PuO a s s e m ­

(5) " 

b l i e s in the DIMPLE reac to r at Winfrith . The a s sembl i e s consisted of 5x5 

modular uni t s , each containing 8x8 fuel rods ; these units were a r ranged so as 

to give the c loses t reproduct ion possible of the lat t ice geometry of a BWR core , 

and pa r t i cu l a r ly the Garigl iano core . 

The purpose oí these m e a s u r e m e n t s was to analyze: the power sharing 

effects between UO and UO ­PuO as sembl i e s , and the local power d i s t r ibu­

t ion in the UO ­PuO module. The measu remen t s consisted in determining 
Cá Ct 

the Pu­239 and U­235 fission r a t e s by insert ing foils of these isotopes into 

the rods that were mos t r epresen ta t ive for these m e a s u r e m e n t s . In this man­

n e r it was possible to deduce the power distr ibution and, at the same t ime , 

the d is t r ibut ion of the ra t io bet­ween Pu­239 and U­235 fission r a t e s along a 

hor izon ta l sect ion of the core . Once the ra t io between Pu­239 and U­235 f i s ­

sion r a t e s and how it v a r i e s with lat t ice heterogenei t ies is known, it i s p o s ­

sible to a s c e r t a i n the validity of the calculation method to foresee power d i s ­

t r ibu t ions assoc ia ted with i r r ad ia t ed c o r e s . 

M e a s u r e m e n t s were pe r fo rmed on four different core configurations 

(Fig . 2­24) , that i s : 

(a) Core uniformly loaded with Al­c lad UO rods with 3% U­235 enr ichment . 

This configuration formed the bas ic core into which modular Pu units were 

subsequently loaded. 
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(b) Core as in configuration (a), but with the central modular unit replaced by 

Al­clad UO ­PuO rods consisting of natural uranium and 2. 1% Pu. 
■C c 

(c) Core as in configuration (b), but with the corner rods of the modular Pu 

unit containing 1.2% Pu in depleted uranium. 

(d) Core as in configuration (b), but with the modular Pu unit located at the 

core periphery so a s to define the effect of the ref lector on a Pu a s s e m ­

bly. 

The r e a c t o r was maintained c r i t i ca l by varying the modera tor height, 

which was nea r ly the same for the four configurations. 

The theore t i ca l power d is t r ibut ions for the different configurations 

w e r e calculated with the two­group BURNY code, the five­group BURSQUID 

code and the GAM­THERMOS­SQUID sys tem to asce r t a in whether a l a rge r 

number of groups for the represen ta t ion of the neutron spec t rum could sub­

s tant ia l ly improve the e s t i m a t e s of power distribution and of the rat io between 

Pu­239 and U­235 f ission r a t e s . 

Table 2­V l i s t s the percentage standard deviations between theore t ­

ica l and exper imenta l va lues for power distr ibution, f ission ra te ra t io and 

c r i t i ca l i ty checks . F o r comple teness Table 2­V also contains the r e su l t s 

achieved in the t heo re t i c a l ­ expe r imen ta l compar isons for the Saxton and the 

P R C F expe r imen t s . 

On the bas i s of these r e s u l t s , the following main r e m a r k s may be 

m a d e . 

F r o m the standpoint of the local power dis tr ibut ion, the two­group 

BURNY code appea r s to be in be t t e r agreement with the exper imenta l data 

that the f ive­group BURSQUID code. The standard deviations from the ex­

pe r imen ta l values were always lower than a few percent in all compar isons 

and with both codes . Thus , the two methods are sat isfactory. 

As to local effects , the f ive­group BURSQUID appears to ove res t i ­

mate the corne r rod power of a fuel a s sembly by a few percen t , whereas the 

two­group BURNY code gives the opposite effect. 
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A r r a y 3 
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2 A r r a y s 

Power distr ibution, d+ (%) 

Burny 2 

1.4 

1.4 

1.1 

3.2 

0.8-1..4 
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Burny 5 
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2 .8 
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-
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-

-

-

-

F i s s ion 
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-
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-

-
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■ -
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-

-

-
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+0.0117 

+0.0075 

+0.0065 
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+0.0094 

to 

+0.0180 

+0.0089; 

+0.0170 

Burny 5 

-0.0012 

-0.0015 

-0.0026 

+0.0073 

-0 .0053 
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+0.0073 

.-

G-TH-S 

_ 

-0 .0101 

-

- ■ 

-

-

-a 
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The ratios between Pu-239 and U-235 fission rates are evaluated 

better by the five-group BURSQUID, whereas the two-group BURNY reflects 

the limitation of having only one thermal group. 

Fig. 2-25 shows the values of the percentage errors for each rod, 

for both the calculation methods. In this figure, it can be noted that the two-

group BURNY gives a discrepancy in the fission rate ratio which increases 

f r o m the cen te r to the corner rod of the plutonium module where the e r r o r i s 

in the range of 13 to 20%. 

The c lea r improvement obtained with the five-group BURSQUID ca l ­

cula t ion method is due to the different represen ta t ion of the t h e r m a l - n e u t r o n 

b e h a v i o r . Indeed, the use of two t h e r m a l groups allows the local f ission rate 

v a r i a t i o n s due to t h e r m a l - s p e c t r u m deformation to be de termined for the two 

i so topes more accura te ly than one t h e r m a l group. 

Such an accura te evaluation is impossible with the two-group BURNY 

method which uses only one - the rma l -g roup constants computed on the assump­

tion of an asymptot ic cell spec t rum, and thus it does not allow the t h e r m a l -

s p e c t r u m var ia t ion due to the wa te r -gap softening to be taken into account. 

In this connection, it may be stated that the f ive-group BURSQUID 

code appea r s more promis ing for burnup calculat ions. 

The r e s u l t s obtained with GAM-THERMOS-SQUID sys tem are a lso 

in good a g r e e m e n t with the exper imenta l data on local power dis t r ibut ion, 

w h e r e a s they a r e no bet ter than the five-group BURSQUID code predic t ions 

when it comes to f i s s ion- ra te r a t i o s . 

The K . . v a l u e s calculated for all the configurations a re consis tent eff 
with expe r imen ta l data. Here again, a systematic difference is noted between 

the two-group and f ive-group calculation values. The K values with the 
eff 

fou r -g roup model (l t he rma l and 3 fast , with the same l i b r a r y a s that of the 

two-group model) fall between the values obtaine"d from the other calculat ion 

me thods . 
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This fact would indicate that the discrepancy i s due partly to the dif­

ferent representation of the fast-neutron events and partly to the different 

model used for the thermal neutrons. 

2. 6. 2 E x p e r i m e n t s in the Garigl iano Reactor 

The two e x p e r i m e n t s ca r r i ed out in the Gar ig l iano r eac to r with p lu­

tonium a s s e m b l i e s provided an in teres t ing set of data for the t r imming and 

ver i f i ca t ion of the t heo re t i ca l methods , par t icu lar ly for cr i t ica l i ty and power 

d i s t r ibu t ion ca lcu la t ions . In connection with these e x p e r i m e n t s , the K and 
eff 

power d is t r ibu t ion w e r e calculated with the BURSQUID code and the FORM-

THERMOS-SQUID s y s t e m ; the macroscopic radial power dis tr ibut ion at full 

power was der ived by means of the ERFLARE routine calculat ions . 

The cons i s tency of the cr i t ica l i ty data from the f i rs t exper iment 

(1968) and calculated va lues is quite sat isfactory, the e r r o r being l e s s than 

0 . 5 % . In Table 2-VI the K „ v a l u e s calculated for all the fuel assembly con-eff 
f igura t ions , in the a s sumpt ion of fully withdrawn control r o d s , a re compared 

with the v a l u e s der ived f rom exper imenta l r e su l t s . 

Table 2-VI 

C onfiguration 

I 

II 

IV 

V 

3x3 

Exper imen ta l 
Keff 

1.01090 + 0.00050 

1.01328 + 0. 00050 

1. 01486 + 0. 00050 

1. 01280 + 0. 00050 

1.00560 + 0. 00050 

Keff from 
BURSQUID 

1.00800 

1.01070 

1.01375 

1.01130 

1.00600 

Keff from 
FORM-THERMOS-

SQUID 

1. 01560 

-

1.02140 

-

1.00900 

A more s t r ingen t check is provided by the compar i son of the ¿\ K 

va lues a r i s i ng f rom r ep l acemen t of an enr iched-uran ium assembly with a plu-
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tonium assembly. This comparison i s given in Table 2­VII. 

Table 2­VII 

Δ Κ Π Ι Ι pcm 

^ K i v ­ i ' p c m 

Δ Κ ν _ χ ι pcm 

Expe r imenta l 

Δκ 

238 + 9 

388 + 7 

191 + 7 

A Κ from 

BURSQUID 

270 

375' 

330 

/ \ Κ from 

FORM­

THERMOS­

SQUID 

­

580 

­

¡\ Κ from revise«! 

BURSQUID 

210 

4 4 5 

267 

This comparison evidences a tendency of the calculation methods to 

overes t imate the ¿\ Κ result ing from the r ep lacement of one en r i ched ­u ran ium 

a s s e m b l y with a plutonium assembly . The overes t imate is less apprec iable 

when the rep lacement is made in a co rne r posi t ion of the configuration. 

The fact that this tendency is common to both calculation methods , not­

withstanding the different number of neutron g roups , might indicate an o v e r r a t ­

ing of the Pu­239 multiplication p rope r t i e s provided by the code l i b r a r i e s . 

The calculat ions were repeated with a reduced ep i the rmal f ission in ­

t eg ra l of Pu­239 of the RIBOT­5 l i b r a r y f rom 338 to 293 barns according to a 

(6) 
r ecen t code revis ion . Therela ted r e s u l t s shown in the las t column of Table 

2­VII a r e in be t te r agreement with the exper imen ta l va lues . 

F igure 2­26 shows the percentage deviat ion between the calculated 

and exper imenta l values of the power d is t r ibu t ions for the level without cont ro l 

r o d s . 

The power density was calculated with a standard deviation l e s s than 

2% more significant deviations being observed on the rods at the b o r d e r of 

fuel a r e a s within each assembly having different c h a r a c t e r i s t i c s . .The 
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values obtained for the corner rods with the FORM-THERMOS-SQUID three -

group technique show a systematic deviation in respect of the experimental dat<* 

This deviation cannot be found in the results obtained with thé first calculation 

method because of the adoption of the two. thermal g roups . 

At the level c h a r a c t e r i z e d by the p resence of control r o d s , the dev ia ­

t ions between the theore t i ca l and exper imenta l values a r e g r e a t e r , a s evidenced 

in F ig . 2-27. 

F r o m this figure it can be noted that the deviations a r e d is t r ibuted in a 

sys temat ic pa t te rn , the l a r g e s t occurr ing in the fuel rods adjacent to the contro] 

r o d s , with opposite signs on the two s ides . This t rend may be due to off-center 

posit ioning of the control r o d s , which is actually possible a lso because of the 

5 -mm clearance between the control rod and the fuel channel. 

To confirm this assumpt ion a theore t ica l evaluation of this effect was 

pe r fo rmed with the t r a n s p o r t code DTK for a control rod in the off-center p o s i ­

tion, that i s , with one blade leaning completely on the side of one of the fuel a s ­

sembl i e s . 

On the fuel cel ls c loses t to the control r o d s , the effect de te rmined a 

var ia t ion of about +_ 14%, which is consistent with the value deduced from the 

deviation between theore t i ca l and exper imenta l va lues . 

On the bas i s of the above considerat ions it s e e m s that , at the t ime of 

the expe r imen t s , the control rods may have all been positioned more or l e s s 

eccen t r i ca l ly . 

The consis tency of the K . . v a l u e s of the second exper iment a l so ap -
eff 

p e a r s to be ve ry sa t i s fac tory . The macroscopic rad ia l power d is t r ibut ion was 

obtained with the ERFLARE calculat ions that a re regu la r ly c a r r i e d out to up­

date the burnup reached by each fuel assembly for fuel accounting p u r p o s e s . 

This consis tency conf i rms the validi ty of the theore t ica l evaluation of the K 
oo 

v e r s u s - b u r n u p curve , and in pa r t i cu la r the predic t ions of the fuel cycle length. 

The compar ison between the predicted rad ia l power d is t r ibut ion at the 

end of Cycle 2 and the cor responding exper imenta l va lues is shown in F ig . 2-11.. 



80 

REFLECTOR 

tí 
O 

υ 
Η 
tí 
tí 
fri 

tí 

C \ \ \ \ \ \ \ \ \ \ \ \ ,­.\\N­J {» k­ \ ­ ­ \ \ ' . \ \ \ \ \ \ ­ ­ . \>\ \ \ '9 

\ 
■Ν 

0. 552 

­ 5 . 4 

0. 303 

4 9 . 9 

0.458 

­S. 1 

0 .440 

+12.0 

0 .546 

­7. 5 

0. 662 

­ 3 . 6 

0.729 

­y. 4 

0.767 

­ 5 . 2 

0. 809 

­10. 1 

0 .823 

­ 0 . 9 

0.672 

­5. 1 

1.048 

­6.1 

0.486 

41 .4 

1. 254 

0 

0 .339 

­ 1 . 5 

0 .335 

+ 16 .3 

1.463 

­ 2 . 6 

1.919 

­0. 1 " 

0. 526 

lì ­15.5 

0.432 

14.6 

**t*w***~-v««&n»*4^*W"m*?t«·« * ***·»* 

0.672 

­7.5 

Fig. 2­27 ­ LEVEL WITH CONTROL RODS: EXPERIMENTAL DISTRIBUTION 

OF THE ROD POWER DENSITIES PERCENTAGE DEVIATIONS OF 

THEORETICAL_DATA CALCULATED BY THE BURSQUID CODE 

i (Τ ­ E) / E _ / χ 100. 



81 

The mean square deviation i s +_ 2. 5%, value that i s on the same order of mag­

nitude resulting from the evaluation of the other gamma scanning experiments 

carried out on the Garigliano core. Table-2-VIII summarizes the data re la t ­

ing to the different gamma scanning experiments. 

Table 2-VIII 

Compar ison between theore t ica l and gamma-scanning data 

Core i r r ad ia t ion 
(MWd/MTU) 

70 

4920 

3315 

12020 

Fuel cycle 

1A 

1A 

IB 

2 

Calculated K ,„ eff 

.0. 9956 

0. 9921 

0. 9970 

0. 9945 

Power d i s t r ibu t ion 
<r(%) 

+ 2 .41 

+ 1. 93 

+ 5. 02 

+ 2. 50 

In the gamma scanning at the end of Cycle 2 no par t icu la r b ias was 

noticed in the evaluation of the power of the plutonium as sembl i e s . 

2 . 6 . 3 Pos t - I r r ad i a t i on Measuremen t s on an Enr iched-Uranium Assembly 

The calculat ion technique developed to a s s e s s power d is t r ibut ion was 

checked also at high i r r ad ia t ion levels by comparing the burnup and isotopie 

contents of individual r o d s , as der ived from the pos t - i r rad ia t ion m e a s u r e m e n t s 

c a r r i e d out at the Common R e s e a r c h Center , Kar l s ruhe , on an i r r a d i a t e d en ­

r i ched -u ran ium as sembly (A-106). 

The calculat ions of the burnup and fuel isotopie composit ion w e r e 

per formed init ial ly with the two-group BURNY code. In these ca lcula t ions it 

was assumed that the neutron s t r e a m was nil around the assembly only during 

the exposure t imes when the assembly was not affected by the p r e s e n c e of con­

t r o l rods . On the con t r a ry , when a control rod was inser ted , use was made of 
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e x t r a p o l a t i o n l eng ths ca lcu la ted by m e a n s of the t ransport code DTK. 

The s i m p l i f i e d r e p r e s e n t a t i o n of the contro l rod b l a d e ' i n t e r s e c t i o n 

l e d t o an o v e r r a t i n g of the contro l e f fec t . The s a m e fact w a s observed for the 

f i r s t t i m e in the e x p e r i m e n t a l r e s u l t s of the m e a s u r e m e n t s of the c o n t r o l - r o d -

af fec ted power d i s tr ibut ion c a r r i e d out at the Garig l iano in the 1968 s u m m e r 

shutdown ( s e e P a r a g r a p h 2. 6. 2) , and it h a s been c o n f i r m e d by c o m p a r i s o n 

w i t h the b u r n u p d i s t r i b u t i o n m e a s u r e d a t a fixed p lane ( L e v e l C) in the p o s t -

i r r a d i a t i o n e x a m i n a t i o n of the A - 1 0 6 a s s e m b l y . The c a l c u l a t i o n s w e r e t h e r e ­

f o r e r e p e a t e d w i th the f i v e - g r o u p BURSQUID code us ing a m o r e d e t a i l e d r e p ­

r e s e n t a t i o n of the c o n t r o l rod b l ade i n t e r s e c t i o n . 

In F i g . 2 - 2 8 a r e i n d i c a t e d the e x p e r i m e n t a l v a l u e s of b u r n u p (E) t o ­

g e t h e r wi th the p e r c e n t d e v i a t i o n s in c o m p a r i s o n wi th the t h e o r e t i c a l v a l u e s (T) 

c a l c u l a t e d wi th the t w o - g r o u p BURNY and f i v e - g r o u p BURSQUID c o d e s . The 

r e s u l t s of the two c a l c u l a t i o n t e c h n i q u e s a r e we l l c o n s i s t e n t with the e x p e r i ­

m e n t a l d a t a , l a r g e r d e v i a t i o n s be ing o b s e r v e d for the t w o - g r o u p BURNY c a l ­

c u l a t i o n (Or = + 3 . 1% v e r s u s + 1. 5%). 

By a n a l y z i n g the d e v i a t i o n s for the t w o - g r o u p BURNY c a l c u l a t i o n , it 

w i l l be no t ed t h a t the g r e a t e r d e v i a t i o n s o c c u r in p r o x i m i t y of the a r e a s w h e r e 

the e n r i c h m e n t d i f f e r s and t h a t the c o n t r o l rod ef fec t on the c o r n e r rod i s o v e r ­

r a t e d . 

A s for the c o m p a r i s o n wi th the f i v e - g r o u p t h e o r e t i c a l r e s u l t s , no s y s ­

t e m a t i c c o n c e n t r a t i o n of e r r o r i s o b s e r v e d . It w a s t h e r e f o r e p o s s i b l e to c o n ­

c l u d e t h a t a t l e a s t up t o 10 ,000 M W d / M T U the b u r n u p of any s ing le r o d , i n c l u d ­

ing t h e c o r n e r and p e r i p h e r a l r o d s , i . e . r o d s in "d i f f i cu l t " p o s i t i o n s , i s we l l 

r e p r e s e n t e d by bo th the t w o - g r o u p BURNY and the f i v e - g r o u p BURSQUID c a l c u ­

l a t i o n s . 

With r e g a r d t o the i s o t o p i e a b u n d a n c e of h e a v y a t o m s , the e x p e r i m e n t a l 

r e s u l t s , e x p r e s s e d a s p e r c e n t of i n i t i a l u r a n i u m ' a t o m s s t i l l p r e s e n t a f t e r i r r a ­

d i a t i o n , w e r e c o m p a r e d with the t h e o r e t i c a l v a l u e s c a l c u l a t e d wi th the t w o - g r o u p 

BURNY and f i v e - g r o u p BURSQUID c o d e s . Tab le 2- IX c o m p a r e s the a v e r a g e 

d e v i a t i o n s for the two c a l c u l a t i o n s . 
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TABLE 2-DC 

Compar i son between the ave rage deviations obtained with 
two-group BURNY and f ive-group BURSQUID calculat ions 

Isotope 

U-235 

U-236 

U-238 

P u - 2 3 9 ' 

Pu-240 

Pu-241 

Pu-242 

<r% ( τ 

Five groups 

-3 .94 

-6 .85 

+0.072 

+3.69 

+ 3.26 

+10.12 

+25.50 

- E /T) 

Two groups 

-5 .66 

-7 .38 

+0.19 

*24.66 

+7.69 

+8.95 

+8.5 3 
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The two-group BURNY calculation a p p e a r s unsa t i s fac tory , p a r t i c u ­

l a r l y in r e s p e c t of the Pu-239 concentra t ion, which i s sys temat ica l ly u n d e r ­

e s t ima ted by 25% on the ave rage . Frormthe deviat ion d is t r ibut ion, it may be 

observed that the l a r g e r deviations occur in the co rne r and p e r i p h e r a l r o d s ; 

th is difference may be imputed to an inadequate represen ta t ion of the t h e r m a l 

s p e c t r u m and to the l i b r a r y data used in the two-group BURNY. This a s s u m p ­

tion s e e m s to be supported by the r e su l t s obtained with BURSQUID, which more 

adequately r e p r e s e n t s the the rma l spec t rum and thus gives a be t t e r evaluat ion 

of the Pu-239 content. This effect had a l ready been noticed in the m e a s u r e m e n t s 

on the DIMPLE cr i t i ca l facility with p lu tonium-bear ing fuel (see P a r a 2. 6. 1).. 

More specif ical ly, an evaluation with the f ive-group BURSQUID improves the 

Pu-239 and Pu-240 represen ta t ion , but in t roduces higher sys temat ic e r r o r s for 

Pu-241 and Pu-242 (cr-= + 25% for Pu-242) . The U-235 content was sl ightly un­

de re s t ima ted (o = *y 5%) with both calculation techniques . 

As a final comment , it should be pointed out that to obtain high p r e c i ­

sion with the BURSQUID calculation, it was n e c e s s a r y to use a more detai led 

calculat ional model and to take the i r r ad ia t ion h i s to ry into account as c lose ly 

a s poss ib le . 

2 . 6 . 4 Verification of the Calculation Technique for the Determina t ion of the 

Shutdown Margin 

The validity of the calculation technique desc r ibed under P a r a g r a p h 

2. 2. 3 was checked with an a p r i o r i calculation of the cold cr i t ica l i ty condition 

of the core at the beginning of Cycle 2. 

The p re sence in the core of f resh and i r r a d i a t e d en r i ched -u ran ium 

a s s e m b l i e s with twelve plutonium prototypes provided an in te res t ing oppor tu­

nity for a verif icat ion of the accuracy of the calculat ion method in such a he t ­

e rogeneous situation. 

As a f i r s t t r i a l , a calculation was pe r fo rmed with twenty-two control 

rods completely withdrawn according to the withdrawal sequence provided for 

Cycle 2. The resul t ing K „ w a s 0.97667. 
eff 
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The ca lcu la t ion w a s r e p e a t e d for the a s sumpt ion that other e ight con­

t r o l r o d s w e r e wi thdrawn. In the ca lcu la t ion model th is s i tuation appeared t o b e 

p r a c t i c a l l y c r i t i c a l (Κ = 1.00ΓΟΟ). Actua l ly , the reac tor went c r i t i c a l with one 
e 11 

o 
of 50 C. The t h e o r e t i c a l Κ e x t r a p o l a t e d to the r e a l cr i t i ca l i ty s i tuation w a s 

eff 

m o r e contro l rod (C-8 ) wi thdrawn up to the 1 l thnotch and at a core t emperature 
o 

of 50 C. The t h e o r e t i c a l Κ e x t r a j 
eff 

d e r i v e d f r o m the fo l lowing b a l a n c e : 

Κ rr with r o d C - 8 a l l in at Τ = 23°C 1. 00100 
eff 

j \ Κ a b s o r b e d by r o d C-8 at the 11th notch - 0 . 00800 

0. 99300 

T h e e f fec t of the t e m p e r a t u r e v a r i a t i o n f r o m 23 C to 50 C w a s n e g l i ­

g i b l e . 

The a g r e e m e n t b e t w e e n the c a l c u l a t e d and e x p e r i m e n t a l da t a w a s s a t ­

i s f a c t o r y and c o n f i r m e d the v a l i d i t y of the ca l cu l a t i on t e c h n i q u e . 

2 . 6 . 5 V e r i f i c a t i o n of the C a l c u l a t i o n Technique for T r a n s i e n t s S tud ies 

The v a l i d i t y of the GARDIN code w a s v e r i f i e d on the b a s i s of e x p e r i ­

m e n t a l s i t u a t i o n s a n a l y z e d on the G a r i g l i a n o p lan t . Use w a s m a d e in p a r t i c u l a r 

of the d a t a p r o v i d e d by the load r e j e c t i o n t e s t and r e c i r c u l a t i o n p u m p t r i p t e s t 

c a r r i e d out a t the s t a t i o n on M a y 14 and Ju ly 3 1 , 1969, r e s p e c t i v e l y . 

In c a r r y i n g out the c o m p a r i s o n for the load r e j e c t i o n t e s t , it w a s n o ­

t i c e d t h a t the v a r i a t i o n in w a t e r s p e e d a t the co re in le t s u b s t a n t i a l l y af fec ted 

the d y n a m i c s of the t r a n s i e n t ; t h i s v a r i a t i o n was not r e c o r d e d d u r i n g the t e s t . 

Use w a s t h e r e f o r e m a d e of an a p p r o x i m a t e d t h e o r e t i c a l equa t i on which e v a l u ­

a t e s the v a r i a t i o n s in the c i r c u l a t i n g w a t e r flow r a t e on the b a s i s of the p r e s ­

s u r e d i f f e r e n c e b e t w e e n the s t e a m d r u m and p r e s s u r e v e s s e l . The v a r i a t i o n 

s o c a l c u l a t e d p e r m i t t e d the r e p r o d u c t i o n of the n e u t r o n flux v a r i a t i o n up to the 

t i m e of s c r a m ( F i g . 2 - 2 9 ) . The t r e n d of the n e u t r o n flux in the s u b s e q u e n t 

t i m e i n t e r v a l i s s i m i l a r t o tha t r e c o r d e d in ano the r t e s t c a r r i e d out in May 

1964 w h i c h h a d no t c a u s e d r e a c t o r s c r a m . 

F o r the p u m p t r i p ( F i g . 2 -30) the a g r e e m e n t i s a l s o s a t i s f a c t o r y . The 

t i m e d e l a y b e t w e e n the t h e o r e t i c a l and e x p e r i m e n t a l f luxes i s due to the t i m e 

c o n s t a n t ( abou t 500 m i l l i s e c o n d s ) of the i n s t r u m e n t r e c o r d i n g of the c o r e i n l e t 

w a t e r s p e e d . 
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2. 7 T r a n s i e n t s Ana lyses 

In r e s p e c t of the implicat ions to safety deriving from the use of p lu ­

ton ium a s s e m b l i e s , s tudies w e r e c a r r i e d out to de termine the changes in core 

and plant behavior dur ing the mos t impor tant operat ional t r ans ien t s and i n c i ­

d e n t s . 

The dynamic behavior of the two stations of Tr ino Verce l l e se and Ga­

r ig l i ano were examined for the two si tuations of all-vuranaàwon. and al l -plutonium 

c o r e s and the r e s u l t s compared in o rder to find out the most important differ­

e n c e s . The s tudies w e r e c a r r i e d out with the aid of an analog computer ; the 

condi t ions examined for the main operational t r ans ien t s and incidents , both at 

s t a r t u p and at full power , were those contemplated in the Safety Repor ts of 

t he se s ta t ions . 

F o r Tr ino V e r c e l l e s e , the following t rans ien ts were considered: 

(a) uncontrol led con t ro l - rod withdrawal at full power; 

(b) boron remova l ; 

(c) s t e a m manifold b reak ; 

(d) load re jec t ion; 

(e) l o s s of flow; 

(f ) s t a r tup incident. 

The r e s u l t s led to conclude that with a plutonium core the plant will 

suffer sl ightly worse consequences only in the case of a s t eam manifold break . 

F o r Gar ig l iano , the following t rans ien t s were considered: 

(a) uncontrol led con t ro l - rod withdrawal at full power; 

(b) sudden reac t iv i ty inser t ion ; 

(c) load re ject ion; 

(d) c losing of turbine cut-off valves and failure of by -pass valves to open; 

(e) l o s s of flow; 

(f ) s t a r tup incident. 

The effects of the plutonium load on core behavior do not differ sub ­

s tan t ia l ly f rom those of the uranium load. In the case of the closing of turbine 
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cut-off valves concurrent with failure of the by-pass valves to open, whatever 

the assumption on scram occurrence, the plutonium load gives a somewhat 

higher neutron flux peak than uranium,· whereas the thermal power peaks dif­

fer by a few percents. In the case of load rejection from rated power concur­

rent with the closing of the primary and secondary steam valves , the neutron 

flux peak i s lightly severer with plutonium fuel, but the other parameters of 

inte rest--above all, the thermal power- -are practically the same. 

In brief, from the analysis of startup and full power incidents it ap­

pears that the dynamic behavior of the station in respect of the most important 

parameters would not differ much with a plutonium core. With regard to the 

Garigliano reactor, the only incidents that cause a worse behavior are load 

rejection and closing of the turbine cut-off valves concurrent with failure of 

the by-pass valves to open; on the other hand, the worsening effects involve 

substantially only the neutron flux peak, since the other parameters vary only 

by a few percents. 
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3. TECHNICAL CONSIDERATIONS IN UTILIZING PLUTONIUM IN THERMAL 

REACTORS 

The introduct ion of p lutonium-bear ing fuel into a core s p e c i f i c a l l y des igned 

for e n r i c h e d - u r a n i u m fuel h a s s e v e r a l e f fec t s which have b e e n w i d e l y s tud i ed 

during the i m p l e m e n t a t i o n of the ENEL-EURATOM r e s e a r c h contract . It must 

be r e c o g n i z e d that s e v e r a l e f f ec t s imputable to plutonium e x i s t e v e n wi thou t 

r e c y c l i n g p l u t o n i u m . At high e x p o s u r e s u r a n i u m fuel c o n t a i n s p l u t o n i u m in 

a m o u n t s on the s a m e o r d e r of m a g n i t u d e a s the p l u t o n i u m - b e a r i n g fue l . T h u s 

the p e r t u r b a t i o n c a u s e d by p l u t o n i u m r e c y c l e is not an e n t i r e l y new p r o b l e m . 

The q u a n t i t a t i v e v a l u e s of t h e s e e f fec t s d e p e n d s on the d e s i g n c o n c e p t of the 

fuel and can v a r y c o n s i d e r a b l y (34). T h i s Sec t ion c o v e r s the p r o b l e m a r e a s 

w h i c h h a v e b e e n b r o u g h t to l ight by E N E L ' s s t u d i e s and m a y r e q u i r e fu ture 

e f f o r t s for a b e t t e r u n d e r s t a n d i n g of the p r o b l e m s . 

3. 1 A c c u r a c y of N u c l e a r Des ign M e t h o d s 

S u b - S e c t i o n 2. 6 d e s c r i b e d the r e s u l t s of the a n a l y s e s tha t c o n f i r m e d tha t 

the c a l c u l a t i o n m e t h o d s u s e d for e n r i c h e d - u r a n i u m c o r e s can be f a i r l y a c c u r a t e 

when a p p l i e d to m i x e d p l u t o n i u m - b e a r i n g and e n r i c h e d - u r a n i u m c o r e s , p r o v i d e d 

t h a t a l i m i t e d n u m b e r of m o d i f i c a t i o n s a r e m a d e . The m a i n m o d i f i c a t i o n s a r e 

the d i v i s i o n of the t h e r m a l n e u t r o n s p e c t r u m into two e n e r g y g r o u p s for diffu­

s i on c a l c u l a t i o n s , and a m o r e a c c u r a t e e v a l u a t i o n of the e f fec t ive P u - 2 4 0 r e s ­

o n a n c e i n t e g r a l for l a t t i c e c o n s t a n t s c a l c u l a t i o n s . 

T h e r e r e m a i n a n u m b e r of a r e a s for which suff ic ient e x p e r i m e n t a l i n f o r ­

m a t i o n i s l a c k i n g to e s t a b l i s h the m a g n i t u d e of e r r o r in the p r e d i c t i o n s . S p e c i ­

fic r e f e r e n c e i s m a d e to the a s s e s s m e n t of p lu ton ium a s s e m b l y b u r n - u p f r o m 

the s t a n d p o i n t s of f i s s i l e m a t e r i a l dep le t ion , i so top ie c o m p o s i t i o n v a r i a t i o n , 

and r e a c t i v i t y l o s s r a t e wi th e x p o s u r e . H o w e v e r , it should be r e c o g n i z e d tha t , 

a l t h o u g h not d e c i s i v e , a f i r s t c o n f i r m a t i o n can be o b t a i n e d f r o m e x p e r i m e n t a l 

da t a a c q u i r e d f r o m i r r a d i a t e d e n r i c h e d - u r a n i u m c o r e s , b e c a u s e t h e i r c h a r a c ­

t e r i s t i c s a r e to s o m e e x t e n t a f fec ted by the p l u t o n i u m p r o d u c e d . 
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3 . 2 Power Dis t r ibut ions 

The plutonium a s s e m b l i e s or plutonium rods in an a s s e m b l y genera l ly 

tend to have an i nc r ea sed power densi ty a s compared with en r i ched-u ran ium 

fuel. Power peaking in plutonium rods can be pa r t i cu l a r ly severe near l a rge 

wa te r gaps or at in te r faces between plutonium and en r i ched -u ran ium zones . 

This t rend is enhanced a s the plutonium content of an assembly i n c r e a s e s , both 

when highly exposed plutonium is to be used and when the burnup level i s to be 

r a i s ed . 

During the designing of the plutonium a s s e m b l i e s for the Gar ig l iano 

r e a c t o r , it was found that it is genera l ly possible to bring the local power den­

si ty peak factor down to that of an en r i ched-uran ium assembly by grading the 

plutonium content in the rods of an assembly much more than is n e c e s s a r y for 

enr iched uranium. In this connection it should be r e m e m b e r e d that plutonium 

p e r m i t s the fabrication of a mul t ip le -enr ichment fuel assembly at a much lower 

penalty than enr iched-uran ium. In the case of the Garigliano r eac to r it was 

noticed that once an acceptable enr ichment pa t t e rn is obtained, the local power 

densi ty peak of the plutonium assembly i n c r e a s e s but negligibly when the a s s e m ­

bly is adjacent to a u ran ium assembly . In addition, the power mi sma tchbe tween 

f resh plutonium a s s e m b l i e s and i r r ad ia t ed uran ium as sembl i e s is roughly the 

same as is observed between fresh and i r r ad ia t ed uran ium a s s e m b l i e s . 

Another way to contain possible power peaking, though difficult to r e ­

a l i ze , could be to improve the moderat ing c h a r a c t e r i s t i c s of the la t t ice ; the 

most promis ing of a l l the possible solutions appears to be the use of annular 

pe l l e t s . 

The mixed assembl ies , containing 'enr iched-uranium rods at the p e ­

r iphe ry and plutonium rods at the cen te r , may constitute a standby solution 

for BWR c o r e s , should the al l -plútonium assembly not allow adequate power 

flattening. This type of a s sembly avoids the i nc rease in local power peaking 

due to the water gap, whereas shar ing between enr i ched-uran ium and plutoni- : 

urn zones can be contained by appropr ia te grading of the en r i chmen t s . It i s 
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a l so a particularly suited solution for recycling self-gene rated plutonium in 

a reactor; in this case only a part of the total core load will be plutonium fuel. 

On the contrary, the use of mixed assemblies to reduce power peak­

ing i s not justified in PWR cores . The latter have small water gaps around 

the a s s e m b l i e s (about l / l 5 in thickness of the water gaps in the BWR cores) , 

with the result that the power density increase in the nearby rods i s very 

s m a l l . With a mixed c o r e , flattening of the power dis t r ibut ion becomes only 

a quest ion of minimiz ing power peaking at the interfaces between the enr iched-

u r a n i u m and plutonium zones . F r o m this point of view the choice between the 

two a s s e m b l y types (a l l -p lutonium or mixed) would appear to be indifferent. 

However , it i s n e c e s s a r y to dist inguish between r e a c t o r s of the f i rs t genera ­

t ion and those of the second. 

In the f i r s t -gene ra t i on r e a c t o r s , the cruciform control rods a re coupled 

to fuel fo l lowers , t rave l ing adjacent to fuel assembl ies ; there fore , the necess i ty 

of avoiding a reduct ion in rod worth by the plutonium lattice would tend to favor 

the mixed a s s e m b l y , because the control rod would contact an a rea ent i rely of 

e n r i c h e d uran ium. 

The si tuation i s total ly different for the cores of the second generation. 

In fact , the c ruc i fo rm control rods have been replaced by control rod c lus t e r s 

which pene t ra te the fuel a s s e m b l i e s . In normal operating conditions (rods out) 

the a s s e m b l i e s p r e s e n t numerous water holes (16-20) designed to accept the 

rods of the control c l u s t e r . Since these water holes a r e p rac t ica l ly uniformly 

d i s t r ibu ted , it i s more difficult to obtain adequate power flattening inside an a s ­

sembly of the mixed type , because there a re two factors to be coped with to con­

tain the power peaking i nc r ea se in the plutonium rods , namely , the water hole and 

the P u - U in te r face . In addit ion, the mixed assembly does not pe rmi t the avoid­

ance of a significant penal ty on the available control rod wor th . 

In view of the foregoing, the al l-plutonium as sembly appears to be 

m o r e suitable in se c ond-gene ra t ion PWRs to meet power dis t r ibut ion cons t ra in ts 
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without a lifetime penalty; this type of assembly also permits the loss in con­

trol rod worth in cores containing both plutonium and uranium fuel to be mini­

mized by avoiding locating plutonium assembl ies near control rods. 

Another aspect of core physics that should be emphasized is the in­

crease in total peak factor that may result from the axial distribution because of 

the more negative void and temperature coefficients of a plutonium core , which 

yields a higher power peaking nea r the core bottom. This inc rease i s expected 

to be low in a PWR and much more pronounced in a BWR. At the Garigliano, 

it was es t imated to be · 10% on the bas i s of exper imenta l m e a s u r e m e n t s . In a 

BWR this phenomenon becomes manifest at the end of an operating cycle when 

the control rods are practically all out and it i s no longer possible to shape the 

axial power dis t r ibut ion. This inconvenience can be remedied , however , by 

p rope r p rogramming of the control rod withdrawal sequence so that at the end 

of an operating cycle the upper pa r t of the core will have burned so as to c o m ­

pensate the void effect. 

3. 3 Reactor Control 

The s trength of the r eac to r control sys tem is slightly reduced with 

plutonium fuel. Bes ides , an all-plutonium-fueled core has more negative mod­

erator and void coefficients and a more negative Doppler coefficient than a 

uranium-fueled core, which results in more stringent control requirements. 

This might constitute the main problem area in converting an existing r e a c ­

tor to one fueled solely with plutonium. However, it should be emphasized 

that in each case reactor control may or may not be a problem according to 

the control system capability, single control rod worth, reactivity require­

ments , and fuel management. The analyses carried out for the Garigliano 

reactor indicated that an all-plutonium-fueled core, having the same burnup 

as the present enriched-uranium reloads, would meet the shutdown margin 

requirement. 
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It i s interesting to recall the various implications that this problem 

entails for BWR and PWR cores . 

The control rod system i s generally designed to meet the following 

two reactivity requirements with the highest-worth rod all out: 

(a) provide the e x c e s s reactivity required to compensate the reactivity deple­

tion over an operating cycle (when no shim poison i s used); 

(b) absorb the ho t - to -co ld swing reac t iv i ty . 

F o r a BWR there ex i s t s the possibi l i ty of compensating the inc rease 

in ho t - to -co ld swing by reducing the exces s react ivi ty at the beginning of the 

operat ing cycle . This goal may be at tained not only by changing the refueling 

s t r a t egy ( sho r t e r operat ing cycles) , but a l so by using burnable poisons (e. g. 

G d O ) . It i s a l s o inte re sting to note that , at par i ty of energy output between two re -

fue l ings , the init ial exces s react ivi ty at operating conditions is slightly lower f or a 

plutonium core than for a uranium core ; the reduction is more pronounced in the case 

of h igh-exposure pJutóniumbecause of thehigh content of Pu-240 acting as a fer­

ti le poison. This situation works in the direct ion of facilitating the fulfilment 

of the control sys tem requ i remen t s of a BWR plutonium core . 

On the con t r a ry , for a PWR it is not possible to act on the excess r e ­

ac t iv i ty . As a r e su l t , if the control sys t em does not have sufficient marg in 

to compensate the control r equ i rement s of a plutonium co re , it is n e c e s s a r y 

to i nc rease the number of control rods . General ly , in a chemically shimmed 

PWR, both head penet ra t ions and core lat t ice posit ions a re available to accom­

modate these additional control rods . 

The p rob lems associa ted with control a r e great ly reduced in the case 

of mixed u ran ium and plutonium c o r e s , both because the increase in ho t - to -

cold swing reac t iv i ty i s l imited and because it i s possible to minimize the r e ­

duction of the control sys tem strength by adopting a mixed-type a s sembly (in 

a BWR or in a PWR with cruc i form control rods) or an appropriate posi t ion­

ing of the plutonium as sembly (in a second-genera t ion PWR).(35). 
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In Trino Vercel lese reactor it i s possible to take advantage of the 

change in cladding material from the present SS to Zircaloy. The latter 

causes the moderator coefficient of the plutonium fuel to be almost the same 

as that of enriched-uranium fuel clad in SS. 

3 .4 Trans ien t s Behavior 

The modera to r and t e m p e r a t u r e coefficients, as a l ready ment ioned, 

a r e more negative in the case of a plutonium-fue le d co re ; this fact i s p r i n c i ­

pally imputable to inc reased Pu-240 cap tures and is enhanced by fuel with 

g rea t e r contents of Pu-240 . F u r t h e r m o r e , the delayed neutron f ract ion in 

Pu-239 i s l e s s than that in U-235 with a consequent dec rease in total delayed 

neutron fraction; the la t te r effect i s p r e s e n t a l so in exposed u ran ium fuel. 

The re fo re , it is reasonable to infer that the plant behavior will be l e s s favor ­

able in the event of t r ans i en t s that cause t empera tu re reductions or void co l ­

lapse (cold water incident). .Th i s ' i s supported by the resu l t s of the t r a n s i e n t s 

ana lys is r e f e r r e d to in Sub-Section 2. 7. 

It was found that for the Tr ino Verce l l ese r eac to r the only incident 

that worsens is the s team manifold break which causes inleakage of cold water 

into the core . In this incident, the levels at which power s tabi l izes after the 

s c r a m are closely dependent on the overal l control rod worth. T h e r e f o r e , the 

reduction in control rod worth in a plutonium-fueled PWR is to be analyzed 

fur ther , as mentioned previously . 

F o r the Garigl iano r e a c t o r , the t r ans ien t s that become wor se a r e those 

ini t iated by a void col lapse , and specifically the loss of load, and the c losure of 

the turbine stop valves and concurren t failure of the bypass valves to open. This 

worsening is ref lected a lmos t exclusively on the neutron flux peak, which b e ­

comes higher , whe reas it has p rac t i ca l ly no effect on the the rma l power t r a n s ­

fe r red to the coolant. 

However, it should be pointed out that it has not been poss ib le to make 

a detai led ana lys is of v e r y rapid t r a n s i e n t s , such as the drop-out of a cont ro l 
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rod, nor studies on local criticality. These transients can best be analyzed 

by means of digital computers, with suitable codes. On the other hand, they 

are important only if the core i s entirely loaded with plutonium so that con­

trol rods are completely surrounded by Pu assemblies . With the prototype 

a s s e m b l i e s loaded so far, the total amount of plutonium in the reactor has 

not increased appreciably, nor have the assemblies been loaded in adjacent 

positions; as a result , practically there should be no change as compared to 

the behavior of enriched-uranium cores . 
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4. ECONOMIC EVALUATIONS 

The economic criteria at the basis of these studies were aimed at a s c e r ­

taining the main factors affecting the utilization of plutonium for recycling in 

thermal reactors. The dominant factor in the plutonium value is the fabrica­

tion overprice relative to the price of enriched uranium fuel fabrication. In 

the next few years , the fabrication overprice will probably be high because of 

the l imited quantity of plutonium uti l ized. The re fo re , studies have been car ­

ried out in order to find the range of plutonium values which justify the economic 

incentive to recycle plutonium in t he rma l r e a c t o r s . 

In this section a r e summar ized the main r e s u l t s of an examinat ion of a l t e r ­

native solutions for the design of a p lu tonium-bear ing fuel assembly and the r e ­

sul ts of the studies on the influence of ce r t a in economic p a r a m e t e r s on the p lu to­

nium value. 

4. 1 Alternative Solutions for Plutonium Utilization 

Various solutions for the util ization of plutonium in the rmal r e a c t o r s have 

been considered. The validity of each solution was examined by applying it in 

the design of a re load fuel assembly for the Garigl iano r eac to r ; this p rocedure 

appea r s to be the most re l iable because the r equ i r emen t of meeting the t h e r m o -

hydraul ic l imitat ions and nuclear per formance of the project might enta i l , for 

some solut ions, a substantial reduction in thei r incentive. On the other hand, 

th is incentive is dependent on the values of some of the economic p a r a m e t e r s , 

such as the overpr ice for plutonium rod fabricat ion, the cost of U Ο , the cost 
3 8 

of money, the fabrication cost for pel le ts having special c h a r a c t e r i s t i c s , e t c . , 

the evolution of which in the short or medium t e r m is difficult to forecas t . 

The uncer ta inty in the economic p a r a m e t e r s makes it advisable to pursue 

the development of the var ious design solutions for utilizing plutonium in t h e r ­

mal r e a c t o r s ; the more or l e s s positive evolution of a par t i cu la r technological 

p r o c e s s or of an economic factor might condition the choice of one solution over 

anothe r . 
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In a d d i t i o n , e v e n if p l u t o n i u m i s g e n e r a l l y e v a l u a t e d on the b a s i s of the 

f i s s i l e c o n t e n t o n l y , t h i s e v a l u a t i o n c a n n o t but be a f fec ted by thé p r e s e n c e of 

o t h e r i s o t o p e s , fo r i n s t a n c e P u - 2 4 0 wh ich i s a f e r t i l e i s o t o p e l ike U - 2 3 8 bu t 

w i t h a m u c h l a r g e r c r o s s - s e c t i o n , and P u - 2 4 2 w h i c h b e h a v e s a s a p o i s o n . On 

the o t h e r h a n d , the q u a n t i t i e s of p l u t o n i u m ava i l ab le a r e c h a r a c t e r i z e d by p e r ­

c e n t a g e c o n t e n t s of P u - 2 4 0 and P u - 2 4 2 t h a t differ s u b s t a n t i a l l y depend ing on 

the t ype of r e a c t o r f r o m wh ich the p l u t o n i u m o r i g i n a t e s and on the fuel b u r n u p 

a t d i s c h a r g e . T h e r e f o r e , the f i s s i l e p lu ton ium to be r e c y c l e d i n a g iven r e a c ­

t o r m a y a s s u m e a d i f f e r e n t w o r t h depend ing on i t s i s o t o p i e con t en t and m a y c a l l 

for a d i f f e r en t d e s i g n to a l low i t s b e s t exp lo i t a t ion . 

The a l t e r n a t i v e s s u b j e c t e d to t e c h n i c a l and e c o n o m i c a s s e s s m e n t by 

E N E L a r e : 

(a) p l u t o n i u m b l e n d e d w i th n a t u r a l u r a n i u m for a l l the r o d s of the a s s e m b l y 

( s t a n d a r d - t y p e a s s e m b l y ) ; 

(b) e n r i c h e d - u r a n i u m fuel a s s e m b l y with p lu ton ium in the c e n t r a l r e g i o n ( m i x e d -

type a s s e m b l y ) ; 

w i th the two s u b a l t e r n a t i v e s : 

(c) a s s e m b l y wi th p e l l e t s of r e d u c e d d e n s i t y ; 

(d) p l u t o n i u m b l e n d e d w i th the d e p l e t e d u r a n i u m ob ta ined f r o m a Magnox r e a c ­

t o r for a l l the r o d s of the a s s e m b l y . 

The a n a l y s i s w a s c o m p l e t e d by eva lua t ing the in f luence on the va lue of f i s s i l e 

p l u t o n i u m , of v a r i a t i o n s of s o m e of the p a r a m e t e r s tha t d i r e c t l y affect fuel c y ­

cle c o s t s , such a s b u r n u p , o r e c o s t and i n t e r e s t r a t e . 

The e c o n o m i c a n a l y s i s w a s p e r f o r m e d by d e t e r m i n i n g the i n d u s t r i a l va lue 

of p l u t o n i u m wi th the " i n d i f f e r e n c e m e t h o d " , which c o n s i s t s in d e t e r m i n i n g the 

c o s t s of a r e f e r e n c e e n r i c h e d - u r a n i u m cyc le and of the c o r r e s p o n d i n g p l u t o n i u m 

c y c l e a s a funct ion of the v a l u e of f i s s i l e p lu ton ium t a k e n as a v a r i a b l e . The i n t e r s e c ­

t ion of the two c u r v e s d e t e r m i n e s the i n d u s t r i a l va lue of p l u t o n i u m at wh ich the 

u s e of e i t h e r cyc l e i s i n d i f f e r e n t . 
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F o r the cost of both the uranium and the plutonium fuel c y c l e s , use was 

made of the ratio between the sum of total net costs and the corresponding gross 

e lectric output. The total costs and the electric output were both referred to the 

same date with the same rate of interest. In establishing the present-worth 

v a l u e s , account was taken of the t imes at which money is paid out o r cashed. 

The fuel cycle now being c a r r i e d out at the Gar ig l iano was taken a s a ref­

e rence cycle; this is based on the use of a s s e m b l i e s enr iched to 2. 3% in U-235 

for an average exposure of 20,000 MWd/MTU and on one-fourth r e loads in a 

checkerboard pa t te rn . 

The reference economic p a r a m e t e r s used for th is study a re given in the 

following Table 4 - L 

Table 4-1 

Reference economic p a r a m e t e r s 

Unitary costs 

Natura l uranium 

Depleted uranium 
I U 3 0 8 to UF 6 

Conversion 
( 3 8 2 

Separat ion cost 

Overpr ice for fabrication of plutonium 
a s s e m b l i e s in respec t of u ran ium a s -
semblie s 

F r e s h fuel t r anspor t 

I r rad ia ted fuel t r anspor t and r ep roces s ing 

In te res t rate 

L o s s e s 

Fabr ica t ion lo s ses 

Uranium conversion 

Reprocess ing 

8 $/lb of U , 0 
J O 

0 

2. 5 $/kg of U 

26.0 $/kg separa t ive 

0-100 $/kg of fuel 

4 $/kg of fuel 

30 $/kg of fuel 

8.5 % / y e a r 

2.00% 

1.00% 

1.5% 

work unit 
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4 . 1. 1 Standard-Type P lu ton ium A s s e m b l i e s 

The s tud ie s p e r f o r m e d and the e x p e r i e n c e gathered on the p e r f o r m a n c e of 

the p lutonium prototype a s s e m b l y in the Garig l iano reac tor indicate the va l id i ty 

of the pr inc ip le that the m e c h a n i c a l and thermal des ign of the e n r i c h e d - u r a n i u m 

a s s e m b l i e s should be u s e d a l s o for the plutonium a s s e m b l i e s . This m e a n s m a i n ­

ta ining the s a m e coolant flow rate and cons ider ing the same heat t rans fer c o n d i ­

t i o n s a s for the e n r i c h e d - u r a n i u m a s s e m b l i e s , when the l a t t i c e p i t c h , the r o d 

d i a m e t e r and the s p a c e r g r i d s a r e the s a m e . H o w e v e r , to l i m i t p o w e r p e a k i n g 

to t h e s a m e va lue a s for the e n r i c h e d - u r a n i u m a s s e m b l i e s , p l u t o n i u m c a l l s for 

a g r e a t e r d i f f e r e n t i a t i o n in the f i s s i l e c o n t e n t s i n s i d e the fuel a s s e m b l y . In the 

c a s e of the r e l o a d a s s e m b l i e s fo r the G a r i g l i a n o r e a c t o r , the n u m b e r of e n r i c h ­

m e n t s h a d t o be r a i s e d f r o m 2 to 3. 

The c h a r a c t e r i s t i c s of the p l u t o n i u m a s s e m b l y , c o n s i d e r e d for the p r e s e n t 

e v a l u a t i o n , a r e s u m m a r i z e d in Tab le 4 - I I unde r the head ing P u - 3 N . In the d e s i g n 

it h a s b e e n a s s u m e d t h a t the n a t u r a l u r a n i u m is e n r i c h e d with the p l u t o n i u m d i s ­

c h a r g e d f r o m a M a g n o x c o r e a t e q u i l i b r i u m , spec i f i ca l ly a s i s p r o d u c e d in the L a ­

t i n a r e a c t o r . ( L E - t y p e P u i n T a b l e 4 - I I I ) . H o w e v e r , the p o w e r d i s t r i b u t i o n in an a s ­

s e m b l y i s r e l a t i v e l y i n s e n s i t i v e to the p l u t o n i u m i so top i e c o m p o s i t i o n , a s d e m o n ­

s t r a t e d by the d e s i g n for the two s e t s of p l u t o n i u m a s s e m b l i e s tha t w e r e l o a d e d 

i n t o the G a r i g l i a n o r e a c t o r d u r i n g the 1968 and 1970 r e f u e l i n g s . 

F i g . 4 - 1 s h o w s the t r e n d of p l u t o n i u m value r e l a t e d to the s t a n d a r d - t y p e 

p l u t o n i u m a s s e m b l y , a s a funct ion of the f a b r i c a t i o n o v e r p r i c e . 

The e c o n o m i c a n a l y s i s for t h i s so lu t i on w a s c o m p l e t e d with an a s s e s s m e n t 

t o e s t a b l i s h how the v a l u e s of p l u t o n i u m v a r y depending on the c o m p o s i t i o n . The 

c h a r a c t e r i s t i c s of the . .var ious i s o t o p i e m i x t u r e s c o n s i d e r e d a r e t a b u l a t e d in Tab le 

4 - I I I w i th an i n d i c a t i o n of t h e i r o r i g i n . The v a r i a t i o n s in p l u t o n i u m va lue f r o m 

the v a l u e of the L E - t y p e P u a r e shown in F i g . 4 - 2 . Two i n t e r e s t i n g f ac t s e m e r g e 

f r o m t h i s f i g u r e , n a m e l y : 

(a) t h a t the v a r i a t i o n s a r e s m a l l and b e c o m e neg l ig ib le a t h igh f a b r i c a t i o n o v e r ­

p r i c e s; 



Table 4-II 

Burnup and fissile content of the various types .of assemblies 

Type of 
a s s e m b l y 

U - 2 . 3 % 

P u - 3 N 

MIXED-2D 

P u - 2 D 

N u m b e r 
of r o d s 

64 

64 

28 
36 

64 

In i t i a l e n r i c h m e n t , g r / k g 

U - 2 3 5 

2 3 . 0 8 

7. 00 

2 0 . 6 0 
4 . 8 5 

4 . 8 5 

( P u - 2 3 9 + P u - 2 4 1 ) 

2 0 . 6 8 

24. 00 

2 3 . 6 7 

In i t i a l P u 
con ten t , kg 

5. 26 

3. 55 

6. 02 

I r r a d i a t i o n a t 
d i s c h a r g e , 
M W d / M T U 

2 0 , 0 0 0 

2 0 , 3 0 0 

19 ,700 

2 0 , 3 0 0 

F i n a l e n r i c h m e n t , g r / k g 

U - 2 3 5 

7. 06 

3. 18 

5. 07 
2 . 4 9 

2 . 2 8 

( P u - 2 3 9 + P u - 2 4 1 ) 

4 . 55 

1 1 . 9 7 

4 . 4 Ί 
13. 75 

1 3 . 5 4 

I 

1—» 

o 
I—ι 

1 



Table 4-III 

Plutonium types considered in the analys is 

Type Discharged from 

LI Latina Magnox reac tor 

LE Latina Magnox reac to r 

GR Garigl iano BWR 

T3 Trino Vercel lese PWR 

CR Caorso BWR 

Irradia t ion at 
d i scharge , 
MWd/MTU 

1,000 

3.50C 

20,000 

25,500 

27,500 

Isotopie composit ion, % 

Pu~239 

89. 0 

74. 5 

60. 0 

66. 5 

50. 0 

Pu-240 

9.7 

20. 5 

26. 0 

17. 5 

31. 0 

Pu-241 

1.2 

4. 5 

11. 0 

13. 0 

14. 0 

Pu-242 

0. 1 

0. 5 

3. 0 

3.0 

5.0 

Pu f iss i le 

90.2 

79.0 

7 1 . 0 

79.5 

64. 0 

o 
co 
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tomjucATioN tve* Mice (#M) 
Fig . 4 - 1 - PLUTONIUM VALUE AS A FUNCTION OF THE FABRICATION OVERPRICE FOR THE STANDARD-TYPE 

ASSEMBLY CASE (PLUTONIUM B L E N D E D WITH NATURAL URANIUM FOR ALL THE RODS OF THE 
ASSEMBLY). 

F ig . 4 - 2 - VARIATIONS IN PLUTONIUM VALUE, ¿ V , RESULTING FROM THE USE OF DIFFERENT 
TYPES OF PLUTONIUM COMPARED WITH TYPE LE 
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(b) that plutonium containing large amounts of Pu-240 and negligible amounts 

of Pu-242 can be utilized for recycling to better advantage that "clean" plu­

tonium (about 90% of f iss i le) . This i s true provided that the fabrication 

costs are not significantly affected by the Pu-241 content of the material. 

The plutonium-natural uranium standard type assembly i s taken as ref­

e r e n c e solution to a s s e s s the merit of the other alternatives. In fact, since 

the co re was or iginal ly designed for enr iched-uran ium fuel, this solution has 

the advantage of introducing the sma l l e s t number of modificat ions in the o r ig ­

inal co re des ign , even though it exploi ts the plutonium potent ia l l e s s (for in­

s t ance , the mode ra to r - t o - fue l r a t io i s not optimized for a plutonium lat t ice) . 

4 . 1 . 2 Mixed-Type Plutonium Assembly 

F r o m a technical standpoint this solution p resen t s both advantages and 

d isadvantages in r e spec t of the preceding solution. The disadvantages may 

turn into advantages and vice v e r s a when refer red to a BWR ra the r than a 

PWR and in pass ing from one a s sembly to another. As an example it will suf­

fice to mention that one of the main p rob lem,a reas of plutonium recycle in the 

exis t ing r e a c t o r s is the reduction of the control rod worth which de te rmines 

an i n c r e a s e d control rod r equ i r emen t by the core. In a BWR this solution 

p e r m i t s the reduct ion in control rod worth to be minimized , whe reas in a 

PWR--wh ich u s e s a c lus te r control rod sys t em- - i t g rea t ly penal izes the avai l ­

able control rod worth. 

It i s , however , a fact that the mixed-type plutonium as sembly is an a r ­

r angemen t that allows g rea t flexibility in the amount of plutonium to be r e ­

cycled , which i s a feature of pa r t i cu l a r in teres t in the case of se If-gene ra te d 

plutonium r e c y c l e s . The number of plutonium rods may, in fact, vary from 

a few units to more than half the number contained in a fuel a s sembly . Instead, 

with plutonium s tandard- type a s s e m b l i e s , to obtain this f lexibil i ty it is n e c e s ­

s a r y to r e s o r t to mixed re loads of plutonium and en r i ched -u ran ium as sembl i e s . 

However , the core loading do not always afford wide d e g r e e s of freedom. 
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Studies carried out confirmed the flexibility of the mixed-type assembly 

alternative mainly for the possibility of reducing the number of enrichments 

and, at the same t ime, of varying the number of plutonium rods. For instance, 

for this type of a s s e m b l y a new design was developed by ENEL which c o n s i d e r s 

the use of: 

- t h ree e n r i c h m e n t s : two for the plutonium rods and one for the e n r i c h e d - u r a ­

nium r o d s ; 

- t h i r t y - s i x plutonium rods out of sixty-four for the other c h a r a c t e r i s t i c s (see 

Table 4-IV). 

Of the two poss ib le a l ternat ive s - - reduc t ion of the number of e n r i c h m e n t s 

in the en r i ched-u ran ium rods or in the plutonium r o d s - - w e obviously p r e f e r r e d 

the f o r m e r , as the cost penalty, associa ted with multiple enr ichment i s ce r t a in ly 

higher for U-23 5. 

In the design mentioned above, the reduct ion of the number of en r i chmen t s 

was obtained at the expense of power flattening in the fuel a s sembly . 

The economic ana lys is demonst ra ted that in prac t ice there i s no difference 

between the two a l t e rna t ives r ep resen ted by the re ference solution and the mixed-

type a s sembly as concerns the value of plutonium. Specifically, with the mixed-

type a s sembly solution, plutonium a s s u m e s a value by 0.2 $/gr of f i ss i le lower than tr. 

re fe rence solution. 

This smal l difference is conditioned on the assumption that the supply unit 

p r ice for plutonium rods of a mixed-type a s sembly is the same as for s tandard 

plutonium a s s e m b l i e s . Actually, the fabricat ion p r i ce for a supply of both p lu­

tonium and u ran ium rods may be higher than the p r ice for a supply of a single 

type of rod because of the fragmentation of the supply. 

4. 1. 3 Recycling Plutonium with Depleted Uranium 

Studies per formed by other r e s e a r c h e r s indicated that the opt imum U-235 

content of the u ran ium to be blended with the plutonium is about the same as that 

of na tu ra l u ran ium or sl ightly higher (36). These s tudies a re genera l ly based on 
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a relat ively high plutonium value and adopt the price of depleted uranium pub­

l ished in the USAEC Standard Table of Enriching Serv ices . 

However , the se lect ion of the working assumptions i s particularly i m ­

portant because the economic incentive to use depleted uranium i s c losely 

linked to the saving r e p r e s e n t e d by the difference between the cos ts of na tu ra l 

and depleted u ran ium. Obviously the g rea t e r consumption of f issi le plutonium 

when used with depleted uran ium reduces this saving and the reduction is 

g r e a t e r a s the plutonium value i s h igher . 

Actually, ENEL h a s considerable quantit ies of depleted uran ium with a 

r e l a t ive ly high r e s idua l U-235 content (about 0. 5%) that have been made ava i l ­

able from the r e p r o c e s s i n g of fuel of Magnox r e a c t o r s and for which no use has 

been found so far . T h e r e f o r e , i ts value is prac t ica l ly ze ro or , at the bes t , 

d is t inc t ly lower than the f igures indicated in the USAEC Tables . On the other ham 

the value of f iss i le plutonium for recycle in the rmal r e a c t o r s i s , at l eas t in i ­

t ia l ly , l e s s than 10 $ / g r , since the fabrication pr ice for plutonium fuel i s ap­

p rec i ab ly higher than for en r i ched -u ran ium fuel. Under these c i r c u m s t a n c e s , 

the use of depleted u ran ium as a diluent for plutonium in the fabrication of plu­

tonium e l emen t s could be pa r t i cu la r ly p romis ing . 

To evaluate the m e r i t s of this combination, the s tandard-type plutonium 

a s s e m b l y r e f e r r e d to in Sub-Section 4. 1. 1 was redesigned to allow the use of 

u r an ium depleted to 0. 5% in U-235 (U-236 = 0. 035%) instead of na tura l u r a ­

n ium, at pa r of burnup. 

A mean content of 2. 37% of f iss i le plutonium is nece s sa ry to obtain a 

burnup of 20,000 MWd/MTU instead of the 2.07% requi red for the re fe rence 

e lement . (Compare the c h a r a c t e r i s t i c s of the a s semb l i e s Pu-2D and Pu-3N 

in Tab le .4 - I I . ) 

In the economic a s s e s s m e n t it was assumed that the cost of depleted u r a ­

n ium was ze ro and that i t s convers ion to s in te r -g rade UO .^uld be obtained 

at the same pr ice as na tu ra l u ran ium. F ig . 4-3 shows the r e su l t s of th is e c o ­

nomic ana lys i s ; it can be noted that plutonium i s considerably uprated by the 
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u s e of deple ted uran ium, the i n c r e a s e in i t s value being be tween 0 . 4 and 1 $ / g r 

of f i s s i l e for fabr icat ion o v e r p r i c e s vary ing from 0 t o 100 $ / k g . 

The advantages of the u s e of deple ted uranium w e r e a s s e s s e d a l s o for the 

c a s e of U O p r i c e s l e s s t h a n 8 $ / l b . T h e incen t ive of us ing d e p l e t e d u r a n i u m 
J o 

i s s m a l l e r , but it i s s t i l l apprec iab le when the fabricat ion overpr i ce i s high. 

F o r a U O c o s t of 5 $ / l b , the r a n g e of i n c r e a s e i s be tween 0. 1 and 0. 7 $ / g r 
3 8 

of f i s s i l e 

4 . 1.4 P l u t o n i u m F u e l Bundle w i th an I n c r e a s e M o d e r a t o r - t o - F u e l A t o m R a t i o 

Al l the a l t e r n a t i v e s c o n s i d e r e d above a r e cond i t ioned by the c r i t e r i o n of 

a d o p t i n g for the p l u t o n i u m a s s e m b l i e s the s a m e m e c h a n i c a l d e s i g n a s the e n ­

r i c h e d - u r a n i u m a s s e m b l i e s . A s a r e s u l t , the l a t t i c e of the u r a n i u m a s s e m b l y 

d o e s not give the p l u t o n i u m fuel the b e s t m o d e r a t o r - t o - f u e l , M / F , a t o m r a t i o . 

The n u c l e a r c h a r a c t e r i s t i c s of p l u t o n i u m a r e f i t t e r for h i g h e r m o d e r a t o r - t o -

fuel r a t i o s . F r o m a t e c h n i c a l s t a n d p o i n t , a h ighe r M / F r a t i o l e a d s to l e s s 

n e g a t i v e t e m p e r a t u r e and void coe f f i c i en t s and to i m p r o v e d b e h a v i o u r d u r i n g 

t r a n s i e n t s and i m p r o v e d t h e r m o h y d r a u l i c s t ab i l i ty of the p l u t o n i u m c o r e . 

T h e e c o n o m i c m e r i t s of u s i n g the o p t i m u m l a t t i c e for p l u t o n i u m w e r e 

c o n s i d e r e d on the condi t ion tha t the p l u t o n i u m and u r a n i u m r e l o a d a s s e m b l i e s 

a r e c o m p a t i b l e and c a n be u s e d i n t e r c h a n g e a b l y . T h i s m e a n s tha t it i s p o s s i b l e 

to c h a n g e the l a t t i c e and r o d d i m e n s i o n s , while keep ing the c h a n n e l d i m e n s i o n s 

u n a l t e r e d . 

The s o l u t i o n s a v a i l a b l e for c o n s i d e r a t i o n to i n c r e a s e the M / F a t o m r a t i o 

a r e : 

(a) i n c r e a s e d n u m b e r of r o d s p e r bundle and c o r r e s p o n d i n g r e d u c t i o n of t h e i r 

d i a m e t e r ; 

(b) r e d u c e d fuel d e n s i t y . 

The f i r s t so lu t ion would a l low a h i g h e r M / F r a t i o wi thou t a l t e r i n g the h e a t 

t r a n s f e r a r e a of the c o r e . H o w e v e r , the e c o n o m i c p e n a l t y a s s o c i a t e d with the 

l a r g e r n u m b e r of fuel r o d s p e r bundle o f f se t s the a d v a n t a g e s of the b e t t e r u t i l i z a ­

t i on of p l u t o n i u m . 
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If the core p r e s e n t s a m a r g i n in r e s p e c t of the l imi t ing operat ing c o n d i ­

t i ons and th is marg in i s to be u s e d up for bet ter cyc l e e c o n o m y , there i s another 

a l t ernat ive to be c o n s i d e r e d . At par i ty of number of rods u s e d , i t i s p o s s i b l e to 

r e d u c e t h e i r d i a m e t e r wi thou t i n t r o d u c i n g a further penalty on the fabr ica t ion 

c o s t . 

S ince the G a r i g l i a n o r e a c t o r i s in the c o n d i t i o n s d e s c r i b e d above , a p r e ­

l i m i n a r y a s s e s s m e n t w a s m a d e of the p o s s i b l e a d v a n t a g e s t o be d e r i v e d f r o m 

the u s e of s m a l l e r - d i a m e t e r r o d s . The a s s e s s m e n t w a s m a d e for p e l l e t d i a m ­

e t e r r e d u c t i o n s of the p l u t o n i u m a s s e m b l y r e f e r r e d to in S u b - S e c t i o n 4 . 1. 1 ( n o r ­

m a l O. D . = 1. 29 c m ) c o r r e s p o n d i n g to 10% and 20% d e c r e a s e of fuel w e i g h t p e r 

a s s e m b l y , a s shown in T a b l e 4 - I V . 

Tab le 4 - IV 

P e r c e n t a g e v a r i a t i o n s a s s o c i a t e d wi th r o d d i a m e t e r r e d u c t i o n s 

I t e m 

F u e l w e i g h t p e r a s s e m b l y 

F i s s i l e m a t e r i a l we igh t p e r 
a s s e m b l y 

M W d / M T U 

M W d / a s se m b l y 

A v e r a g e h e a t flux 

L i n e a r p o w e r d e n s i t y 

V a r i a t i o n , % 

-10 

-2 

+ 11 

0 

+4. 5 

0 

V a r i a t i o n , % 

- 2 0 

- 1 . 5 

+25 

0 

+ 10 

0 

At p a r i t y of MWd p e r a s s e m b l y , the s m a i l e r - d i a m e t e r r o d s a l l ow the 

n a t u r a l u r a n i u m r e q u i r e m e n t s t o be r e d u c e d a p p r e c i a b l y wi thou t d e c r e a s i n g 

the p l u t o n i u m i n v e n t o r y s u b s t a n t i a l l y . T h i s i s o b t a i n e d at the e x p e n s e of a 

h i g h e r h e a t flux and spec i f i c b u r n u p . T h e r e f o r e , the e c o n o m i c i n c e n t i v e i s 

of l i t t l e c o n s e q u e n c e , once i t i s b o r n e in mind t h a t t h i s i m p r o v e m e n t m e a n s 

o p e r a t i n g the fuel in s e v e r e r c o n d i t i o n s . 
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The a l t ernat ive (b) above i s a p r i o r i l e s s a t tract ive than the other because 

i t a l l o w s a reduct ion of the amount of fuel in the l a t t i c e , but hot an i n c r e a s e of 

the v o l u m e m o d e r a t o r , but i s i s a way of improving the lat t ice for a r e a c t o r 

which h a s no p o w e r m a r g i n . In a d d i t i o n , the l o w - d e n s i t y fuel i s c h a r a c t e r i z e d 

by l o w e r t h e r m a l c o n d u c t i v i t y and th is m a y n e c e s s i t a t e operation at a l o w e r l i n ­

e a r p o w e r , kW/f t , in o r d e r to r e t a i n an a c c e p t a b l e t h e r m a l p e r f o r m a n c e . 

T h i s l i m i t a t i o n can be o v e r c o m e by f a b r i c a t i n g the p e l l e t s in a hol low 

f o r m . T h i s type of fuel a l l o w s o p e r a t i o n a t h i g h e r l i n e a r p o w e r d e n s i t i e s than 

n o r m a l p e l l e t s w i t h o u t c a u s i n g c e n t e r m e l t i n g and a t the s a m e t i m e i t a l l o w s 

the a p p a r e n t fuel d e n s i t y to be changed o v e r a w i d e r r a n g e than would be p o s s i ­

b le wi th l o w - d e n s i t y fuel . H o w e v e r , j u s t a s for the s m a l l e r - d i a m e t e r r o d s , the 

e c o n o m i c i n c e n t i v e i s s t i l l e x t r e m e l y l i m i t e d . As a m a t t e r of f ac t , the p l u t o ­

n i u m v a l u e cou ld be a d v e r s e l y af fec ted if the f a b r i c a t i o n of hol low p e l l e t s e n t a i l s 

a p e n a l t y . H o w e v e r , t h i s f o r m of fuel could find i t s b e s t a p p l i c a t i o n in the d e ­

v e l o p m e n t of fuel h a v i n g h i g h e r p o w e r de n s i t i e s . 

4 . 2 Inf luence of Some F u e l Cycle P a r a m e t e r s on P l u t o n i u m Value 

The a s s e s s m e n t of the p l u t o n i u m r e c y c l e p r e s e n t e d in the p r e c e d i n g p a r a ­

g r a p h s i s b a s e d on the e c o n o m i c p a r a m e t e r s shown in T a b l e 4 - 1 . Of t h e s e , a 

few c o s t c o m p o n e n t s f l uc tua t e or m a y be e x p e c t e d to change in f u t u r e , such a s 

the p r i c e of U O o r the s e p a r a t i v e c o s t of e n r i c h e d u r a n i u m . M o r e o v e r , both 3 8 

the u r a n i u m r e l o a d and the p l u t o n i u m a s s e m b l i e s c o n s i d e r e d in the a s s e s s m e n t 

a r e d e s i g n e d for a b u r n - u p of 2 0 , 0 0 0 M W d / M T M , The p r e s e n t t e c h n o l o g i c a l 

k n o w l e d g e of u r a n i u m oxide r o d s and the e x p e r i e n c e a c q u i r e d in u r a n i u m - p l u t o ­

n i u m r o d f a b r i c a t i o n jus t i fy the e x p e c t a t i o n tha t the p l u t o n i u m a s s e m b l i e s wil l 

a l s o be ab le to r e a c h b u r n - u p s of abou t 2 5 , 000 M W d / M T M or m o r e . It should 

be no ted t h a t the i n c e n t i v e to i n c r e a s e the b u r n - u p p o t e n t i a l i s c e r t a i n l y g r e a t e r 

for p l u t o n i u m a s s e m b l i e s t h a n for e n r i c h e d - u r a n i u m a s s e m b l i e s b e c a u s e of the 

h i g h e r f a b r i c a t i o n c o s t of the f o r m e r . 

The in f luence of t h e s e p a r a m e t e r s w a s a s s e s s e d by a s s u m i n g the i n t e r ­

v a l s of v a r i a t i o n s t h a t can r e a s o n a b l y be e x p e c t e d for the e a r l y p e r i o d of p l u t o ­

n i u m r e c y c l e . It w i l l be no ted in T a b l e 4 - V s u m m a r i z i n g the r e s u l t s of t h i s a n a l ­

y s i s t h a t , e x c e p t only for the i n t e r e s t r a t e , the p a r a m e t e r s a l l d e t e r m i n e r e l a ­

t i v e l y l a r g e v a r i a t i o n s in p l u t o n i u m v a l u e . 
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The i nc r ea se in plutonium value obtained through higher burnup var ie s 

l inearly with the fabrication overprice, and goes up to 1.4 $/gr Pu of f i s s i le 

for a fabrication overprice of 100 $/kg of fuel. 

It should be borne in mind that , in applying the indifference method, the 

r e f e r ence u ran ium cycle was redes igned to give the same inc rease in burnup 

a s the plutonium cycle . This explains why the plutonium value a p p e a r s to be 

p rac t i ca l l y unaffected by a ze ro fabrication overpr ice and a lso indicate s - - a s 

demons t r a t ed by special studie s - - tha t the p r e sen t Garigl iano cycle i s s t i l l liable 

to fur ther optimization. 

Table 4-V 

Change in f issi le plutonium value due to a var ia t ion of some economic p a r a m e t e r s 

P a r a m e t e r 

Ore p r i c e , $/ lb U_0 
J o 

Separat ive work 
cos t , $/kg 

swv 
Energy yield, MWd/ 
MTM 

Carry ing charge 
r a t e , % 

Reference value 

8 

26 

20, 000 

7. 5 

Change 

± 2 

+ 4 

+ 5000 

1.0 

Change in Pu va lue , 
( $/gr)f issi le 

(a) 

+ 1.3 

+ 0. 7 

+ 0. 1 

negligible 

(b) 

+ 1.3 

+ 0. 7 

± 1.4 

negligible 
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5. CONCLUSIONS 

The main interest in utilizing plutonium in thermal power' reactors s tems 

from the fact that very large quantities of this material are being produced as a 

by­product in the reactors operating today, and these quantities will continue to 

increase with the installed capacity. Although plutonium can best be utilized in 

fast reactors , today it appears unlikely that these reactors will develop soon 

enough to r e p r e s e n t an a t t rac t ive a l ternat ive for the use of plutonium. The p r e ­

dicted bui ld­up of th is m a t e r i a l involves the immobilization of vas t financial r e ­

s o u r c e s and r e q u i r e s cost ly s torage faci l i t ies . It is therefore obviously impor ­

tant to find a form of plutonium uti l ization in the short t e r m , and this is r e c o g ­

nized by al l the u t i l i t ies concerned. 

The acc rued amount of f issi le plutonium available to ENEL in 1973 will be 

about 900 kg, to which about 200 kg will be added each year . P a r t of this amount 

will be used to p romote the implementat ion of any r e sea r ch or prototype fast r e ­

ac tor p ro jec t s that ENEL· may be in te res ted in. At any r a t e , it is expected that 

t he re will r ema in a sufficient amount for recycle in Garigl iano and Tr ino r e a c ­ ■ 

t o r s . 

So far , the ana lyses ca r r i ed out under the subject P r o g r a m and the expe r i ­

menta l r e s u l t s acqui red from i r rad ia t ion of the plutonium prototypes in the G a r i ­

gliano r e a c t o r prove that there a re no technical difficulties opposing the use of 

plutonium in E N E L ' s wa te r r e a c t o r s , and that any problems encountered can be 

solved by tac t ica l expedients . It is therefore merely a ma t te r of economics . 

Indeed, the advantage of recycl ing plutonium is great ly dependent on the fuel fab­

r ica t ion cos t s that the ope ra to r s will succeed in obtaining in the forthcoming 

y e a r s . E N E L ' s calculat ions indicate that with fabrication ove rp r i ces in the range 

of 30 to 70 $ /kg­ ­which a r e cons idered probable in the near fu ture­ ­ the indus t r ia l 

value of plutonium in wa te r r e a c t o r s i s on the order of 7 $/gr of f i ss i le , assuming 

that the depleted u ran ium discharged from the Latina Magnox r e a c t o r is used as 

a diluent. 
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Once the indus t r ia l value of plutonium in the rma l r e a c t o r s i s e s t ab l i shed , 

it i s nece s sa ry to compare this figure with the value of plutonium obtained in a 

mixed economy of t h e r m a l and fast r e a c t o r s - - a f t e r the advent of the l a t t e r - - a n d 

compute the p r e sen t worth r e f e r r ed to the date of i n t e re s t . Studies a r e under way 

on ENEL ' s nuclear p r o g r a m for the 1980's , 1990 's , 2000's and beyond, based on 

sys tems ana lys i s , to verify the plutonium value indicated above. Of c o u r s e , the 

r e su l t s a re grea t ly conditioned by the l o n g - t e r m assumpt ions of plant cost and 

fuel cycle cost for the different r e a c t o r s ; however , it is possible to e s t ab l i sh a 

range of values for plutonium used in fast r e a c t o r s . 

The p r e l i m i n a r y r e su l t s of these s tud ies , based on the foreseeable r a t e of 

increase of instal led nuclear capacity on ENEL network, indicate that t he re will 

st i l l be an incentive to recycle plutonium in t h e r m a l r e a c t o r s for many y e a r s to 

come, provided that the fabrication ove rp r i ces for t he rma l r e a c t o r fuel will r e ­

main within reasonable l imi t s . 

It is p r ema tu re to set the date on which plutonium recycle will have to 

cease , because more accura te calculat ions will be possible only when more in ­

formation is available on the costs respec t ive ly involved by fast and advanced 

the rmal r e a c t o r s , and on the t rend of u ran ium ore cost, the l a t t e r depending on 

the r e su l t s of p rospec t ions in the coming y e a r s . 

In the meanwhile , ENEL contacted plutonium fuel manufac tu re r s i n t e r e s t ed 

in fabricating a s s e m b l i e s for t he rma l r e a c t o r s . More p rec i se informat ion on 

the mat te r will become available in the near future since ENEL has i s sued an en ­

quiry for the supply of re load fuel for s eve ra l y e a r s for Tr ino V e r c e l l e s e stat ion 

with an option to supply plutonium fuel commencing in 1973-74, and a s i m i l a r 

policy will probably be adopted a lso for the Gar igl iano station. 
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6. LIST OF R E P O R T S ISSUED DURING THE IMPLEMENTATION OF THE 

CONTRACT 

­ R i su l ta t i de i l avor i effettuati dal 1 giugno al 30 s e t t e m b r e 1966. Re laz ione 

t r i m e s t r a l e n. 1. D o c . 4 . 8 1 1 / 3 . 

­ R i su l ta t i d e l l o s tud io r e l a t i v o al le prospet t ive di u t i l i zzaz ione del plutonio 

ne i r ea t tor i ad acqua d e l l ' E N E L . Doc . 4 . 8 1 l / 4 . 

­ R i s u l t a t i de i l a v o r i e f fe t tua t i da l 1 o t t o b r e a l 3 1 d i c e m b r e 1966. R e l a z i o n e 

t r i m e s t r a l e n. 2 . D o c . 4 . 8 1 1 / 5 . 

­ R i s u l t a t i de i l a v o r i e f f e t tua t i da l 1 g e n n a i o a l 31 m a r z o 1967. R e l a z i o n e 

t r i m e s t r a l e n. 3 . D o c . 4 . 8 1 1 / 6 . 

­ R i s u l t a t i de i l a v o r i e f fe t tua t i d a l 1 g iugno 1966 a l 31 m a g g i o 1967. R e l a z i o n e 

a n n u a l e n. 1. D o c . 4 . 8 1 1 / 7 . 

o 

­ R i s u l t a t i de i l a v o r i e f fe t tua t i da l i a p r i l e al 30 g iugno 1967. R e l a z i o n e t r i ­

m e s t r a l e n. 4 . D o c . 4 . 8 1 1 / 8 . 

■ R i s u l t a t i de i l a v o r i e f f e t tua t i da l 1 lug l io al 30 s e t t e m b r e 1967. R e l a z i o n e 

t r i m e s t r a l e n. 5. D o c . 4 . 8 1 1 / 9 . 

o 
­ R i s u l t a t i de i l a v o r i e f fe t tua t i da l 1 o t t o b r e al 3 1 d i c e m b r e 1967. R e l a z i o n e 

t r i m e s t r a l e n. 6. D o c . 4 . 8 1 l / l 0. 
o 

­ R i s u l t a t i de i l a v o r i e f fe t tua t i d a l 1 g e n n a i o a l 31 m a r z o 1968. R e l a z i o n e t r i ­

m e s t r a l e n. 7. D o c . 4 . 8 1 1 / 1 1 . 

­ A c c u r a c y of P o w e r D i s t r i b u t i o n C a l c u l a t i o n M e t h o d s for U r a n i u m and P l u t o ­

n i u m L a t t i c e s b a s e d on R e c e n t E x p e r i m e n t s and E N E L R e a c t o r O p e r a t i o n Data . 

D o c . 4 . 8 1 1 / 1 2 . 

o 

­ R i s u l t a t i de i l a v o r i e f fe t tua t i da l 1 a p r i l e al 30 g iugno 1968. R e l a z i o n e t r i m e ­

s t r a l e n. 8. D o c . 4 . 8 1 1 / 1 3 . 

­ S e c o n d Annua l R e p o r t for Y e a r End ing 31 M a r c h 1968. D o c . 4 . 8 1 l / l 4 . 

­ R i su l ta t i dei l avor i effettuati d a l 1 lug l io al 30 s e t t e m b r e 1968. Re laz ione 

t r i m e s t r a l e n. 9. D o c . 4 . 8 1 l / l 5 . 

­ R i su l ta t i dei l avor i effettuati dal 1 ottobre al 3 1 d i c e m b r e 1968. Re laz ione 

t r i m e s t r a l e n. 10. D o c . 4 . 8 1 l / l 6 . 
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Open Vesse l Exper iments on P lu tonium Prototype Elements in the Gar ig l iano 

Reac to r . Doc. 4 . 8 1 l / l 7 . 

Risu l ta t i dei lavor i effettuati dal 1 gennaio a l 31 m a r z o 1969. Relazione t r i ­

m e s t r a l e n. 11. Doc. 4. 8 I I / I 8 . 

Third Annual Repor t for Year Ending 31 May 1969. Doc. 4 . 8 1 l / l 9 . 

Risul ta t i dei lavor i effettuati da l 1 apr i le al 30 giugno 1969. Relazione t r i ­

m e s t r a l e n. 12. Doc. 4. 811/20. 

Risul ta t i dei lavor i effettuati dal 1 luglio al 30 se t tembre 1969. Relazione 

t r i m e s t r a l e n. 13. Doc. 4 . 8 1 1 / 2 1 . 

Risul ta t i dei lavor i effettuati dal 1 se t t embre al 3 1 d icembre 1969. R e l a z i o ­

ne t r i m e s t r a l e n. 14. Doc. 4 . 8 1 1 / 2 2 . 

Resul t s of work per formed from 1 J a n u a r y - 3 1 March 1970. Qua r t e r ly r epo r t 

No. 15. Doc. 4. 811/23. 

Exper imenta l and theore t ica l de terminat ion of burnup and heavy isotope content 

in a fuel a s sembly i r r ad ia ted in the Garigl iano r eac to r . Doc. 4. 8 1 l / 2 4 . 

7. REFERENCES 

(1) " A s s e s s m e n t and Exper imen ta l Investigation of Plutonium Potent ia l in 

ENEL Water R e a c t o r s " , A. A r i e m m a , U. Bele l l i , L. Sani. SM-88 /47 . 

Plutonium as a Reac tor Fue l . Vienna 1967. 

(2) "FLARE, a Three -d imens iona l Boiling Water Reac tor S imula to r" , D. L. 

Delp, L. F i s h e r , J . M.. M a r r i m a n and M. J. Stedwell, GEAP-4589 , July 

1964. 

(3) "Operating Strategy for Maintaining an Optimum Power Dis t r ibut ion 

Throughout Life" , R .K. Haling. TID-7672, USAEC, Division of T e c h ­

nical Information, September 1963. 

(4) "CONDOR-2, a Few-group Two-dimensional P r o g r a m for the Eva lua­

tion of Water Reac to r Long T e r m Reactivity Changes" , E. Salina. F N -

E - 9 5 , FIAT Nuc lea re , F e b r u a r y 1968. 



­ 116 

(5) "Accuracy of Power Distribution Calculation Methods for Uranium and 

Plutonium Lattices", A. Ariemma, G. Lesnoni, M. Paoletti Gualandi, 

P . Peroni, Β. Zaffiro, Nuclear Applications and Technology, Vol. 8, 

April 1970. 

(6) "RIBOT ­ A Physical Model for Light Water Lattice ■ Calculations", 

P. Loizzo, BNWL­735, February 1968. 

(7) "Burn­up of P r e s s u r i z e d or Boiling Water R e a c t o r s " , G. Buffoni, P. 

Loizzo, S. Lopez and M. Pe t i l l i , Symposium on Advances of Reactor 

Theory, Karlsruhe, June 1966. 

(8) "BURNY ­ Un Programma di Burn­up a Due Dimensioni", G. Buffoni, 

S. Lopez, I. Maganzani , CNEN, R T / F I ( 6 7 ) 8 , Roma 1967. 

(9) "EQUIPOISE­3, A Two­dimensional, Two­group Neutron Diffusion 

Code for the IBM­7090 Computer" , C. W. Nes tor , T. B. Fowler and 

M. L. Tobias , ORNL­3199, Oak Ridge National Labora tory , 1962. 

(10) "TEMPEST II, A Neutron Thermalizat ion Code", R . I I . Schudde and 

J . Dyer , TID­18284, Atomics Internat ional , February 1962. 

(11) "Nouvelle Methode de Determination du Facteur d'Utilisation Thermique 

d'une Cellule", A. Amouyal, P. Benoist and J. Horowitz, Journal.of Nu­

clear Energy, 6, 79, 1957. 

(12) "Effective Fast Group Cross­Sections in Four Group Theory", P.A. 

Ombrellaro, WAPD­TM­63, Westinghouse Atomic Power Department, 

May 1957. 

(13) "MUFT­IV, Fast Neutron Spectrum Code for the IBM­704", H. Bohl, J r . , 

E. M. Gelbard and G.H. Ryan, WAPD­TM­72, Westinghouse Atomic Power 

Department, July 1957. 

(14) "SQUID­360, A Multigroup Diffusion Program with Criticality Searches 

for the IBM­360", A. Daneri, B. Gabutti and E. Salina, EUR­3882, 1968. 

(15) "GAM­II. A B Code for the Calculation of Fast Neutron Spectra and Asso ­

ciated Multigroup Constants", G.D. Joanou and J. S. Dudek, GA­4265, 

General Atomic, September 1963. 



117 -

(16) "FORM, A Fou r i e r T r a n s f o r m F a s t Spec t rum Code for IBM-709", D. J. 

Goff, NAA-SR-Memo 5766, Atomics Internat ional , September I960. 

(17) "THERMOS, A Thermal iza t ion T ranspo r t Theory Code for Reactor La t ­

t ice Calcula t ions" , H. C. Honeck, BNL-5826, Brookhaven National Lab­

ora to ry . 

(18) "GGC-II, A P r o g r a m for Using the GAM-II and GATHER-II Spec t rum 

Codes in P repa r ing Multigroup Cross -Sec t ion Input on Punched Cards 

for the GAXE, GAZED, DSN, GAPLSN, 2DXY, TDC, GAMBLE, FEVER 

andGAD Codes" , C. V. . Smith and H .A . .Vieweg, GA-4435, Genera l Atomic , 

December 1963. 

(19) "GATHER, An IBM-7090 FORTRAN-II P r o g r a m for the Computation of 

Thermal-Neutron Spectra and Associa ted Multigroup C r o s s - S e c t i o n s " , 

G .D . Joanou, C.V. Smith and H. A. Vieweg, GA-4132, 1963. 

(20) "DTK Operating Ins t ruc t ions" , Los Alamos . 

(21) "TRITON, A Multigroup Diffusion Depletion Code P r o g r a m in Three 

Dimensions for IBM-360", A. Dane r i , G. Maggioni and E. Salina, F N -

E-97 . 

(22) "The FOG One-dimensional Diffusion Equation Code", H. P . F la t t , NAA-

SR-6104, 1961. 

(23) "Cor re la t ion for Two-Phase F low" , J . F . M á r c h a t e r r e and B. M. Hög­

lund, Nucleonics 20, No. 8, 142, 1962. 

(24) "Technical Specification for Four UO -PuO Fuel E l emen t s " , ENEL -
Cà CM 

Doc. 8 3 1 . 3 1 0 . 7 6 0 / 1 , November 1967. 

(25) "Gamma Scanning Measu remen t s on the Gar ig l iano Reactor Core Con­

taining Twelve Plutonium Prototype A s s e m b l i e s " , A. A r i e m m a , Nuclear 

Fuel Pe r fo rmance Seminar , South Haven, Michigan, 1970. 

(26) "Isotopie Analysis of I r rad ia ted Fuel and Transplutonium E l e m e n t s " , H. 

W. Geer l ings and L. Koch, EUR-3949. 

(27) "Radiochimica Acta" , L. Koch, G. Cottone and H. W, Geer l ings , page 
122, 10, 1968. 



118 -

(28) "IN 1277", F. L. Lisman et alia, 1969-

(29) "Physics Design Aspects of Plutonium Recycle", F.G.Dawson, BNWL-

232, May 1966. 

(30) "Proposed Determination of Nuclear Fuel Burn-up Based on the Ratio of 

Two Stable Fission Products of the Same Element", W.J. Maeck, Report 

IDO-14642, April 1965. 

( 3 1 ) "Some Correlations Between Isotopes of Xe, Kr, U, Pu and Burn-up Pa­

rameters for Different Thermal and Fast Reactors", L. Koch, H. Braun, 

A. Cricchio, Paper SM-133/25, IAEA Symposium on Progress in Safe­

guards, Karlsruhe, 6-10 July '1970. 

(32) "Experiment and Calculation for H O-Moderated Assemblies Containing 

UO -2% PuO Fuel Rods", W.O. Uotinen and L. D. Williams, BNWL-

SA-1107, May 1967. 

(33) "Saxton Plutonium Program: Critical Experiments for the Saxton Partial 

Plutonium Core", E.G. Taylor, EURAEC-1493. 

(34) "United States Programs on Plutonium Utilization in Thermal Reactors", 

F.G. Dawson, IAEA Panel on Plutonium Utilization, Wien 1968. . 

(35) "Plutonium Recycle Demonstration Program", J. Haley, WCAP-4167-1, 

1970. 

(36) "The Utilization of Plutonium as an Alternative Fuel in Boiling Water 

Reactors", D. Fischer, D. Gournelos, B. Judson, TM 2/6, Nuclex 

1969, Basel. 



M * ί « „ 

/Ίΐ-ί ί" Vi. »KIBWCB 
W.l · i t \ ■' !JFit. ffff .(■ ' 1 . lui 

HÄiiPfcpU/iiti 

NOTICE TO THE READER 

,,,,,. I ^ I IM® 
All scientific and technical reports published by the Commission of 

the European Communities are announced in the monthly periodical 

"euro­abstracts". For subscription (1 year : B.Fr. 1 025.—) or free 

specimen copies please write to : 

"miiCílt 4ΛΜ, m - i * C ?
,
^

í
r t í - ^ ^

i
r 

'ft· .Γ*1 . 
Sales Office for Official Publications 

of the European Communities 
P.O. Box 1003 
Luxembourg 1 

(Grand­Duchy of Luxembourg) 

wwm *u- ii» it? 'Mw 

rc r. .uc; :v¿w. f VIU' namm >.·<ϋ«τ #, Ρ ¡̂ Λί-ηΜίΠ 

Ltut rUi^iri.W ' LT'" fltr jflftKui ti 

■ » « *» 

HÄÄ 

iiii 

Tati 

rillin 

I To disseminate knowledge is to disseminate prosperity — I mean 

| general prosperity and not individual riches — and with prosperity 

[disappears the greater part of the evil which is our heritage from 

! ^ r . . t i i n ^ 

Alfred Nobel 

· ■ 

Sir 

hw 

ita ,s in i . fc«, ί·»».»ΎΨ>Ίwir .¡«'pW 

-'røi?* SJÖ ΐ ϊ ïîtiiarv ί. ̂ i ^ ' · ' ^ 'ΐΦ'ίίϋ* Φ,'κ^^νί,ΐ .«ft* k l 



» 

SALES OFFICES 

äåiiiilfSi AU reports published by the Commission of the European Communities are on sale at the offices 
listed below, at the prices given on the back of the front cover. When ordering, specify clearly the 
EUR number and the title of the report which are shown on the front cover. 

I9S 
l . t t í í * 


	Table of contents
	1. INTRODUCTION
	2. REPORT ON WORK PERFORMED
	2.1 Selection of the Reactor for the Irradiation Program with Plutonium Prototype Assemblies
	2.2 Description of the Calculation Methods
	2.3 Prototype Plutonium Assemblies
	2.4 Experimental Activities
	2.5 Operating Experience with Prototype Plutonium Assemblies
	2.6 Verification and Trimming of the Calculation Methods
	2.7 Transients Analyses

	3. TECHNICAL CONSIDERATION IN UTILIZING PLUTONIUM IN THERMAL REACTORS
	3.1 Accuracy of Nuclear Design Methods
	3.2 Power Distributions
	3.3 Reactor Control
	3.4 Transients Behavior

	4. ECONOMIC EVALUATIONS
	4.1 Alternative Solutions for Plutonium Utilization
	4.2 Influence of Some Fuel Cycle Parameters on Plutonium Value

	CONCLUSIONS

