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NNFISS - LP2 - 013~-.:~3. Ricerca Sistema Elettrico I L 

Titolo 
Valutazione con metodi Monte Carlo del K .. e del burnup di un elemento di 
combustibile 17x17 per noccioli PWR di piccola taglia 

Descrittori 

Tipologia del documento: Rapporto Tecnico 


Collocazione contrattuale: Accordo di programma ENEA-MSE: tema di ricerca "Nuovo 
nucleare da fissione" 

Argomenti trattati: Reattori nucleari ad acqua 

Sommario 

AI fine di soddisfare le esigenze energetiche dei paesi in via di sviluppo è stata 
esplorata la possibilità di impiegare reattori PWR (Pressurized Water Reactor) che 
siano concepiti con un livello tale di semplificazione d'impianto da minimizzare il 
numero di operazioni rischiose da parte del personale di esercizio. La filosofia 
generale è quella di introdurre una logica di bruciamento "once through", che eviti ' 
interventi esterni (come fuel reshuffling) durante il ciclo produttivo del nocciolo, e 
l'eliminazione dell'introduzione di acido borico nel refrigerante primario per 
contrastare gli eccessi di reattività del sistema. Mediante l'impiego delle catene di 
calcolo ScalelTriton si sono identificate una serie di possibili soluzioni per ottenere 
impianti con le caratteristiche sopra menzionate. Nel presente rapporto sono 

'I 	 illustrati i risultati di una verifica, eseguita con il codice Monte Carlo MCNPX, su 
alcuni dei sistemi in questa linea progettuale. I risultati ottenuti MCNPX evidenziano 
delle discrepanze che potranno essere chiarite solo con studi successivi più 
approfonditi. 
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75"83*$3&"#7&2$*%'>'#7'&"#7:#8'%*23&RS.TUH&!99'7"?V&'&:':23+'&%'&2*83&2'(#&$'372$'7#&'7&+*$)'7'&%'&

3"#7#+'"'2B&3& :'"5$3>>*&*""322*A'8'J& @& :2*2#&*66'*2#&57#&:25%'#& :588*& 8#$#&7352$#7'"*H&N#+3&
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A*:*2*& :588*& :3+(8'9'"*>'#73& +*::'+*& %388K'+('*72#J& *& 2*8& 9'73& :'& :#7#& %39'7'2'& '& :3)5372'&

$3=5':'2'&)373$*8'1&

• ,8'+'7*>'#73&%38&A#$#&%*8&$39$')3$*723&($'+*$'#H&&

• I#)'"*&%'&A$5"'*+372#&4#7"3&2?$#5)?;H&

• P+('3)#&%'&383+372'&%'&"#+A5:2'A'83&"#7&+*23$'*8'&3&)3#+32$'3&:2*7%*$%H&

• X:#&%'& :':23+'&%'&A*$$3&%'& "#72$#88#&"?3&:3+(8'9'"?'7#& '8& 8*Y#52& 8*:"'*7%#&:)#+A$*& 8*&

(*$23&:5(3$'#$3&%38&7#""'#8#H&

,K&36'%3723&"?3& 8K38'+'7*>'#73&%38&"'$"5'2#&*&"#7"372$*>'#73&6*$'*A'83&%'&Z#$#&%*8&($'+*$'#&

'+(8'"*&57*&)$*7%3& :3+(8'9'"*>'#73&%38& :':23+*J&+*& '72$#%5"3&57&($#A83+*&738& "#72$#88#&

%388K3""3::#& %388*& $3*22'6'2B& '7'>'*83& 3& '7& (*$2'"#8*$'& (3$'#%'& %388*& 6'2*& %388K'+('*72#H& ['&

"#7:3)537>*J&:*$B&73"3::*$'#&6*852*$3&"#7&3:2$3+*&*2237>'#73&'8&$'"#$:#&*&63837'&A$5"'*A'8'&
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%3'& $':582*2'& #223752'& %*'& +#%388'& :6'85((*2'& "#7& 0N!I,& R^U& "?3& @& 57& :':23+*& *82*+3723&

:2*7%*$%'>>*2#&(3$&9*$3&*7*8':'&%'&"$'2'"'2BJ&:?'38%'7)&3&A5$75(H&&&

&_66'*+3723& 8#& :25%'#& 7#7& *$$'6*& *& 73::57*& "#7"85:'#73& %39'7'2'6*J& +*& 36'%37>'*& 8*&

"#+(83::'2B& %388K*(($#""'#& ($#)3225*83& (3$"?V& #)7'& +#%388#& $'"?'3%3& 57& *(($#9#7%'2#&

:25%'#&%388K*$$'""?'+372#&%38&"#+A5:2'A'83J&%388*&=5*72'2B&%'&63837'&A$5"'*A'8'&%*&'+('3)*$3&3&

8*& %':(#:'>'#73& #22'+*83& %38& 9538& *::3+A8Y& $':(322#& *8& :':23+*& %'& "#72$#88#H& !& 2'2#8#&

3:3+(8'9'"*2'6#J&8*&`')5$*&S&$'(#$2*&8K36#85>'#73&%38&ab&'7&957>'#73&%388*&%5$*2*&%38&"'"8#&%'&

957>'#7*+372#& (3$& 57& 383+372#& %'& "#+A5:2'A'83& & "#7& $32'"#8#& =5*%$*2#& ScdSc& 3& "#7&

%'63$:#&75+3$#&%'&A*$$3&"#7&63837'&%'&e%T_W& Ef&g2hFH&-38&($'+#&"*:#&@& :2*2*&+*723752*&

57*& "#7"372$*>'#73& "#:2*723& %'& i^j& ((+& %'& !"'%#& Z#$'"#& 7388K*"=5*& %38& "'$"5'2#& %'&

$*99$3%%*+372#&($'+*$'#J&+372$3&73'&"*:'&$'+*7372'&2*83&"#+(#:2#&@&*::3723H&P7&2522'&3&2$3&'&

"*:'J&8K*$$'""?'+372#&'7&TW^X&@&%38&]HkhH&&

 
Figura 1: Evoluzione k∞ in un fuel assembly “17x17” con e senza boro disciolto. (

P7& 2522'& '& "*:'& :'& (*$23& %*& 57&+*::'+#& $38*2'6#& %'& l& 3& %#(#& 57*& A$363& %':"3:*J& 8K3""3::#& %'&

$3*22'6'2B&"#+'7"'*&*&"$3:"3$3& '7& 957>'#73&%38&A$5"'*+372#&%3'&63837'&($3:372'H&I*&$3*22'6'2B&
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*::':23$3& (#'& *& 57*& )$#::*& "$3:"'2*& %388*& $3*22'6'2B& 9'7#& *8& (572#& %'& A$5"'*+372#& 2#2*83& %3'&
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3:3)5'23& %3883& :'+58*>'#7'& "#7&/N-CO& RkU& :5)8'& 383+372'& ScdSc& '7& "#7%'>'#7'& %'& $'983::'#73&
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Figura 2: Diagramma di flusso della sequenza TRITON t-depl per i calcoli di bruciamento.(
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RSjU&3&$'(3237%#&'8&"*8"#8#&%388*&9')5$*&%'&A5$75(&%'&57&383+372#&%'&"#+A5:2'A'83&)'B&:'+58*2#&

"#7&'8&"#%'"3&!(#88#&RSSU&'7&57&($3"3%3723&$*((#$2#H&P&$':582*2'&%388*&6*8'%*>'#73&:#7#&*((*$:'&

:#%%':9*"372'& RWUH& -38& ($3:3723& $*((#$2#J& (*$237%#& %*& 57& *(($#""'#& %'& "*8"#8#&

"#+(832*+3723&%'63$:#J&'7&"5'&:'&5:*&'8&"#%'"3&/#723&N*$8#&/N-CO&THiHjJ&@&:2*2#&$'(3252#&8#&

:23::#& (3$"#$:#& %'& 6*8'%*>'#73H& P7& *7*8#)'*& "#7& 8#& :"?3+*& %'& 9')5$*& TJ& /N-CO& '+('3)*& 8*&

:5A$#52'73& lN_[,& (3$& 3:3)5'$3& 8*& :'+58*>'#73& %'& 2$*:(#$2#& 3& 8*& :2'+*& %38& l& +372$3J& 8*&

:5A$#52'73& ZX<-& 6*852*& '8& A$5"'*+372#& %38& "#+A5:2'A'83& 3& %3'& 63837'& :3"#7%#& '8& :3)53723&

*8)#$'2+#1&

• 0'&:2'+*& '8&6*8#$3&%'&ab&+3%'*723& 8*& $#52'73&lN_[,J&:'&"*8"#8*7#& '& 985::'&7352$#7'"'& '7&

25223&83&"3883&"?3&#:('2*7#&'&+*23$'*8'&%'&"5'&:'&65#83&:3)5'$3&'8&A$5"'*+372#H&

• P&6*8#$'&%3'&985::'&7352$#7'"'&"#7&57*&:2$5225$*&373$)32'"*&*&iW&)$5(('&637)#7#&9#$7'2'&

*8& "#%'"3& NP-[,<kj& RSTU& E63$:'#73& '7"85:*& '7&/N-COFJ& "?3& 6*852*& 8*& 9#$+*>'#73& %'&

($#%#22'&%'&9'::'#73&3&8*&8#$#&8K36#85>'#73&%5$*723&'8&(3$'#%#&%*2#H&

• I*&"#+(#:'>'#73&%3'&+*23$'*8'&6'373&*))'#$7*2*&3&:3&7#7&:'&:#7#&3:*5$'2'&)8'& '723$6*88'&

23+(#$*8'& %*& *7*8'>>*$3& '8& "#%'"3& ($#"3%3& "#7& 57*& 75#6*& :2'+*& %'& 985::'& 3& %'& abJ&

*82$'+372'&:'&*$$3:2*H&

&

-388*&($'+*&9*:3&%38&"#72$#88#&:#7#&:2*2'&$'(3252'&'&"*8"#8'&%38&Z37"?+*$a&m375:.T&$38*2'6'&*88*&

6*852*>'#73&%38&ab&%'&W&"3883&%'&"#+A5:2'A'83H&I*&2*A388*&S&$'(#$2*&83&"*$*223$':2'"?3&:*8'372'&%3'&

2$3&383+372'&52'8'>>*2'&738&A37"?+*$aH&

                                            
1 Geometrie e materiali degli elementi di combustibile nel benchmark sono quelli tipici dei PWR. 
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Tabella 1 Caratteristiche degli elementi di combustibile estratti dal benchmark VENUS-2. 

=-,(3-(+%/M4?'-M-8*( :OP( ( COP( ( 6O61Q(

J??*/M8#99-%(R4*8( 0QS0Q( ( 0QS0Q( ( 0KS0K(

)-$%(3-(+%/M4?'-M-8*( X_T& & X_T& & X_TnC5_T&

T-#/*'&%(3*8(
+%/M4?'-M-8*(

jHfSk&"+& & jHfkTi&"+& & jHkjT&

7#'*&-#8*(3-(+8#33-,9( o'$"*8#Y&]& &
!""'*'#&'7#::'%*A'83&!P0P&

Wj]&
& !""'*'#&'7#::'%*A'83&

T-#/*'&%(*?'*&,%(3*8(
+8#33-,9(

jHk^&"+& & jHkcf&"+& & jHkcf&"+&

T-#/*'&%(-,'*&,%(3*8(
+8#33-,9(

jHfWi&"+& & jHkjT&"+& & jHkjT&"+&

=#??%(3*88#($-,(3-(
+%/M4?'-M-8*(

SHTi&"+& & SHTi&"+& & SHTi&"+&

J&&-++E-/*,'%(6:KU(-,(
UV6(

WHWji&h& & ]HjTT&h& & THjjT&h&

J&&-++E-/*,'%(=4V6( - & & - & & THc&h&

<%'*(
P8&)*(&2$*&9538&3&"8*%%'7)&

@&465#2#;H&
&

P8&)*(&2$*&9538&3&"8*%%'7)&
@&465#2#;H&

&

C3$"3725*83&':#2#('&
9'::'8'&:58&C5_T1&

TWkC5&p&
ckHW&hJ&T]SC5&p&WHj^&

hH&

=%'*,5#(3*8(,%++-%8%( j& & j& & j&

&

-388*& :3"#7%*& 9*:3& '763"3& @& :2*2*& $'(3252*& 8*& :'+58*>'#73& %388K36#85>'#73& %38& lb& (3$&

8K383+372#&"#+A5:2'A'83J&83&"5'&"*$*223$':2'"?3&:#7#&$'(#$2*23&'7&2*A388*&TH&

&
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Tabella 2 Caratteristiche del fuel assembly di riferimento “Tipo MARS” 

)-$%(3-(*8*/*,'%(3-(+%/M4?'-M-8*( 4ScdSc;&
<1(3-(M#&&*''*(3-(+%/M4?'-M-8*(UV6( T]]&

J&&-++E-/*,'%(UV6( ]Hkh&
<1(3-(M#&&*''*(3-(+%/M4?'-M-8*(UV6W@36V:(XYZ[(( Tj&
J&&-++E-/*,'%(UV6(,*98-(#??*/M8\(+%,(@36V:( jHT^h&

<1(3-('4M-(94-3#(-,(5-&+#8%\( T^&&
T-#/*'&%(*?'*&,%(M#&&*''#(3-(+%/M4?'-M-8*( jHk^&"+&

.$*??%&*(3*88#(94#-,#( jHjiW&"+&
.$*??%&*(-,'*&B#++-#(94#-,#H+%/M4?'-M-8*( jHjjT&"+&

]4,9E*55#(#''-^#(3*8(+%/M4?'-M-8*( Tij&"+&
=#??%('&#(M#&&*''*(3-(+%/M4?'-M-8*( SHTi&"+&

T-#/*'&%(*?'*&,%('4M%(94-3#( SHTT]&"+&
.$*??%&*('4M%(94-3#( jHj]&"+&

;%,+*,'&#5-%,*(#+-3%(M%&-+%(,*8(&*B&-9*&#,'*( i^j&((+&
T*,?-'_(3-($%'*,5#(3*8(,%++-%8%( ^i&aD*22L8'2$#&

(=%'*,5#($*&(*8*/*,'%( fH^&/D*22&

`#'*&(-,8*'('*/$*&#'4&*( TS]&qN&

R4*8('*/$*&#'4&*( ^^T&qN&

&

 
Figura 3 schema geometrico del B4*8(#??*/M8\1 (

&

&
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!

"#!7%3*88%(7;<=>!!
!
:101 ;%?'&45-%,*(@*%/*'&-#A(3*B-,-5-%,*(3*-(7#'*&-#8-1(

e8'&383+372'&%'&"#+A5:2'A'83J&83&"5'&"*$*223$':2'"?3&)3#+32$'"?3&:#7#&$'(#$2*23&73883&M*A3883&

S.TJ&(#::#7#&3::3$3&$*(($3:372*23&'7&57&+#%388#&/N-CO&'+('3)*7%#&'8&+32#%#&%3'&$32'"#8'H&

P7&($*2'"*&:'&:"?3+*2'>>*7#&)8'&383+372'&%'&A*:3&%38&:':23+*&EA*$$3223&%'&"#+A5:2'A'83J&A*$$3&

%3'&63837'&3&25A'&)5'%*F&'+('3)*7%#&83&3:($3::'#7'&%'&)3#+32$'*&"#+A'7*2#$'*&*++3::3&%*8&

"#%'"3H&0'&($#"3%3&(#'&*88*&%39'7'>'#73&%'&57& $32'"#8#&ScdSc& E#&S^dS^F& '7&"5'& :#7#&(#:2'&)8'&

383+372'& %3:'%3$*2'& *22$*63$:#& %3883& #(3$*>'#7'& %'& :'++32$'*H& I3& 9')5$*& ].^& $'(#$2*7#& 8*&

$*(($3:372*>'#73& '7& W& %'+37:'#7'& %3'& $32'"#8'& S^dS^& 3& ScdSc& '+('3)*2'& 73883& :'+58*>'#7'&

/#723&N*$8#H&

 
Figura 4 Network 3 D dell’assemblaggio 15x15 delle barrette nell’elemento di combustibile. La scatola di 
contenimento è omessa per chiarezza di rappresentazione (immagine ottenuta con Vised).(

(

&
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Figura 5: Network 3 D dell’assemblaggio 17x17 delle barrette nell’elemento di combustibile. La scatola di 
contenimento è omessa per chiarezza di rappresentazione (immagine ottenuta con Vised).(

(

Questi assemblaggi sono delimitati da scatole di  opportune dimensioni (vedi figura 
6), le cui superficie laterali sono rese “riflettenti”  ai neutroni in modo da simulare una 
geometria infinita lungo gli assi x ed y.  
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Figura 6: Plot X-Y dell’assemblaggio dell’elemento di combustibile 17x17, sono chiaramente visibili i tubi 
guida, le barrette di UO2 (colore Blu)  e le barre con i veleni (colore Giallo). &

(

<':582*& 36'%3723& "?3& '8& 2$*:(#$2#& 7352$#7'"#& @& 3:3)5'2#& :37>*& 73::57*& #(3$*>'#73& %'&

#+#)373'>>*>'#73& %3'&+*23$'*8'& :588*& )3#+32$'*& $3*83H& P7& =53:23& "#7%'>'#7'J& '8& 8'6388#& %'&

323$#)373'2B&@&+#82#&3836*2#&3&:*$3AA3&'+(#$2*723&57*&%3:"$'>'#73&%322*)8'*2*&%3'&"*+('&

%'& 23+(3$*25$*& "?3& :'& :2*A'8':"#7#J& *& $3)'+3J& 73'& 6*$'& +*23$'*8'H& -3883& :'+58*>'#7'&

$')5*$%*72'& 57& 383+372#& %'& "#+A5:2'A'83& ScdSc& %'& 57& & $3*22#$3& '77#6*2'6#& %'& ('""#8*&

2*)8'*J&2'(#&4/!<0;J&:'&@&*::572#&8*&23+(3$*25$*&%38&$39$')3$*723&"#+3&"#:2*723&*&TS]&qN&

'7& 2522#& 8K383+372#& %'& "#+A5:2'A'83J& +372$3& *88K'723$7#& %3883& A*$$3& 3& 7388*& )5*'7*&

E"8*%%'7)F&8*&23+(3$*25$*&'+(#:2*&@&%'&^^T&qN&E63%'&M*A388*&TFH&&&I*&(#237>*&'+(#:2*&(3$&

8K383+372#&%'&"#+A5:2'A'83&@&%'&fH^&/3)*D*22&H&&&

-38& "*:#& %3883& :'+58*>'#7'& m375:.TJ& 2$*22*7%#:'& %'& *::3+A8*))'& *& (#237>*& >3$#J& :'&

+*72'373&8*&23+(3$*25$*&*+A'3723&'7&2522*&8*&)3#+32$'*H&
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C3$&=5*72#&$')5*$%*&'&+*23$'*8'&:'&@&:"382#&%'&3:3)5'$3&83&:'+58*>'#7'&:'*&"#7&%*2'&75"83*$'&

,-[`.Z&mPP&"?3&r,``&WHSH&-3883&2*A3883&W.i&:#7#&$'(#$2*23& 83&"#+(#:'>'#7'& ':#2#('"?3&%3'&

+*23$'*8'&3&)8'&'%372'9'"*2'6'&$38*2'6'&*'&9'83&%'&:3>'#7'&%K5$2#&E"$#::&:3"2'#7F&7352$#7'"?3H&I3&

"#+(#:'>'#7'&%3'&+*23$'*8'&73'&($#A83+'&m375:.T&:#7#&:2*2'&"#('*2'&%*88*&%#"5+372*>'#73&

%'& A37"?+*$a& $'93$'+372#& 3& $*(($3:372*2'& :'*& "#7&%*2'& 75"83*$'& ,-[`.Z&mPP& "?3& r399& WHS&

E63%'&M*A388*&cFH&

&

Tabella 3: Composizione del refrigerante (acqua leggera con 650 ppm di Boro) 

N#%'"3&

P:#2#(#& `$*>'#73&'7&C3:#& ,-[`.ZmPP&

EWTi&qNFs&

r399&WHS&

ETiHf^&qNFs&
SjZ& SHTk3.]& ^jSjHcS"& ^jSjHjW"&
SSZ& ^HTS3.]& ^jSjHcS"& ^jSjHjW"&

t& jHSS& SjjSHcS"& SjjSHjW"&
Si_& jHfk& fjSiHcS"& fjSiHjW"&

0EαJβF& 8g2$HiS2&ETS]&qNF&

a7;<=>(*BB*''4#( 8#( +%&&*5-%,*(3*88*( +&%??( ?*+'-%,(#88#( '*/$*&#'4&#(3-+E-#&#'#($*&( -8( &*B&-9*&#,'*( X60C( b;[($&-/#(3-( *BB*''4#&*( 8#(
?-/48#5-%,*1((

&

&

&

&

Tabella 4: Composizione del combustibile (UO2 d=10.96). 

N#%'"3&

P:#2#(#& `$*>'#73&'7&C3:#& ,-[`.ZmPP&

EiTiHf^&qNFs&

r399&WHS&

EiTiHf^&qNFs&
TW^X& jHj]WT& kTTW^HcT"& ^jSjHjk"&
TWfX& jHfWfW& kTTWfHcT"& ^jSjHjk"&
Si_& jHSSf^& fjSiHcT"& SjjSHjk"&

a7;<=>(*BB*''4#( 8#(+%&&*5-%,*(3*88*(+&%??(?*+'-%,(#88#( '*/$*&#'4&#(3-+E-#&#'#($*&( -8(+%/M4?'-M-8*( XKK6(b;[($&-/#(3-(*BB*''4#&*( 8#(
?-/48#5-%,*1((

&



 

 
  Ricerca Sistema Elettrico 

Sigla di identificazione 
NNFISS – LP2 - 013 

Rev. 
0 

Distrib. 
L 

 Pag. di 

 13 21 

 
&

&

 

Tabella 5 : Composizione delle materiale di cladding ( Zircalloy-4 – d= 6.56 g/cm3) 

N#%'"3&

P:#2#(#& `$*>'#73&'7&C3:#& ,-[`.ZmPP&

EiTiHf^&qNFs&

r399&WHS&

EiTiHf^&qNFs&
kjo$& ^Hji,.jS& ]jjkjHcT"& ]jjkjHjk"&
kSo$& SHSj,.jS& ]jjkSHcT"& ]jjkSHjk"&
kTo$& SHik,.jS& ]jjkTHcT"& ]jjkTHjk"&
k]o$& SHcS,.jS& ]jjk]HcT"& ]jjk]Hjk"&
kio$& THc^,.jT& ]jjkiHcT"& ]jjkiHjk"&
SST07& SH]S,.j]& ^jSSTHcT"& ^jSSTHjk"&
SS]07& kH^c,.j^& ^jSS]HcT"& ^jSS]Hjk"&
SS^07& ]HkW,.j^& ^jSS^HcT"& ^jSS^Hjk"&
SSi07& THSS,.jW& ^jSSiHcT"& ^jSSiHjk"&
SSc07& SHSS,.jW& ^jSScHcT"& ^jSScHjk"&
SSf07& WH^S,.jW& ^jSSfHcT"& ^jSSfHjk"&
SSk07& SHT^,.jW& ^jSSkHcT"& ^jSSkHjk"&
STj07& ]HcT,.jW& ^jSTjHcT"& ^jSTjHjk"&
STT07& iHcS,.j]& ^jSTTHcT"& ^jSTTHjk"&
ST]07& fH]j,.j]& ^jST]HcT"& ^jST]Hjk"&
^]`3& ^Hf^,.j^& Tij^]HcT"& Tij^]Hjk"&
^i`3& kHSf,.j]& Tij^iHcT"& Tij^iHjk"&
^c`3& THST,.j^& Tij^cHcT"& Tij^cHjk"&
^f`3& THfT,.ji& Tij^fHcT"& Tij^fHjk"&
^f-'& WHc],.j]& Tfj^fHcT"& Tfj^fHjk"&
ij-'& SH]],.j]& TfjijHcT"& TfjijHjk"&
iS-'& iHTc,.ji& TfjiSHcT"& TfjiSHjk"&
iT-'& THjj,.j^& TfjiTHcT"& TfjiTHjk"&
i]-'& ^Hjk,.ji& Tfji]HcT"& Tfji]Hjk"&
Sc]t9& SHij,.jc& cTSc]HcT"& cTSc]Hjk"&
Scit9& ^HTi,.ji& cTSciHcT"& cTSciHjk"&
Scct9& SHfi,.j^& cTSccHcT"& cTSccHjk"&
Scft9& THcW,.j^& cTScfHcT"& cTScfHjk"&
Sckt9& SHWi,.j^& cTSckHcT"& cTSckHjk"&

a7;<=>(*BB*''4#( 8#(+%&&*5-%,*(3*88*(+&%??(?*+'-%,(#88#( '*/$*&#'4&#(3-+E-#&#'#($*&( -8(+%/M4?'-M-8*( XKK6(b;[($&-/#(3-(*BB*''4#&*( 8#(
?-/48#5-%,*1((

&
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&

Tabella 6: Composizione delle barre di veleno (Gd2O3-UO2 – d= 10.65 g/cm3) 

N#%'"3&P:#2#(#& `$*>'#73&'7&C3:#&

,-[`.ZmPP&

EiTiHf^&qNFs&

r399&WHS&

EiTiHf^&qNFs&
TW^X& jHjjTjW& kTTW^HcT"& ^jSjHjk"&
TWfX& &jHfjfk^& kTTWfHcT"& ^jSjHjk"&
Si_& jHSjjk& fjSiHcT"& SjjSHjk"&

S^Te%& SHi3.j]& i]S^THcT"& i]S^THjk"&
S^]e%& SHc]3.jW& i]S^]HcT"& i]S^]Hjk"&
S^^e%& SHSf3.jT& i]S^^HcT"& i]S^^Hjk"&
S^ie%& SHi]3.jT& i]S^iHcT"& i]S^iHjk"&
S^ce%& SHT^3.jT& i]S^cHcT"& i]S^cHjk"&
S^fe%& SHkk3.jT& i]S^fHcT"& i]S^fHjk"&
Sije%& SHc^3.jT& i]SijHcT"& i]SijHjk"&

a7;<=>(*BB*''4#( 8#(+%&&*5-%,*(3*88*(+&%??(?*+'-%,(#88#( '*/$*&#'4&#(3-+E-#&#'#($*&( -8(+%/M4?'-M-8*( XKK6(b;[($&-/#(3-(*BB*''4#&*( 8#(
?-/48#5-%,*&
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&
&

:161 =-#,%(3-(;#8+%8%(

I*&2*A388*&c&$'*::5+3&'8&:32&%'&"*8"#8'&3:3)5'2'H&P&=5*22$#&"*:'&:#7#&:2*2'&3:3)5'2'&:'*&"#7&83&&"$#::&

:3"2'#7&,-[`&"?3&"#7&&83&r,``WSH&I3&($'+3&:3'&:'+58*>'#7'&$')5*$%*7#&'8&A37"?+*$a&m375:.T&3&

8*&:2'+*&%'&a&*&(#237>*&>3$#J&+372$3&83&582'+3&%53&:2'+*7#&8K36#85>'#73&%38&ab&:5&57&"'"8#&%'&

6'2*&%'&Tjjj&)'#$7'&%38&:':23+*&"#7&:23(&%'&"*8"#8#&%'&Sjj&)'#$7'H&&&&&

Tabella 7: Simulazioni eseguite con MCNPX. 

0'+58*>'#73&
,83+372#&

"#+A5:2'A'83&
M'(#& N#++372'&

m375:THT!& S^dS^& lN_[,&
N$#::&03"2'#7&,-[`.Z&mPPJ&C#237>*&>3$#J&:2'+*&ab&H&

N#+A5:2'A'83&X_TnC5_T&Em3%'&2*A388*&SFH&

m375:THTZ& S^dS^& lN_[,&
N$#::&03"2'#7&r399&WSJ&C#237>*&>3$#J&:2'+*&ab&H&

N#+A5:2'A'83&X_TnC5_T&Em3%'&2*A388*SFH&

m375:W!& ScdSc& lN_[,&
N$#::&03"2'#7&,-[`.Z&mPPJ&C#237>*&>3$#J&:2'+*&ab&H&

N#+A5:2'A'83&X_T&&Em3%'&2*A388*&SFH&

m375:WZ& ScdSc& lN_[,&
N$#::&03"2'#7&r399&WSJ&C#237>*&>3$#J&:2'+*&ab&H&

N#+A5:2'A'83&X_T&&Em3%'&2*A388*SFH&

m375:]!& ScdSc& lN_[,&
N$#::&03"2'#7&,-[`.Z&mPPJ&C#237>*&>3$#J&:2'+*&ab&H&

N#+A5:2'A'83&X_T&&Em3%'&2*A388*&SFH&

m375:]Z& ScdSc& lN_[,&
N$#::&03"2'#7&r399&WSJ&C#237>*&>3$#J&:2'+*&ab&H&

N#+A5:2'A'83&X_T&&Em3%'&2*A388*&SFH&

/!<0H,-[`& ScdSc& ZX<-&

,6#85>'#73&%'&ab&:5&Tjjj&)'#$7'&%'&957>'#7*+372#&
%38&:':23+*&:37>*&73::57*&:#:2*H&C#237>*&'+(#:2*&
fH^&/D*22&(3$&383+372#&Em3%'&2*A388*&TFH&N$#::&

03"2'#7&,-[`.Z&mPPH&

/!<0Hr,``& ScdSc& ZX<-&

,6#85>'#73&%'&ab&:5&Tjjj&)'#$7'&%'&957>'#7*+372#&
%38&:':23+*&:37>*&73::57*&:#:2*H&C#237>*&'+(#:2*&
fH^&/D*22&(3$&383+372#&Em3%'&2*A388*&TFH&N$#::&

03"2'#7&r,``WSH&
&
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&
&

C1 "-?48'#'-(
 
C101 D*,+E/#&F(G*,4?H6(

&I*&2*A388*&f&$'(#$2*&'8&"#79$#72#&2$*&'&$':582*2'&#223752'&738&($3:3723&$*((#$2#&"#7&/N-CO&3&

=5388'&%388*&:3=537>*&0N!I,LM<PM_-H&C3$&9*"'8'2*$3&'8&"#79$#72#&:#7#&:2*2'&*))'572'&'&6*8#$'&

+3%'&"*8"#8*2'&:588K'76'85((#&%3'&$':582*2'&9#$7'2'&%*'&(*$23"'(*72'&*8&A37"?+*$aH&

Tabella 8 

G*,4?:( G*,4?C( G*,4?616(
=#&'*+-$#,'*( ;%3-+*( ]-M&*&-#(

c!(
IZ(

dIOσe(
c!(

T*^1(
dZe(

c!(
IZ(

dIOσe(
0N!I,LM<PM_-& 0N!I,^& ,-[`LZ.m& 01C00PC( jHWT& 01::P:K( .jH^^& 016KQQ0( jHjW&

/N-COu,-[`& /N-CO&
,-[`LZ.

mPP&
01CPQPC( jHj]& 01:6fPK( jHj]& 016KCLP( jHj^&

/N-CO.r,``& /N-CO& r,``WS& 01CPCCL( jHj]& 01:6LQf( jHj]& 016K:KL( jHj^&
!m,<!e,s& ( & 01CPLKL( & 01::QL( & 016KQ:Q( &

s3:"85:'&&'&$':582*2'&($3:372*2'&'7&=53:2#&$*((#$2#H&

 
0'*&'&$':582*2'&#223752'&738&($3:3723&$*((#$2#&"?3&=5388'&%388*&:3=537>*&M<PM_-L0N!I,&:#7#&'7&

#22'+#& *""#$%#& "#7& '& %*2'& 38*A#$*2'& 738& A37"?+*$a&m375:.TH& P& 6*8#$'& 9#$7'2'& "#7& 8K5:#& %3883&

"$#::& :3"2'#7&,-[`.Z&mPP& :#7#& 83))3$+3723&('Q& 3836*2'& %'& =5388'& #223752'& "#7& 83& r,``WSH& & P7&

)373$*83&'&$':582*2'&/N-CO&237%#7#&*&:2'+*$3&57&l&('Q&A*::#&%'&=5388'&&0N!I,LM<PM_-H&&

 
C161 I8*/*,'%('-$%(7J".(

I*&9')5$*&c&3&8*&2*A388*&k&$'(#$2*7#&'8&"#79$#72#&2$*&'8&"*8"#8#&%'&lb&:2'+*2#&%*&/N-CO&E"$#::&

:3"2'#7&,-[`.Z&mPPF&3&=5388#&%388*&:3=537>*&0N!I,LM<PM_-&:5&57&"'"8#&%'& 957>'#7*+372#&%'&

Tjjj& )'#$7'H& P& %53& "#%'"'& ($363%#7#& 57*& "$3:"'2*& %388*& $3*22'6'2BJ& "#'7"'%3723& "#7& '8&

($#)$3::'6#&A$5"'*+372#&%38&e*%#8'7'#J&73'&($'+'&cjj&)'#$7'&%'&957>'#7*+372#H&&

&
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Figura 7: Confronto tra MCNPX con ENDF-VIII elaborate alle temperature medie di cella e  Scale/Triton  
sull’elemento di combustibile 17x17 con 20 barre al Gd2O3 (8% wt Gd).(

-38& (3$'#%#& :5""3::'6#& 8*& $3*22'6'2B& %'+'75':"3& +#7#2#7'"*+3723& '7& *""#$%#& "#7& '8&

A$5"'*+372#&%38&"#+A5:2'A'83H&&

&
Tabella 9 Analisi dell’evoluzione del F!(*(3*88*(B-94&*(3-(D4&,H4$(3*8(?-?'*/#('-$%(7J".1(I<TRHD(G22 

lb&
&

M'+3&
E[*Y:U&

/N-CO& 0"*83LM$'2#7&

M#2*8&7352$#7&
985d&&

R7L"+TL:3"U&

A5$75(&
ReD*22L[*YU&

M#2*8&/*::&#9&
S^^e%&
R)U&

jHjj,njj& SHSiSif& SHS^^^Wi& SH]T,nS]& jHjj,njj& WH]^,njT&
SHjj,njT& SHS^f]T& SHST^ifc& SH]],nS]& TH]^,njj& WHjk,njT&
WHjj,njT& SHS]ifT& SHSScjST& SH]k,nS]& cHW^,njj& THT],njT&
^Hjj,njT& SHS^Tj& SHS]^cj^& SH^],nS]& SHTW,njS& kHcS,njS&
cHjj,njT& SHTTjk]& SHSiT]Sc& SH^],nS]& SHcT,njS& jHjj,njj&
kHjj,njT& SHSk^f^& SHSTf^]k& SHij,nS]& THTS,njS& jHjj,njj&
SHSj,njW& SHS^kcS& SHjk^kSk& SHif,nS]& THcj,njS& jHjj,njj&
SHWj,njW& SHST]]c& SHjiTkWW& SHci,nS]& WHSk,njS& jHjj,njj&
SH^j,njW& SHjf]iT& SHjWTSif& SHf^,nS]& WHif,njS& jHjj,njj&
SHcj,njW& SHj]cfc& SHjjTSkT& SHk^,nS]& ]HSc,njS& jHjj,njj&
SHkj,njW& SHjji& jHkfc]fk& THjc,nS]& ]Hii,njS& jHjj,njj&

&
P& %*2'& $'(#$2*2'& '7& 9')5$*& f& 3& M*A388*& Sj& "#793$+*7#J& 738& "*:#& %388K5:#& %3883& "$#::& :3"2'#7&

r,``WSJ&'8&2$37%&)'B&6':2#&"#7&83&,-[`H&&&

&
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Figura 8: tra MCNPX con Jeff  elaborate alle temperature medie di cella e  Scale/Triton  sull’elemento di 

combustibile 17x17 con 20 barre al Gd2O3 (8% wt Gd). 

 
 
 

Tabella 10: Analisi dell’evoluzione del F!(*(3*88*(B-94&*(3-(D4&,H4$(3*8(?-?'*/#('-$%(7J".1(gIRR:0 

lb&
&

M'+3&
E[*Y:U&

/N-CO& 0"*83LM$'2#7&

M#2*8&7352$#7&
985d&&

R7L"+TL:3"U&

A5$75(&
ReD*22L[*YU&

M#2*8&/*::&
#9&S^^e%&

R)U&
jHjj,njj& SHS^ij& SHS^^^Wi& SH]T,nS]& jHjj,njj& WH]^,njT&
SHjj,njT& SHS^cj& SHST^ifc& SH]],nS]& TH]^,njj& WHjk,njT&
WHjj,njT& SHS]TS& SHSScjST& SH]k,nS]& cHW^,njj& THTW,njT&
^Hjj,njT& SHS^jf& SHS]^cj^& SH^W,nS]& SHTW,njS& kH^i,njS&
cHjj,njT& SHTTjW& SHSiT]Sc& SH^^,nS]& SHcT,njS& SHWT,njj&
kHjj,njT& SHSkSS& SHSTf^]k& SHij,nS]& THTS,njS& jHjj,njj&
SHSj,njW& SHS^fS& SHjk^kSk& SHif,nS]& THcj,njS& jHjj,njj&
SHWj,njW& SHSTSi& SHjiTkWW& SHci,nS]& WHSk,njS& jHjj,njj&
SH^j,njW& SHjf]]& SHjWTSif& SHf^,nS]& WHif,njS& jHjj,njj&
SHcj,njW& SHj]]c& SHjjTSkT& SHki,nS]& ]HSc,njS& jHjj,njj&
SHkj,njW& SHjjW^& jHkfc]fk& THjc,nS]& ]Hii,njS& jHjj,njj&

 
&
P79'73J& 7388*& M*A388*& SS& :'& (#::#7#& "#79$#72*$3& 83& :2'+3& #2237523& *& '7'>'#& "'"8#J&&

*88K3:*5$'+372#&%38&e%&E9'73&A$5"'*+372#&%3'&63837'FJ&3&*&9'73&"'"8#H&I*&9'73&%38&"'"8#&@&:2*2*&

6*852*2*& (*$237%#& %*8& ($3:5((#:2#& "?3& '8& A5"a8'7)& *::'*83& 9#$7'$3AA3& "'$"*& ]jjj& ("+& %'&

83*a*)3&3&=5'7%'&8*&$':3$6*&%'&$3*22'6'2B&399322'6*&%#6$3AA3&9'7'$3&=5*7%#&lb&6*83&"'$"*&SHj]H&

&
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&

Tabella 11 confronto tra i parametri ad inizio e fine ciclo. 

D*9-,(VB(
;\+8*(

(

D&4+-#/*,'%('%'#8*(
3*-(G*8*,-(

I,3(VB(;\+8*(
;VT2;I(

c!(
(

c!(

(
T#\?(

ac!(

(
T#\?(

D4&,U$(
@`#''OT#\(

M<PM_-L0"*83& SHS^^^Wi& SHSiT]Sc& cjj& SHj]jj& S]jj& WjHjW&
/N-CO.,-[`& SHSiSif& SHTTjk]& cjj& SHj]cfc& Scjj& ]SHc&
/N-CO.r,``& SHS^ijj& SHTTjW& cjj& SHj]]c& Scjj& ]SHc&
s0'&*::5+3&57&83*a*)3&(*$'&*&]jjj&("+H&
&

&
0'& 63%3& "#+3& /N-CO& ($363%*& 57& A$5:"#& :*82#& %'& $3*22'6'2B& 73'& ($'+'& cjj& )'#$7'& %'&

957>'#7*+372#&E"'$"*&^jjj&CN/F&"?3&'763"3&7388*&:'+58*>'#73&0N!I,LM<PM_-&@&%'&"'$"*&ijj&

CN/H&I*&9'73&%38&"'"8#&($36':2*&%*&/N-CO&&*66'373&&%#(#&Scjj&)'#$7'&%'&957>'#7*+372#&"#7&

57&A5$75(&('Q&:('72#&E]SHc&eD*22L[*YF&$':(322#&*&=5388#&:2'+*2#&%*&M<PM_-L0N!I,&"?3&V&%'&

"'$"*&S]jj&)'#$7'&EWjHW&eD*22L[*YFH&&&

&

v53:2*&)$*7%3&%'993$37>*&7388*&6*852*>'#73&%38& :*82#&%'& $3*22'6'2B&*8&A$5"'*+372#& 2#2*83&%3'&

63837'&3&%38&(3$'#%#&%'&9'73&"'"8#&%363&3::3$3&6*852*2*&"#7&*2237>'#73H&

-38&+#%388#&/N-CO&83&(#::'A'8'&9#72'&%'&3$$#$3&($37%#7#&#$')'73&%*1&

• 2,#3*94#'#( +%&&*5-%,*( 3*88*( +&%??( ?*+'-%,( $*&( 8#( '*/$*&#'4&#( 3-( +*88#1&&

P+(#737%#& '79*22'& 57K57'"*& 23+(3$*25$*& 2522*& 8*& 857)?3>>*& %3883& A*$$3223& %'&

"#+A5:2'A'83&3&%3'&63837'J&:'&$':"?'*&%'&:+#$>*$3&)8'&399322'&%'&323$#)373'2B&%38&:':23+*&H&&

• 2,#3*94#'#(3-?'&-M45-%,*(3*88#($%'*,5#('%'#8*(,*88h*8*/*,'%1(

I*&$'(*$2'>'#73&%388*&(#237>*&:5883&A*$$3223&%'&"#+A5:2'A'83&%388K383+372#&@&957>'#73&

%3883&+3%'3&%388*&%':2$'A5>'#73&%'&9'::'#73&2#2*83&:58&6#85+3&2#2*83&%388*&A*$$322*&

:23::*H&P7&=53:2#&+#%#&:'&:+#$>*7#&83&%'993$37>3&*::'*8'&73'&985::'&3&7388*&6*852*>'#73&

%3'&($#%#22'&%'&9'::'#73H&&

!7%$3AA3& =5'7%'& 3:3)5'2#& 57#& :25%'#& (3$& :2*A'8'$3& 8*& %':2$'A5>'#73& *::'*83& %388*& %37:'2B& %'&
(#237>*& 73)8'& 383+372'& %'& "#+A5:2'A'83& 3& 73883& A*$$3223& %'& 63837'H& [*& =53:2'& %*2'& $':*8'$3& *'&
"*+('&%'&23+(3$*25$*&*::'*8'&"?3&(3$+322#7#&%'&:"3)8'3$3&"#+3&:5%%'6'%3$3J&7388*&)3#+32$'*&
/N-COJ&83&&A*$$3223&%'&"#+A5:2'A'83&'7&"3883&%'&*823>>*&*%3)5*2*&*&$*(($3:372*$3&83&6*$'*>'#7'&
*::'*8'&%'&23+(3$*25$*H&&
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K1(;%,+84?-%,-(

• [*8& (572#& %'& 6':2*& =5*8'2*2'6#& '& $':582*2'& #223752'& %*& /N-CO& $':(3""?'*7#& '& 2$37%&
:2*A'8'2'&"#7&0N!I,H&

• I3& %'993$37>3& :*8'372'& :#7#& :#($*22522#& 7388*& %'63$:*& 3:"5$:'#73& %'& $3*22'6'2B& E^jjj&
CN/F&#223752*& "#7&/N-CO&*8&+#+372#&%388K3:*5$'+372#&%3'& 63837'& A$5"'*A'8'H& M*83&
"#+(#$2*+372#&%38&:':23+*J&:3&"#793$+*2#J&$'"?'3%3$3AA3&57*&$36':'#73&%3'&:':23+'&
($#(#:2'H& <':582*& 36'%3723& "?3J& %*2*& 8*& A5#7*& "#763$)37>*&%3'& $':582*2'& 738& "*:#&%38&
A37"?+*$a&m375:.TJ&8*&+*))'#$3&9#723&%'&%':"$3(*7>*&2$*&'&%53&"#%'"'&:'*&'+(52*A'83&
*8& %'63$:#& 2$*22*+372#& %3)8'& 399322'& %'& 323$#)373'2B& EC$#9'8'& %'& 23+(3$*25$*J&
%':2$'A5>'#73&%'&(#237>*&3&%'&985::#FH&

• ,K&73"3::*$'#&=5'7%'&57&"#79$#72#&*(($#9#7%'2#&2$*&83&%53&+32#%#8#)'*&%'&"*8"#8#&(3$&
:2*A'8'$3&8K#$')'73&%'&2*8'&%':"$3(*7>3H&
&
&

&
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L1  "-B*&-/*,'-(D-M8-%9&#B-+-(

 
SH D#$8%&-5"83*$&!::#"'*2'#7J&40+*88&-5"83*$&C#g3$&<3*"2#$:;J&TjjkH&

TH m8*%'+'$& l5>732:#6J& 4_((#$257'2'3:J& N?*8837)3:& *7%& N#++#7& [3:')7& _Aw3"2'63:& 9#$&
P77#6*2'63&0+*88&*7%&/3%'5+&0'>3%&<3*"2#$:;J&TjjcH&

WH !H&e*7%'7'J&!H&-*6')8'#J&0H&o*7#2&4&!7*8':'&%'&"#79')5$*>'#7'&"$'2'"?3&%'&$3*22#$'&%'&7#""'#8'&
CD<&%'&('""#8*&2*)8'*&3&*82#&A5$75(;&<*((#$2#&--`P00.ICT.jSk&H&

]H ]H&,H&/*'7*$%'J&4M?3&/!X0&75"83*$&:(*"3&$3*"2#$&g'2?&'#7&($#(58:'#7&:Y:23+;J&&-5"83*$&&
P7:2$5+H& *7%& /32?#%& '7& C?Y:'":& <3:3*$"?& !& ^iSETjjiF& WWS.WW^H0"*831& !& /#%58*$&
0Y:23+&9#$&C3$9#$+'7)&02*7%*$%'>3%&N#+(523$&!7*8Y:3:;&_<-ILM/.Tjj^LWkJ&m3$:'#7&iJ&
r*75*$Y&TjjkH&

^H  /H&[H&[3&t*$2J&4M<PM_-1&*&2g#.%'+37:'#7*8&%3(832'#7&:3=537"3&9#$&"?*$*"23$'>*2'#7&#9&
:(372&75"83*$&9538;J&_<-IL-X<,eLN0[.TL<cJ&Tjj]H&

iH /H&[H&[3&t*$2J&4-,DM1&*&73g&2$*7:(#$2&*8)#$'2?+&9#$&2g#&%'+37:'#7*8&%':"$323&#$%'7*23:&
*7*8Y:':&'7&7#7.#$2?#)#7*8&)3#+32$'3:;J&_<-IL-X<,eLN0[.TL<cJ&Tjj]H&

cH &PH& NH& e*58%J& _H& DH& t3$+*77J& <H& /H& D3:29*88J& 4_<Pe,-.01& 0N!I,& 0x0M,/&/_[XI,& M_&
N!INXI!M,&`X,I&[,CI,MP_-J&!NMP-P[,&M<!-0/XM!MP_-J&`P00P_-&C<_[XNM&ZXPI[XC&
!-[& [,N!xJ& !-[& !00_NP!M,[& <![P!MP_-& 0_X<N,& M,</0;J& _<-ILM/.Tjj^LWkJ&
m3$:'#7&iJ&m#8H&PPJ&03"2H&`cJ&r*75*$Y&Tjjk&

fH ([37':3& ZH& C38#g'2>J& 3%'2#$& /N-CO& X0,<K0& /!-X!I& m3$:'#7& TH^Hj& !($'8& Tjj^&
I!NCj^jWikH&

kH  -,!J& 4Z37"?+*$a& #7& 2?3& M?$33.%'+37:'#7*8& m,-X0.T& /_O& N#$3& /3*:5$3+372:;J&
-,!L-0NL[_N&ETjjWF^J&Tjj]H&

SjH 0H&N*23$'7#J&4m3$'9'"?3&7352$#7'"?3&$38*2'63&*&%53&+#%388'&%'&7#""'#8#&(3$&$3*22#$3&CD<&
"#7& )3:2'#73& %38& "#+A5:2'A'83& *& ]& "'"8'& %'& $'"*$'"*& 3& *& "'"8#& 57'"#& %'& '$$*))'*+372#;J&
N,<0,.X-P<_/!S&<I&SS^SLTjjfJ&<#+*J&TjjfH&

SSH DH& ZH& D'8:#7J& 0H& MH& N#g388J& MH& <H& ,7)8*7%J& !H& NH& t*Y3:& y& CH& /#883$& 4!& /*75*8& 9#$&
NP-[,<Gkj& m3$:'#7& jcH]& N#%3:& *7%& [*2*;& J& I!.X<.jc.f]ST& E[3"3+A3$& TjjcJ& m3$:'#7&
jcH]HT&5(%*23%&/*$"?&TjjfFH&

&
 




