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Abstract

Criticality is an important safety issue for nuclear fuels’ manufacturing,
transportation and storage. Because the final disposal plan of used fuels has not
started yet, the used fuels stored in the reactor pool are increased to enormous amount
for the reactor’s initial design capacity. Re-racking and dry storage outside reactor
are two common ways to solve the problems. However, re-racking will reduce the
space between fuels and the safety margin of the storage pool. The neutron absorber
degradation problem with re-racking, the power plants would like to have more
credits from their system such as: burnup credit. However, due to the complexity
and uncertainty, these credit concerns will make analysis more difficult. Originally,
a NRC staff gave an uncertainty for burnup credit by his engineering judgment for
reviewing but more conservative NRC staffs would like to have more analysis to
confirm the uncertainty.

This report would like to focus on the nuclear fuel criticality analysis reports
summarization. This midterm report discusses the issues, related physics, neutron
software and benchmarking in order to provide nuclear criticality analysis information

to those who concerns criticality safety analysis.

Keywords: criticality, burnup credit, reactor physics

7/84



F-R P E AP

P T A P ER R > I € FErh i T #2058 E=mc® #
FRERSNE 19 PFEV E% 2 XI00 Jehil £ 0 R LPR &AL
s A B g Tt AR A R RPN TR - B S AR
PR R B B HEILE R D AR PR DRE B S @ F
(KR RSl B SRR W R gliA LR A JE S Y e

P Ewa Y o el A 45 (nuclear criticality) 4 45 8 & & - 3F 0 T
RArEARETRS AT EAF BE - EFFIAREAI N E 0 G R
EiEFAla Fa iR Mg o BRE Y RE B X 2R QTR TR

Bk poB AP F REN - AR G AMHE oA R SH R PRED

F_k
(‘éé

fo A FA R F R A S S AR 2 RALL PR
R PSS RERRAHRE LR TAGER TN TRl R 2 R Rl
AP F B fRh kit AR AR STRA A 470 LR AR PG F R E
WA A YRGB AR RS FAPRE 2 EF L AEF el
PldepT R~ 2 IR Y TR YR PR TRl A g o o

it BTRh % 20 S0 ET A RP D F AR OIRE S 20 HE 2
MERR R R A P RRB R R P B LRl o 5
PEERET PR R TE EATATE A A T HE g R B

TRh- FFER o Ligs RIRRE 2 ARRALFR o
1.1 #Epr s g &

PlAcT RN R R R Y R o Bk ¥ RS
EAE TG R R B e R LRI RS N B A P (S T

Ve B0 B e P B RO D SRR T B 2 LA 2 N

8/84



D 55T RETF R

s P R R A I[P R R R e AR % - =t 1990
#4d %7 Holtec = @ #4%> % = =x %2003 £ d & 517 ENSA = 7 {F 4 i FSAR
&+ i7Rld ENSA T & % IBERDROLA - % = =X 1 #2920k & 470 & % 37 a3k 3
Hge 5 Kmax=0.935» % F 15 mK 445 « Pi- s &7 - AR FEX1 42 %

T 1987 £ 2 S o EIBET 5% 247042 ¥ - £ A 1998 £ 2L o d £
HOLTEC 2 # 54 » # 2R 7 520 3083 1248 d » prizas 4 P4 & SiE ) o
oI ARTRA AT 0 Bt G R A FlHGR R 5 Kmax=0.95 -

Piz RUERK3E 3 8 746 20 3 EOC-10 #-d 4 2%p < g 445, B 588
¥ i o Reracking 1 #2r/sue 2 0% @ o d 2 Framatome/ATEA (4% o R7H: %
ERBNMN A G A2 pd 32N % 2 5 A R Region-l #EF
ek SER D 5.0Wt%2 ATYEE > & 208 H < o Region-l1l & * R > H e
PATISRAER L Sy % 1952 H & o 3N RE T F R 1 2160 H & o

BEARAY — 2 Rt SRS B 4 B4 AR R e Aru g e ik g
FEFIRE D - R S BRI a P R ARN EF A

Hz 237532 -

TREFEFR

B e R R e 3t 2 SR L R o d RS
EARE BEY FAARN ERT ank o PR T e 2 2 - nE WPa TRGE

W e KR B A 5 3‘3131:". DY N R R L R RSER chi VL
PLORBRELA F YR @ FH MR E 0 B % Ls ¢ B Ed R L 30GWD/MTU
# 42 30GWD/MTU - ig» i¢ PR kiR &S -

FRABLF R IR ERR S F PR R 2 B oA RE S
Foar I o AR FYRE AR ET B E RR € FIVHRER £
FeHERRF DD o BRGFAYEE R B FRARRA > p AR

9/84



R AT AR EATE o 2T AP[2]p 92 EBAndads ] tpR K
L OB ET VN AST|O8ET N TR Lk e AT A 6 L] iF R

FHA o HEWEH D 1260 HE L I8 B o BoRIEGERS < KRB
1.3 # 3 wxyz ¥ 13 iv (Absorber Degradation)

RO TR X 27 R Y F i anfio s AR S S g
Fohia i Bt P F s EHmit £ 2 2RE T (dok) a7 RF
T o TR AT Y RGP SRt 4 o eI a A
2 HRFZEF Y FaTan 4 ﬁ%‘uiﬁ SO R SR C AL AR s VAR L] K] I

poanig * ety Borflex, Carborundum % Boral <1980 & B 4> Borflex[4-5]
A = REEt ehd 3 e g i 2. — > Z_silicon rubber, boron carbide % crystalline
silica eR &34 > 55 75915 i T R g * o fe e 2 18 frgf 30 Borflex 3 4 B
2 EHgenfia) o Bi3it | A CHy & H 2 2 X FIF At 47a 2 R Ao 3 &
BoBFRA G P EH BRI S B £ PG SR S > Boraflex €
TRl o0 L X TS E IR B g AL R BFY I
WA o P RRENSR > PRAX 2 AT O N A 0 v TR
oo e B FREERM A G pd RN T w2 L EIApEE B S
k¢ 102 OH 1% o Fla AfEd 2t 8 Fent ¥ > - § & 2 7% 5 48 (CHy)
%0 Rt Boraflex &3 3tk ¢ o 4y €33 = A AL F)pt p A @ * RACKLIFE[6]
B & 2 )

Carborundum svs yode » B A ¢ F2 (¢ F3jed ) 7 55 o & 2008 &
R Palisades H7 i [7] #7i¢ * chBC e chimd » R @R AZ 2 A 47t 5 2
BEIE BBCHY Fdrz 2 A0 F 2 ) o B F gde Crystal River
Unit 3 % Calvert Cliffs Unit 1 B4 |32 20 & #4354 109 % 28 #4574 15% >
X 2T FFFERIN o 3w AR 2 E

Boral[8,9] ~ # 7 -kie e 4 » e & 4 & e 4 o Boral €482 B,C 7

10/84



fode o & & P4 ¢ > BT gt g = NRC Resolution of Generic Safety Issues:
Section 3. New Generic Issues ( NUREG-0933, Main Report with Supplements 1-34 )
& issue 196 #{Boral Degradation. @ Boral cr3ig * 3 & #* dg ¥l o 4 5 %

s

FSNRF T f oA i 38 E_Boral ihd 5 § A 4 je kR Ace K iE ~ Boral &0

PoopE s Regdigrivr 24 ARO3 % Hy» %K% Hy» L AlOg 2 #7¢ - H 4

g T B AR A ARk PR E B R G RiL  a B TR

N

B ro LR AEEAERLe £ 18 HED B0 - FR[5-10] -

201 ¢ 3 fed i
2 2 4 ik
Borflexl silicon rubber, boron | A # 2 % 45 NRC #:2 BADGER %
carbide % crystalline | iZi 4% PR&s » 23 | 38 T B & 2 g2 ;0
silica &R & 4434 EFehr®E - §F it 2 | RACKLIFE #ci- & 2
LT3 B (CHy) % > 24 | 310
Boraflex i3 -k ¢
Carborundum | 73% B,C , 27% resin PR & Palisades 2/3
i R R Ao EARE
St R Yk
Thin Plate B % Calvert Cliffs, Crystal
64% B,C , 18% resin, | i3t 4] @ 3 5§ River and La Coroose,
18% fiber glass ok 10-15% > v %
2L HF B F R
Boral Al + B,C kg o pown AP LA BADGER % 3% B
it 4] 0§ -k~ Boral
P PE S B € B AR TE R R
4 AlOz %2 Hy» 4 k2 Hy»
W ALO; % fre § o HAKk
BRI RA A

3R S o iR ATHR B R LA M- BT o ATHUE
£ B,C chAd &or B T B T R * 2 I3 b]de Rio Tinyo Alcan ¢ Alcan
Composite, Ceradyne = Bortec 2 Holtec = Metamic % ¥ 37eh@l 22 H41 > 7 12
WEE A kS E S o

%7m%%ﬁﬁﬂﬂ’%ﬁﬂiﬁﬁ%@%ﬁ%’%ﬁaﬂiaﬁﬁﬁﬂ%

EiZ 0 Bapii7op A% gpob ez 748 ~ ¢ 3 Sofd~ > &]4e Racksaver, Holtec

FIDREAM » #4c f thF & o &B 2 X7 LA F T 87 U F e T OUH

11/84



Bt e A AR E ST UB D RdeRlem PWR e - 85 7 %51 ¢ (Guide
Tube) »3&» E5lg kS MEF BRALHE? 2 - 7 iy 3830 o B 4% BWR s Flow
Chanel = BORAL <2 Chanel » £ 4 * Flux Trap Liner » R ¥ it £ H 5 & ¥ it 7

"’7;\0

1.4 525 3g & (Credit)

P iR AT SRR ATEORE &Y S AT B R S A RS R
ARt R TRl BEE R ETRA EEF £ R 0 fE s WA A (Credit) o e
LA EAERAF o Ry F (LR FZATRAARTT R pART &
BTRRIER > X BEAJIE R R Y B R AR o %#‘Iﬁf e BarE
WAL & PR A e o ¥ Aok 7 ¢ S e iR 4R RS
A& (burnup credit) » -k ® A/ engp & (boron credit) » i@ * 4z ;N Heax o @

F' ¥ & (loading curve ) » AR FENRE ARG - ¥ LR B SRR (7 TR
Froads s B RFEEEERE Doy ghe £F 5 F S 2L IrER VR T
R s ¥ FF 730G A B dede N E 44T eniBRR o ARAF S eniBak B 4 A7 ARAE
e AE R P EFRITARM > A5 FETH e EFNRC #-E F B EP w0 2R
oA gt B ¥4l a5 £ [11] 0 PWR @ *  Storage Pattern/Burnup,

Burnup, + ppm Boron, Neutron absorber, Burnable absorber and Flux Traps % = ;¢

ki Pk > 2 ¢ Neutron absorber, Burnable absorber 7% £ %% > Neutron
absorber £ 8 k3¢ — E % &> @ Burnable absorber p| 8_# %pli@g e @& % >

Wit RBl Y €0 &4 ho BWR i@ * Burnable absorber Gd % Neutron
Absorber 2 i B B wiRAantE AP ARAERe 2 FH NGB R Y IEA
ART R AT FFHFFRY ERPHCEE DA RF AR E TR

lk:‘!"o

12/84



% 2 2R PWR 2 BWR %3 ads = iohh cn™ 2

Means to meet subscriticality requirements

PWR . Storage patterns/Burnup

. Burnup

.+ ? ppm Boron

. Neutron absorber (Boral, Borflex, Metamic, Carbornumdum )
. Burnable Absorber (Gd, IFBA)

. Flux Trap Racks

. Others

. Neutron absorber (Boral, Borflex, Metamic, Carbornumdum )
. Burnable Absorber (Gd)
. Others

BWR

W NN PN OB DN

T

TR kR 0 # ® NRC ML121090500 > Spent Fuel Pool Criticality Management[11] » # &=

o+
P
¥

¥HIE

ok W FEURE KRR AT A T R BB RBEE R AT AH S o
FTORFE  ARRARFRORT > GERY PR L RFIARALTFIEAIH
B7H A BT R R DR Y AT E R A F RR T 0 e
TBEELE G FT R LEEHH G RELFHIHE = (NRC) & * Kopp
Memo[12] > i2 3k T " 15 R ch? B R FI 5t AR 2 596> gl G ikdy o F A1 E =K
Fivd - BF ARERFP D FAE RO A 470 & FAE T B A 47 ehf st

F3 AR B BIERAAGE B2 AR RT PR EEieg o
Tk & 22 F LA @Y - & FpE < [13-15] o

A AHPRR AR 2 P R T E AP R E N 2T

1%_,\

wEEE S - FRIEPFEOT I N o RPN R K20 5

URNUP CREDIT (%4235 R ) %%+ % 7 % 1eR

\p

S

¥
A

Ny
:nr:
-F’b
w

13/84



FIR -PRASPHFE

PF R EFIL LR EF REOTRS 2 ARG 0 T a3t B R

2o A AR I e
2.1 TRt e - (Indices)

- B FBF LTS T U 5 oax? 3 i @ Fdc(effective

multiplication factor) Kegr % % 7= > § PF» % kK k&7 o H @& 5
number of neutrons in one generation A
kerr = — , . o501

number of neutrons in just—previous generation
f{‘ié_imv‘—:“ﬁ;:y_ P fend 3ot
BV OIGR

neutron production rate .
k = AN
eff neutron loos rate ( * )

SRR AL Y S A E.’f:‘ﬁéi'lifﬁ’ﬁ“%keﬁﬂ# L

SR TITRR o drk U ke B kA B T LA 5T A2 AN

\\\

Kess <1 subcritical (=% 727 )
Kesr =1 critical (727 )

Kess >1 supercritical (A2 7= 7 )

TR ek e B B F N A - B SO0 e o BP9 & Sange sk
B TRR kR s - BT X AR ki
|5

SRR & 2 A L TRR
Of - B E R TRR R

&Y 5 3 E Tl Kine £dp g Y S R IR R
F]+ K AT
king = epnf (=34 3)

¢ : fast fission factor

14/84



p : resonance escape probability

n : number of neutrons per neutron absorbed in fuel

f : thermal utilization

e B F e kb Bl Y R Rk 3 sk

Kefr = KintPiPri (2234 5)

Pty =fast neutron nonleakage probability

Pt =thermal neutron nonleakage probability

Flet B B FlET LR F

kerr = epnfPrp Py (253 6)

d ¢ F FHAIL % (diffusion theory) » # W 2 & - BE Y T BKEF G5 M aE
Buckling BX(# A& ) » &% suehj ik @ 14w & 4 B - Material buckling By’
gt e > @ By Bl A% i 25k o geometry buckling » e % & seid 2| g A
Bn’= B2 o 4r% Bp?> B2 Rk ddgfeft 0 F 2 By’< B2 Rk ik o

VIf—2q
D

- 4358 e By geometry buckling 7| &% 3> @ By B|¥ fj H d B2 =

4 -
7T .

# 3 Geometry Buckling for Regular Geometry

Geometry Bg2 geometry buckling
Spheres of radius r T,
)
Cylinder of radius r and height h 2.405 T
(T)Z + (E)z

Cuboid of dimensions a,b and ¢ T, T, T,
(E) + (B) + (;)

DN AN TR R BTRR Rt 0 g R B o dek f 05 F i

o

|2

LI
Xi=Xg-d-0y (=3¢ 8)

Xe 25 F S8 afefh @ < 5 X LIBFOCLH TR R 05 d A8 T HITLH S O

15/84



Bl E_F B8 & 5 o

P s S o R-P 3 2 P 3 a8 K 5 F )Y neutron age t, thermal diffusion
length L % Buckling B? % % =

P =exp(-B? 1)

P =1/(1+L%B?)

Po= Pui P =~1/(1+M%B?) ; M*=t+B?> (2;%9)

B /AL B Y FATEH D e A - R Bt A K (R35 3 ik
BTAEE B RF BBA AT IDT > § R R 2 B o & ok

¢ 3 eniEn Kf o AT BT R o B ASEOL® 0 T APTRE R 2 A

A
B
__.\
¥
H
P4
7
3m
AY
B

TRt 2eanrE o 550 3RBEA > B - WAL V i b AR

T
e
o
+
N
ES
X

fehe FhR AP 3 A kY A A kA Y AREZ SR A S
BHOEDERFIPET A ESED AR BRI PTG P SR EF
e~ FAHE Rt 2R HE o AR R RSN A B A
A BRNY T o

50T ik

ﬂd\

AT 3B IS 0 $0 k sengs it

=
=3

FREEE M ZE32B%EEA7 (ZRAZF) 40E & Biheaxyz 3f
Rtk 0,0

2. BBt m Q- FEABREK

3. #iv E: 2.1 & v neutron lethargy u= In(Eo/E) ¥ + $f#icic E4F 4

4 FRtFEF e Ea? FEE r NQFH

H-BY I BOCEQY kT ¢ BB AT LY E

1 do(rEQL)

oE)  dt —Q-VO(r,E,Q,t) — %,(r,E,Q)®(r,E,Q,t) + S E, Q,t) +

16/84



fEI dE’ fﬂl dﬂ’[zs(r; Q' - Q; E' - E) X CD(r,E’,Q.’, t)] ( ASE 10)
AR AT IR FEENRRFEEY F ()P FRE
pACE Y kd 5 (2 ) e e dek ? 3R G S AR RS (r E,Q,0) 3

F ¥z

S(r,E,Q,t)

X(B) Jpi dE' fo dQ vE (r, B, @)O(r, B, Q1) (23 1)
IR S AR SRR E L TR RN L AT 3 E e

fEo R RS RN IDE RSB AR LR e F R

R F AL A F1E 0 AT R ] AL Y TIREBEERL A

@ o

MERh & xR R S

A

BE P IR RENEMAT  REAL RS FOT AT S
Cg = fyp AEP(E) (25 12)

AiEHEL BT ST EDE G filg BT AT S

Iag, EE(E)P(E)
Brg = — (23 13)
N £y WEPE)
MR B AE O LANR R AT LB i R BT BT

’E_Eﬁ’r%‘Qj o
22 ¢ 3 T §F

Piehde 32242979 3L foad FFLRT UL LY FEgs P
TR T A F|TRR 2 e r # P It dofrdli kR R
AR E R AT F o R EfRAE 2T AR aFATRA I FRE
AR RE - AFI R RG22 T RiMY F 42 o537 F
T2 39 3RHERT LEFFE LA B2 XY R Y BT TR oA AL
FEEBEE LG P 3 AL F ARG L T AR e U233, U235,
Pu239 % Pu24l) > F]pt &7 & B a3 ﬁguﬁeﬂz:ﬂ VR ST ES -8 S RS EY

17/84



RARZ G FRED DALY 3 TG RS NS o b B F B E
gk R 0 A 5% e

PO3 R T edA o R SR Y 2N B L2 v 4o chP 3 e fzf 4o Boron,
Cadmium = Gadolinium & 7 i 24k & 315 » R 4c ¥ F anfre FHf e ¥ F oh
ofeo WL EURRSE A O & il H i F R g0 2 Ao 2 R0 e g (F
BT Y S )

FRAELR A ARNSPAGRE BR BT - ¢ i 2 R A G @
S PR (dok 2 wehfld o £~ TR F AT ) A RBAE KRG S
Bom P E SR E MY T RIS o F ALK s RR 2 F S AL 5
PR RIRT e d 3RS B Ak kird] Afeh X 2 LixE & g
BoBEFEFEET UV AARPALRR LA F ST A ARGk
Bk R R CRINE SRR DA W dE =R g & PR 5 geometrically favorable,
2 geometrically subcritical, subcritical by geometry » &2 %~ ¥ # 5 geometrically
safe ie gr g S > Flo ok G 0 F B A- A 7 - L REARR

B BBTORRAHEHY I A g E BRSO (he €% o E b
Ky - By F Mgk AR FEET RO 40T

e = (P (23414

Mo E A= 478l B £ 0 po A A 40 R > m B % fph & 0 pA s ¥
MR EBAFERIERFAAARE T UM B BRI R CRETE
- BIRA 0 R AT AR S S AZTRA 0 2 T KL S LIRS -

BEfoHA T AR B EFET A H o F L e P3RS
L R il R e EUA. e NS SL RE i T A P S 1HE P ah
B vk F 2 F SR ens o BT TR gk o

BEIZNEPFFHE I PR FiA- Bl E

|

Jul
4
#
>
e

P HEBEY 3V RS V- BEH Y SR ST
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BoBwE okt BEERE R LR EE > F5 2 il R

R EEAE o

23F REH £

RAEF R RGERFY T uBY T o F BB AARPEAF AR FL R

RAGTRR e 4 p - g 1 o el TRR 6 2 (7 o — BAZTRR 4 Mo B o

K'liﬂﬁi ]‘\i‘gﬁoi‘g%nmfﬁﬁ“#‘ﬁ(ﬁi‘gm "*—]ﬁi:ij.ﬁ‘l\ﬁg_)i Rd ,E\;—*ﬁ"@‘!u
¥ - BSEKAT ”"%‘u{f;@fip’ He x5

— kefr—1 N\ 15
Yooy (F15)

PPl B 3 P B g A A F B Y hlfisD
Bom o § pRaTE B S F P WETRR O H L 0 A F BEE
CpEE Y 3 ETITRR (p=B o R F BAGEALS 1$) S pEH F R A E ik
PrRTEFY 37 354 (10%-107%) - R4 R TR 0 HF B R
‘iTgEr 3¢ 356

FRARSEE? 32 3l ) > 7

p=wl + XL, 20 (25 16)
I*:¢ F &2 & B B FAF M FRTE o 2k
e F EREpELE o T Keff>10 Plars 6 BRE_f 0 1B ELT s Py

SE o e E i BB M6 B BE - BBERY 3R PH6 R

RADE - BEFADR R B B PR A R IR PR B - T
Fisle i

m?;‘ff"v L ﬁ’%@f&}"r"k 00T F BEFY TP sk iP FUF

pEAT T ER o TpiF BBED=ag THZRETF BELY -
BELARTRR BB S X2 ER EHRD D F ook § R B FIECE K

ERGAZBERFER BREEMMN A I BEFL - BALE D] F A -

B B e Doppler sl i £ 4R G B 4e 0 4§ MO B Fliice Aok S o R
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AL ARTRR R AL f DR T R R TR DR AL o - B
AT TR AR AL - B S B F gk B ow SRRk T g
A5 8 - B # F g% = (power pulse or spike ) IR % -

HAEPF Rk thend ) 2 B g g H B ol &k St 0% feehpE Y
g Fl o B fod @ P L F BTl B o @ R Rk S E 3 SRR R
G ¥~ (broader pulse) o 4o Y4525 A2 0 B VAL A4 F SR e

AR

24 F R ERS 2

2.4.1 -7 § {*(critical loading experiment)

Teh iRl 0 2 ¢ 2 - B gpft f ¢ (critical loading experiment) 2 3 & %]
#cenim| B2 (reciprocal multiplication method ) o 3§ % & Ao e = T2t PF > £ R P 5
e § TR I PR e Ao R R E TR K T PRAY S ol g e
S E N RT Y 3B (P R)S &

Si=So + kSo +k? So+k> So+...

= Sp(1-k)*=M S

Flt R B eniT i o EAR b 4o PR (fuel mass) & < i (reactivity) (]
i Ml ) T 2ERTRA B LERSETTRAEF BRR (e
AR AR MR TE G UM adp bl o AR o FEEF %k olicdy o - %
ey h4ES X b (1/M=0) - i}m‘?\é | §h B £ (critical mass) o ifEE B 5 o
L3R FRREE B kBRI A AT 3 R B R R S

§SHEY FRAL Fla g A RIEALF BRATE L2 A& oF]

F
g

297 A ek Bl RBAEA o BIEEF R RA TR OEL - aBlp

=5
P

P RREOEE §REN FRATEE 0w A T RGO R 7
BIUM F- 28 TR B FF (D T 58~ RBREFDFF -
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(2) Freep F RS Fodolk iR & B33 B (3) A dltha 2
Hoo B R e (core) S R ALRETE e o

két I(aL

I/'M

A ) SR B

Bl 1R f §9 %

detector too close
to source

-1

detector too far \:'\
away from source N e
AT T
~ 0N
LY ~ -~
% " .
\ ~ ~
ROD Wi THDRAWAL OR FUEL MASS
W 2° 3 a B ERCL R PR32 P

2.4.2 #i B~ 1 Fpe(Fuel substituting techniques)

St = R L S W Fa i’.ﬁ;}&-— o] R g Eujﬂwg — E’ﬂ:}ﬁﬁv" 28 (2

F17) ) T LT R OR R T o

oisondrd).r(r)sz ™) .
Ap = b ! a8 17
JeoreArdt M Xr(m(r)
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AT LR GG e e g B 3 fed o kT R

FIH A 5 90 el B 0 BT 0 IR R B F R

2.4.2 F J& R % #F (Asymptotic period measurement)

h- BIRR R RERS > AL - B iR REPIERLEF RERY
(asymptotic period) @ it F EEF 4 FF Fhro B F RS L BER DI
Omm)#?uﬁﬁiﬁﬁﬁﬁﬁwﬁﬁoi%‘i“iéE?~LﬁﬂﬁW

o F G AN B SRR F T R R AR AR e
2.4.3 % ¥ Rl3i#(Rod drop method)

B ER T R AR RER AR RGO R F BRI IR -
TP E Poo RUEL M BRAHTNF BEN I - AR 0 ARENIE S - B
fFER-Ope LSBEEe 3 i bpFR > F RBH €T P BiF - B
TR o RS d B T R BT TR S P A A SR R
Bo B s o] ik

=t (25018)

FlpLfrie ~ e E AR #EF 0* $dollars £ 7

Sp Po A\
?—P—l—l (=34 19)
243 % 3 d1ip13& (Source jerk method)

22 Rod Drop #i7 » e~ B §iefh e0 k5> ¥ BRI TRk AL Bk o

Bak- BTRh kiid ¢ 3RS0 kAadFEr F PO FRAT U TNk AT

[26/1 Cio +So] (23%20)

0= 6p+ﬁ'
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JpE M s iven=t ik i > B3R P F RN kA R g B P 58 1|

- v

Pi¥ o7 5

Py = 6p+ﬁ [Z6A Cio] (=3%21)

il
Tg

B
P1—1+ P (a3 22)

TP =%k SLeh gR R T L

o DN
5 P1 —1 (=254 23)

l\.

RpAz kg 2 &2 Rod Drop Apag iz » e 7 e d gt 2 2 WA B H - ]

WA (¢ F k) @ RodDrop B B i cidd » — 1988 S engrdlB kA o
244 F+41¥ & ¥ 2 (Rod oscillator method)

dod e AU TR s A4 - B BRI R§ L B
FRT AR REHFRFpEAE A BT AN F BERES N

(reactor transfer function )

2= L(iw)sp (25 24)

Sp = ool*— 254 25)

AT ERE Y G nd b AR A AR
2.45 ¢ 3 Rt » & (Pulsed neutron method)

e RS RS E R SRR T IR R

3 M S BRAP At=0 hpEFEF Y 3R - BILG 7 € B E eyl o d
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BRFPICOAINT IR T F 40T

10¢
v ot

=DV?¢ —Z,p(r,t) (23 26)

H A4 08 2 5 0(r0)= do(r) » # L L5 r i 3R

PR AL 218 0 P end 3§ - € 41T asymptotic form ;IA{

¢ (r, )~a P, (r) exp(—(vE, + DB,?)) t (2 3% 27)
ya(r) &5 4k e fundamental mode #702# 338 £ eni7 5 6 R E ¥ ¥ ¥k
ap = VvEI, +VDB,? (23 28)

RIS H T o dok e Rt 4 A ) BBl 3 Lag ¥ Byt R 0 T
FRE Yy (ag) 2R B(By'=0) ¢ F_vZa - fe 4ok po 24 3 @ A, n 5
B g A

16¢)
v ot

SRR 2E T

= DV2¢ — (3, —VE)P(r,t) (238 29)

Qg EV(Za—VZf)+VDBg2 (23430)

gy (o) %2 BL(By'=0) § L V(ZavEo)

B 3 _neutron pulse § 3 > T8 Hopg® By b AE o st by FUBAE
BIF R o Y gpakibe s PERF R AR d B 3 R H > FlMag § A
R R K

Flek

ur,g:rlgﬁzil’ﬂ}u Bleog FEFFE RAE o
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a,(B,?)

V2,

V(E,-V5))

One-speed
diffusion theory

Non-multiplying
assembly

Multiplying
assembly

-
-

—————
";
=
-

Bl 3 Neutron pulse method for fundamental decay constant
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P2 Y ORGSR RS

p 1950 # 4 RF w AR TR F R REEAFR AP L
PR LS P AN R KT R AR SR R R

g%&ﬁaﬂé%ﬂ’iiﬁﬁﬂéﬁﬁr;aﬁﬁwyﬁﬁﬁ’$—%;%ﬂ

FEPFIEBGE Y IR ERNIERAA F I EPRRATR S
ZEEHEP IR EANKRFETRR PR B 241D DI AR RE
KO R BREPERE22R -PREF Y X 20 mEPE 20322
Ul %_/w\%fr*"ma«r&&}_a\%fw}n}rﬂ? PR S R Rl I R R
PER APIHAILTH P nEF > U RRIERNTEA OB NTE
CR SIS L R R [ R

31 * 8B E el

F_k

B FBHBEHER #’;jﬁ"——ﬂ?ﬁﬁ; V ek xue ﬁ thde N AP &
B A0 F A RAY A XS A REECARE N B AT AEEH 0 B
DERFFE NIRRL A BRI PIT G Y FHEF B
T F G SR P AN R RIS NS B A KBS

E‘Z v 3F H?-B_é}:’*);[ i&}d’ﬁo d._'u'“ /J‘{ ;fu\:" "fquf /ﬁ;';ﬁ,‘.g‘% ﬁi;\ ’;}{H']ji»_/t! v 3 f4

i

¢ BRI R AR RF ke 2

T\4

Rizend i & o Ft ¥ W iph £ 2
Y 3 MBS 2o Y 3 22 LA X #E43H (Stochastic) 2 & A
%3 (Deterministic) = 2

Pk F B g2 F s 5+ )i ¥ 1 g (Cross Section) % 1 0 -
P - P F B e o AT PREFL R RBTF A - BER P
FEFTEN B LD I B R HRIPEF R EF B AL PR

(compound nucleus formation) ~ 38 {4z 42 (elastic scattering) ~ 2-38 4 zi 5 (inelastic
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scattering) ~ < &2 4 J& (radiative capture)~ =+ % 4>+ & J&(charged particle reaction)~
%4 B (fission) 2 (n2n) ~(NNp)&E F i o - 4&m 3 > d 39 322 F > F 2 X ie
RIFRTHZEZRFIPE REY IEFLITRTHFERRIPEFATE BV
FF RS RS9 107-10° em®s 2 & # 6 § = 5 25(ban) > 1 barn=10%"cm? -
hdgif- 3¢ FehEF LR B S M4 L ¢ 3 7 5 anE ¥ (Random events) e
PR > M EEREE AR A AN HF R geRie Ny
e Hpifgp+n 283 a3 2k o

Bk Ei - g AT E R e 2 2 B 3 LR R e fL 5 TR

4.«

i F(neutron flux) o # S F H = L#tfem’s> 219 3 2B B 0 L - e

PR BEIRNY T RETPHEEF R Y 3

(Deterministic) » /2 ffg 25 ¥ » A S A FFERFE o AP AR AR T EH

B i 3B AN (B RME A Ap o RS T AL Y BB R

P FABE S e AEBY 0 IR RSE@) kY S BB B

22 eng e+ B2 (Monte Carlo) ¥ Zovt H P8P chilicE fp i > B E+ £
gk S B UREH oY S E on AR EALGERREY

CERET P ERET SRR S LT SE RN RS SRF eI

222 1 0V + LR E G t) = [, d [ dE'S,(E' > E 07 > 0)e(E0,1) +

S(ZEO,t) (23 32)

224V T+ 5dE E Y = [ dE'S(E > E)OEE D + SEED (25 39)

3.1.1 %u3*+(Stochastic)* i
B RS D FREHLTE SRR 8 DR 35 kT2

~
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PRABHEM AL HRLPFEBIFL R L RE B FI0. T
AT AN e e 2 R IRk R R e TR B R ek T B
BT FIEFnfEe LRREL B X ERZEIE Bl T o i ¥

FEERZEREFIBBHNE - vk S EE Y O B S B R

Zo- MAFHAFLBEEFH 2k F 8P 5 LR > FREFEFEL) 10
i% ’ rﬁ'ﬁi‘a4‘: 100 ¥ " F _\ v—""ﬁ’t ¥k 7}#‘“{:)‘%_’ ¢ ’?i?i%-‘ﬁ%;‘?’

g SRR A I R R BRI A WA BB e

ﬂ\iﬁ%)‘jﬁﬁ TR FEF R FRIR LI RA L - 5 % K Los
Alamos B %3 &% % % & 57 MCNP(Monte Carlo Neutron and Photon Transport Code
System)[16]4%;¢ » ¥ — % % W NRC(Nuclear Regulatory Commission)F &4 ORNL
4= % SCALE (Standardized Computer Analyses for Licensing Evaluation)[17]
Boie (b A7 5N kS o

3.1.1.1 MCNP

MCNP[16]4%;% ¥ % ® LANL ( Los Alamos National Laboratory ) B &3 5% %
#E NS MCNP G4+ Befgst > pwgt BT MCNP5 52 MCNPX > @ & R7h
MCNPG # ¥ $ &t dfgsl > 35 d 3 ~ 32 F3 o o+ Rz~ g
P EHERB VI AEEEE S FIEARE AP AR RS esy
BF B A2 A P BCS A LTS - SR SRS AR Y i
ARZ N B o od I F A GHE A FHPIAG 0 B SR Y At
SR ALY IR EAKREI I E S ovE - PR B LR LR 0T
£ REF TR LR BERERAFRETHRTFEY  TERAPEER
TEBE Y ORBRGFRPLTT FET R R

MCNP A #3 S ek mAtRs » 7 @& % p22 %@ B 25(Marco
Body)2 B2 /i % Vised #icffes » B0 v 2 2R FEDAKE - AR 0 @

7. kB E Bt (repeated structure) » 3t 3 R €48 S Ak o bldo

ALLE o p E‘Z'F’:‘)E"'/‘ﬁ%]% PERF 2 A R RE A Y o m iR R T
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pizz Plot # i ¢ 2_Vised #i48 > - AR L H A2 Bk 2 By o

MCNP #2:8 ¥ # - 544 ¢ Lo rafafor 386 &

R

o7 g R
EAERAL A ERG L Y S S R BT R A Vb AR Rt
P BB MBI L - JEHNE S DAER AT AN KR R T R

ﬁﬂﬁé—%,fgj ?;E%Eﬁf%’}f ,iﬁé “‘J-E]:T:!.\:F'B'i%‘gg,él"z ?,é’}?’—%‘(zhl—'—fr, hﬁ-l]]é’}f Fl

F_L

EGEY L G Ap g e g5k
3.1.1.2 SCALE

SCALE[17]4%.3% s se@ @ * & B enT igA2sN /8 ~ P B 2 2 FTHEE -
FAPRE X 2o BjEE ORI R R E B R REFEIAPM A -
PEAESA 1080 £ o P oo HAR LR Y A PR SRR o

SCALE ks svv & ﬁ%? UNIX/LINUX &2 WINDOW : #% ;% %% 4 Fortran77/90/95

7B & o SCALE & 3 #4182 ~ + $-e ~ GUI(Graphical User Interfaces) ‘e =
fedrdlied IBI et L FPEERAFERT F Y FAEFAS T

v Criticality —CSAS5 ~ CSAS6 ~ STARBUCS ~ SMORES ~ TSUNAMI > Reactor

Physics—TRITON ~ ORIGEN-ARP > Shielding—MAVRIC ~ QADS - SAS1 - GUI #=

ELRAE e o 2R iféiﬁi%]/\*‘é; e GUI it ¥ i & & WINDOWS
LB TR (FR Y o
PEFREFEApM P RERF > @ % SCALE # TRITON (Transport Rigor
Implemented with Time-dependent Operation for Neutronic depletion) [17]45 ] fi s
# 9 & 73F 5 25N B 5 (sequence) o Gl4oi AT # 5 TR E o T-XSEC ; T-NEWT
i - miT B A58 ahd B 4 IR 4 12 (Discrete Ordinates) ; T-DEPL 3+ & 4=
s T5-DEPL 1 = ‘a5 3+ + % (KENO Vaa)it (718 4 2 %3ezt 5 -H ¢ KENO Va

MR B AL kG 2 M TR R 2 Sy (Array) s i R R @ K

=

’
=y

ZEERLP LR FRAANPNARM Y F Sl 4o F T 0E 6
Bhpieen? o fci 2 ¢ 3 RS ERA P RPRE PR R A
R+ RTRRE o
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3.1.2 ;-2 _# (Deterministic) * i

% % (multi-group energy method)¥ 12 i * ¢ 3 347 (neutron diffusion) 2
? 3 45 (neutron transport)iZz o ® F JFEcF 540 2 e T (FETAIE S
vk BFAOF A F B ERC IR 2 & e g Bk ¥ g TRh
% AT o & B A IR AERE (discrete ordinate method ) “f TR B A F RS
welfp ks A REER Y LA Sn 1 n PFE R kP F AR
Nkt e o d WEFFELY N EHE e RN ZF AR RELE

By B o5 Wl 4162 £ 425 4o ANISN 2 DTF-IV 4258 » 7 12 44 4f3%

2 @ L PR &R TR A A o R A Fli it fide DOT,
TWOTRAN, NEWT % 423;¢ - CASMO-4 » E - e 3885 m8 o
TORT R E_3 faen? + 34 425% » DIF3BD/VARIANT E_Argonne B 73 % % 4+
R 3 F BB gaz g 3384850

CASMO[18-19]42. 7 7 1970 & A B 455 B> 4 & g # 2S5 lk 22 2 ot A 49
PECHY FEE - R A% 4 e(Colorset) et i BB E oL T A
WA TR 3t B o ¥ b CASMO 4858 F A 2 39 it ok d g 2 2L L o
YOR R R ek e (form function) S5 HERRAR 32 B o % R L
PR e d s SRk BEBAZEFRZEARARS TR
CASMO 3 & Sl B i B 74 > ©d CMS-LINK[]# = & i 38 i 5
FTHELSL? 3 2 #inA {5z A& aHicies SIMULATE[ 1 5 2 % < &
SR o

WE kO M AR A L R NP E TS A B
S L ARF o b4oM B % e TORT-coupled MCNP 3+ & ;2[20] » » §_r2 CADIS
WE 2 A RH P 74 TORT ugt B eri@onti g antic  di 5 53+ gl
MCNP & * % B #ic" Mpkoierg 2 TE B Macfpstih 2 TERMT | > BB
MCNP i gige + 2 3= B 2e s o
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http://en.wikipedia.org/w/index.php?title=DIF3D/VARIANT&action=edit&redlink=1

32EBAREKN L

dERIER 2 i E kRS E g T AR 1 FB 5 (Cross Section
Evaluation Working Group, CSEWG) » i & #4453+ £ 5 TR E AP M F53:8 75
7 o p 1966 #A2H 4217 ENDFB & & FTHEFT > T & KEFEH DL A72
TR Bl o iR { AT 0 7 1989-1990 # 3 E £ ENDF/B-VI £ 6 FALE -
2002 & Russell T 5 & p B = fe ¢ [21] - F %30 ENDF/B-VI # & F 4L 4p bt
FTAE L MCNP #2582 (74 B Tl F Sk ch i 8 o

TRl f kY o MHLEARCEF- G PR E Y TR AHEREL(CKR

Ghib [P m B RE/V M d kR B)RE o A I A HIRh R e s o
Bl - SEAp R o TRR Rk S iy R E - KT g S en
FAZ %Y REFATFORE A FLFL Va0 & 4 SR

Bz ek d sk 29 i CSEWG 2 F% i igh £ > 3= B (International
Criticality Safety Benchmark Evaluation Project, ICSBEP):u v » H :fimfefh 9 %<
4+ % Benchmark-Specification Report[22] % International Handbook of Evaluation
Criticality Safety Benchmark Experiments[23] « & %47 & % | k55 » = & k¥
K (HEU) ~ 10k 55 & (LEU)U-235 20 2 U-233 24 » foft F 2@ & 7 it ehig v
FHR AT L FIPRARLE Ly VRFIEATRY VR - 2R
R T ek & B R RS 2 i B g A &3 1o AdR 2 414 BRW
4k 55 B (LEU) 4 2t L 2 58 i BT 34 kY gk R R B 2 (NUREG/CR-6361)

[24] gt R B & TP o
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+
% 4 gl sk &

Case ttle Principal fuel Moderator Reflector Basic geometry Source Benchmark k g
Godiva HEU meial None None Sphere ICSBEP 1.0000 = 0.0010
Topsy sphere HEU mewal None MNormal U WNested spheres ICSBEP 1.0000 + 0.0030
FLATTOP-25 HEU metal None Normal U Nested spheres ICSBEP*  1.0000  0.0030
Jemima pairs HEL, normal 17 None None Pairs of platters ICSBEP 094988 + 00008
Jemima triplets HEU, normal U Neme None Triplets of platters ICSBEP 09987 + 00009
HEL sphere in water HEL metal MNome Waler Mested spheres ICSBEP 09985 £ 00000
HEU cube in water HEU metal Neme Water Nested cubes [CSBEP 1.0000 = 0.0010
Jezebel-233 21 metal None None Sphere ICSBEP  1.0000 + 0.0010
FLATTOP-23 24 metal None Normal U Nested spheres ICSBEP  1.0000 x 0.0030
B&W core X1, loading 1 LEU (U0, Water Water Uniform lattice ICSBEP 1.0007 £ 0.0012
B&W core X1, loading 2 LEU (UD,) Water Water Heterogeneous latice ICSBEP 1.0007 = 0.0012
B&W core X1, loading 8 LEU (U0, Water Water Heterogeneons lattice ICSBEP 1.0007 = 0.0012
ORNL-1 HEL (oranyl nitrate) ~ Water Mone Sphere CSEWG 1.0003
ORNL-2 HEU (uranyl nitrate) Water Mone Sphere CSEWG 0.9998
ORNML-3 HEU (uranyl nitrate) Water Mone Sphere CSEWG 0.9909
ORNL-4 HEU {uranyl mitraie}  Waler None Sphere CSEWG 0.9992
ORNL-10 HEU (uranyl nitrate)  Waier None Sphere CSEWG 1.0003
SHEBA-II LEU (uranyl fluoride)  Water None Nested cylinders ICSBEP*  (0.9991 + 0.0039
Uranyl fluoride in D0 HEL' (uranyl fluoride) Heavy water Heavy water Mested spheres ICSBEP 10000 + 0.0104
ORNL-5 “1J (uranyl nitrate) ~ Water None Nested spheres ICSBEP 10000 £ 0.0032
ORNL-6 1T (urany] nirate) Water None Nested spheres ICSBEP  1.0005 £ 0.0032
ORNL-7 U (uranyl piwate)  Waer None Nested spheres ICSBEP 10006  0.0032
ORNL-§ NI (urany] nitrate) Water None Nested spheres ICSEEF 0.9998 = 0.0032
ORNL-S T (uranyl nitrate) Water N Nested spheres ICSBEP 09999 + 0.0032

* Formal approval bas not yet been given W these specifications.

3.2.1B&W &% ¥ %

Babcock & Wilcox[25] 2 2 Wit & » Hfrau 30 & fF 2 WA 4c £ % >

Eir@:EF2ER - FPFLEFREFT R f:[26] - ¢ B&W = Lynchburg
Research Center % CX-10 &/ &K 5 #riafiefh 7 %> L & 5 Wik F BB © 1

el phiT (Closed-Packed)p= i3 i » 1 & 5 93 ¥Rl g 2 = 3x3 4L » %’ﬁ“r} BE

PR m FEEAEE o2 g TS 3 aRR R % ¥+ B gzt KENO IV

) ‘F !«-Lﬁig

PHHE TR R A B A LR P R R R ET R R &

\:E- r'

[ —‘J.

He EiE LE o

CX-10 % mpiav 3 -k id 2 UO, % 47 4R 5 %240 2 2] (Tank-Type)
LR 4 S
b &
' Bl 6 FRE BRSPSt B

7R d 14x14 A&

prrgs o 4P T R E RSk kFE L ARA TR R

i\

L

o4 40 B 5 - i 1524 24 B i 7127

N hEREZ M o B D R BBAE A LK
1L REEL EEE Y 0 GRS G 246Wt% UO, 0 Fl
L 3X3 L & A 5 iy

AA S B 8 LK LR
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Zlﬂlkﬁ%u#ﬂuamhxmy%7@90mu % A38 4R R R A ¢
_ﬂ%@ ohEd whlE 33 AR RS o HY % Core £ 8 L ® IR »); ]

¥ 3 e fgd BsC o

Overflow Line
[~ —
oy )

=
152.4 cm a
Cara-\
Tank \
Top Grid Plate
Access|

[ Ports
—f Upper Grid Support ———

Plece (1 of &)

]
274 cm Dia
Steel
Tank

/— Bottom Grid Flate
Feasiasassivessvar:

1
/ Dump
A[Line %
Connection
for Liquid
Level Indicator E

[
L |

Bl 4 B&W 7/t F 5% CX-10 2 #4147+ % %
TR k& : M. N. Baldwin, et al., “Summary Report: Critical Experiments Supporting Close
Proximity Water Storage of Power Reactor Fuel,” BAW-1484-7, The Babcock & Wilcox Company ,
1979 [26]
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Vent Valve

Liquid Level Indicator

I N == Helium

Overflow Line, 2in

rain
alve,
in. / Fill Line, 1 in.

Durep Line, =)
12 in.

/ Flow Control Valve

Dump Tank LH

—— Fill & Drain, | in.

I

Ligquid Level
Indicater Sampler u

mp

B 5B&W it F % CX-10 2 3k *& 2. ik A L k4L
T k& : M. N. Baldwin, et al., “Summary Report: Critical Experiments Supporting Close
Proximity Water Storage of Power Reactor Fuel,” BAW-1484-7, The Babcock & Wilcox Company ,
1979 [26]

0,318
Seam l
Weld
Kaowool L ¥
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~

No. of No. of
svailable selected
Report iperi peri Description of eriticality exp
ANS Transactions, Vol. 25 9 4.74 wi % "I UO, fuel rods in square Initices of 1.35-em pitch; fuel
33,p362 clusters separated by air, polystyrene, polyethylene, or water; fuel
(Ref 5) elusters submsrsed in aqueous NalO, solution

BAW-1484 (Ref. 6) 37 10 246 wt % U U0, fusel rods in squars lattices of 1,636-cm pitch; the
spacing between 3 > 3 array of LWR-type fuel assemblics is filled with
waler and B,C pins, stainless steel sheets, or borsted stainless steel
sheets; lattices with borated moderstor

EPRI-NP-196 (Ref. 7) 6 & 235 wit % MU UO, fuel rods in squarc lattices of 1.562-, 1.905-, and
2.210-om pitch; lattices with borated moderator

NS&E, Vol 71, 26 6 474 wt % U UO, fuel rods in square lattices of 1.26-, 1.60-, 2.10-,

p. 154 (Ref B) and 2.52-cm pitch; triangular and triangular with pscudo-cylindrical
shape lattices of 1.35-, 1.72-, and 2.26-c pitch; irregular hexagonal
lattices of 1.35-cm pitch; lattices with water holes.

PNL-2438 (Ref. 9) 48 6 2.35 wt % ™17 UO, fuel rods in square latiices of 2.032-cm pitch; Cd,
Al Cu, stinless stee], borated stainless stee], Boral, and Zircaloy
separator plates between assemblics

PNL-2827 (Ref. 10) 23 9 2.35 and 4,31 wt% MUUO, fuel rods in square lattices of 2.032- and
2.5d0-cm pitch;, reflecting walls of Pb or depleted uranium.

PNL-3314 (Ref. 11) 142 27 2.35 and 4,31 Wi % *'U U0, fuel rods in square lattices of 1.684- and
1.892-cm pitch; stainless steel, borated stainless stecl, Cd, Al Cu,
Boral, Boroflex, and Zircaloy soparator plates between assemblies;
lattices with water holes and voids

PNL-3926 (Ref. 12) 22 14 2.35 and 431 wi % MU UQ, fuel rods in square lattices of 1.684- and
1.892-cm piteh;, reflecting walls of Pb or depleted uranjum

PNL-4267 (Ref. 13) 9 7 431 wi % U UQ, fusel rods in square luttices of 1.890- and 1.715-cm
pitch; lattices with borated moderator

PNL-4976 (Ref. 14) 17 1 431 wit % (235 wi %) U U0, fused rods in hexagonal Isttices of
2.398-, 1.801-, and 1.598m pitch; moderstor contains Gadolinium

WCAP-3269 (Ref. 15) 157 9 2.7,3.7,and 5.7 wt % U U, fuel rods in square lamices of 1.029.,
1.105-, and 1.422-cm pitch; lattices with Ag-Tn-Cd absorber rods, water
hales, void tubes

WCAP-3385 (Ref. 16) 3 2 5.74 wt % U UO, fuel rods in square lattices of 1.321-, 1.422-, and
2.012-gm pitch

Report Description of criticality ex;

BAW-1645 (Ref. 1T) 21 L] 2.46 wt % "I UQ, fuel fods in close-packed iriangular lattices of
1.20%-cm pitch, close-packed square lattices of 1 209-cm pitch, and
squarc lattices of 1.410-cm pitch

DSN 399/80 (Ref. 18) 4 4 4.74'wt % U U, fuel rods in square lattices of 1.6-cm pitch; hafium
scparator plates between assemblics

PNL-2615 (Ref. 19) 32 7 4,31 wt % U U0, fuel rods in squarc lattices of 2.540-cm pitch;
stainless steel, borated stainless steel, Cd, Al, Cu, Boral, and Zircaloy
separator plates between assemblies

PNL-6205 (Ref, 20) 19 1 4.31 wt % ™U U0, fluel rods in square lattices of 1.891-em pitch;
Boral flux traps

PNL-7167 (Ref. 21) 9 4 431 wt % U U0, fuel rods in square Iattices of 1.891-cm pitch; Boral
flux traps containing voids filled with Al plates, Al rods, or UQ, fuel
fods

PNL-3802 (Ref. 22) 49 26 2.35 and 4.31 wit % U VO, fuel rods in square lattices of 2.032- and
2.540-cm piich; reflecling walls of stainless steel; sepurator plates of
stainless steel, borated stainless steed, Boral, Cu, Cd, and Boroflex
between assemblics

Haon et al, PATRAM 'S0 12 4 4.74 wt % U0, fuel rods in square latfices of 1.6-em pitch; Boral
(Ref. 23) separator plates; lead, steel, or water reflecting walls

BAW-1£10 (Ref. 24) 23 10 2.46,4.02, and 2.46 and 4.02 wt % P*U UO, fuel rods in square [atiices
of 1.636-cm pitch; lattices with 194 wt % 17 110, -Gd,0, fuel rods,
‘Ag-In-Cd and B,C absorber rods, void rods

BAW-1231 (Ref. 25) 10 2 4,02 wt % ™U U0, fuel rods in square lattices of 1.511cm pitch;
lattice with borated moderator

BAW-1273 (Ref. 26 10 1 2.46 and 4.02 wi % *'U U0, fuel rods in square lattices of 1.702,
1.511, and 1,450-cm pitch; lattice with borated moderator

Y.DR-14 (Ref. 2T) 32 4 Paraffin reflected or jipeds of paraffin
and homogeneous U(2)F, or U3)F,

WUREG/CR-0674 (Ref. 28) 0 k) Plastic reflected or concrete reflected fuel cans with 4.46 % enriched
NUREG/CR-1071 (Ref. 29) U0,
WUREG/CR-1633 (Ref. 30)
NUREG/CR-2500 (Ref. 31}
Total 755 180
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Case Case Enrich. Piteh  HOVfinel Reference
Nao, chesi gt (wt %) (em)  volume Description No.

1 ANS33ALL 474 135 2302 H,0 filled Al cruciform boxes 5

2 ANS3IZAL2 474 135 2302 H,0 filled Al cruciform boxes 4]

3 ANS33AL3 474 1.35 2,302 H,0 filled Al cruciform boxes 5

4 ANS33EBI 474 1.35 2302 Polyethylene balls in Al cruciform boxes 5

5 ANS33EB2 474 135 2302 Polyethylene balls in Al eruciform boxes 5

6 ANS33EPI 474 135 2302 Polyethylene powder in Al cruciform boxes 5

7 ANSIIEP2 474 135 2302 Polyethylene powder in Al cruciform boxes 5

8 ANS33SLG 4.74 135 2302 Simple square lattice 5

9 ANS33STY 474 135 2302 Expanded polystyrene in Al cruciform box 5
10 B1645501 246 1410 105 Al separator plates, borated H,0 17
11 B1645502 246 1.410  1.015 Al separator plates, borated H)O 17
12 BWI1231B1 402 1511 1139 Borated H,0 25
13 BW123182 402 1,511 1139 Borated H,0 25
14 BWI1273M 246 1.511 1376 Borated H,O 26
15 BW1484A1 246 1636 1841 Borated Al absorber plates, borated H,0 6
16 BW1484A2 246 1.636 1841 Borated Al sbsorber plates, borated H,O 6
17 BW]484B81 246 1636 1841 Borated H,0 6
18 Bwi48482 246 1636 1841 Borated H,O 6
19 BWI148483 246 1636 1841 Borated H,0 6
20 BW1484C1 246 1636 1841 B,C rods 6
21 BW1484C2 246 1636 1841 B,C rods 6
2 BW 148451 246 1.636 1.841 Stainless steel absorber plates, borated HyO 6
23 BW148452 246 1636 1841 Stainless steel absorber plates, borated H,0 6
24 BW 148451 246 1.636 1841 Simple square lattice 6
25 BW 164551 246 1209 0383 Al separator plates, borated H,0 17
% BWISSSS2 246 1209 0383 Al separator plates, borated H,0 17
7 BW1645T1 246 1.208 0148 Hexagonal lattice, Al separator plates, borated 1,0 17
28 BW1645T2 246 1.209  0.148 Hexagonal lattice, Al separator plates, borated HyO 17
29 BWI1645T3 246 1.209  0.148 Hexagonal lattice, Al separator plates, borated H;Q 17
30 BWI1645T4 246 1.209  0.148 Hexagonal lattice, Al separator plates, borated HyO 17
3l BWISI10A 246 1636 1841 U0,-Gd,0, rods, water holes, borated H,0 24
iz BWI1310B 246 1636 1841 U0,-GdyO, rods, water holes, borated H,0 24
33 BWIS10C 246&402 1636 1841 & 1532 UO;-Gd,0, rods, water holes, borated H,0 24

Case Case Enrich, Pitch  H,O/Mfuel Reference

No. designation (wt %) (em) _ wolume Description No.
34 BW1810D 246 &£4.02 1636 1841 &1.532 U0,Gd,0, rods, water holes, borated H,0 b
35 BWISI10E 246 £4.02 1636 1841 & 1532 UO,Gd,0, rods, water holes, borated H,0 4
36 BWI18I0F 2.46 1636 1841 Water holes, borated H,O 24
37 BW1810G 246 £402 1636 1841 &1.532 Water holes, borated H,0 24
38 BW1810H 246&402 1636 1841 &1.532  Water holes, borated H,O 24
39 BWI18101 246 1.636 1.841 Waler holes, Ag-In-Cd rods, borated H,0 4
40 BWI1810J 246 &402 1636 1841 £1.532  Water holes, B,C rods, boraled H,0 24
41 CRI0T1AS 4.46 243 077 U0 fuel cans 28
2 CRIGSIAS 448 243 1325 U, 0, fuel cans 3
43 CR25008 448 243 203 U,0, fuel cans 28
44 DSN399-1 474 1.6 3807 Hafnium separator plates 18
45 DSN399-2 4.74 16 3.807 Hafhium separator plates 18
46 [ISN399-3 4.74 1.6 3.807 Hafintum separator plates 18
47 DSN399-4 4.74 1.6 3.807 Hafnium separator plates 18
48 EPRU&S 235 1562 1.1% Simple squarc lattice 1
49 EPRUGSB 235 1.562 1196 Borated H;0 7
50 EPRUTS 235 1905 2408 Simple square lattice 7
51 EPRUTSB 235 1.905 2408 Borated H,0 7
52 EPRUST 235 2210 3.687 Simple square lattice 7
53 EFRUBTE 235 2210 3.687 Borated H,0 7
54 NSE7IHI 494 135 2302 Simple hexagonal lattice B
55 NSETIH2 4.74 172 4619 Simple hexaponal lattice 8
56 MSE7IH3 4.74 126 9.004 Simple hexagonal lattice 8
57 NSET15Q 474 126 1.823 Simple square lattice 8
58 NSETIW1 4.74 1.26 1.823 Water holes 8
59 NSETIW2 4.74 126 1823 Water holes 8
60 P2438AL 235 2032 2918 Aluminum separator plates 9
61 P2438BA 235 2032 2918 Boral-A separator plates 9
62 P2438CU 235 2032 2918 Copper separator plates 9
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Case Case Enrich.  Pitch  H,Offuel Reference
No. designation (wt%) (em) volume Deseription No.
63 P24385LG 135 2031 2918 Simple square lattice 9
64 P243855 235 20312 2918 Stainless steel separator plaies 9
65 P243RZR 235 2032 2918 Zircaloy-4 separator plates 9
66 P2615AL 431 2.540 3883 Aluminum separator plates 19
&7, P2615BA 431 2,540 3883 Boral-A separator plates 19
68 P2615CD1 431 2540  3.883 Cadmium separator plales 19
69 P2615CD2 4.31 2540 1883 Cadmium separator plates 19
70 P2615CU 431 2540 3883 Copper separator plales 19
71 P261588 431 2.540 3EE3 Stainless steel separator plates 19
72 P2615ZR 431 2540 3.883 Zircaloy-4 separator plates 19
73 P2827L1 2.35 203 2918 Lead reflecting walls 10
74 P282TL2 235 2032 2918 Lead reflecting walls 10
75 P28ITLY 4.31 2.540 3883 Lead reflecting walls 10
76 F2827L4 4.31 2540 3.8E3 Lead reflecting walls 10
77 P2BITSLG 235 2032 2918 Simple square lattice 10
78 P2827U1 235 203z 2918 Uranium reflecting walls 10
79 P282TU2 235 2032 2918 Uranium reflecting walls 10
80 P2827U3 4.31 2.540 3 RE3 Uremium reflecting walls 10
81 P282TU4 4.31 2.540 3843 Uranium reflecting walls 10
82 P3314AL 431 1892 1.60 Aluminum separator plates 1
83 P3314BA 4,31 1892 160 Boral-A separator plates 11
84 P3314BC 431 1.892  L&0 Boral-C separator plates 11
85 P3314BF1 431 1892 160 Boroflex separator plates 11
86 P3314BF2 4.31 1.892  1.60 Boroflex separator plares 11
BT P3314B51 235 1.684 160 Borated steel separator plates 11
88 P33l4BS2 235 1.684 160 Borated steel separator plates 11
89 P3314B33 4,31 1892 L&0 Borated steel separator plates 11
90 P3314B54 431 1.892  1.60 Borated steel separator plates 11
91 P3314CD1 431 1.892  1.60 Cadmium separator plates 11
92 P3314CD2 235 1684 160 Cadmium separator plates. 11
9 Pa3l4cin 431 1.892 180 Copper scparator plates 11
94 P3314CU2 4,31 1.892 160 Copper separator plates 11
Case Case Enrich. Pitch  H,O/fuel Reference
No. designation (wt%) (cm)  volume Description number
95 P3314CU3 431 1892 160 Copper separator plates 11
96 P3314CU4 431 1.892  1.60 Copper-cadmium separator plates 11
97 P3314CU5 135 1.684  1.60 Copper separator plates 11
o8 P3314CU6 2.35 1.684 1.60 Copper-cadmium separator plates 11
99 P33145LG 431 1.892 1.60 Simple square lattice 11
100 P3314551 431 1.892 160 Steel separator plates 11
101 P3314552 431 1892 160 Steel separator plates 11
102 P3314553 4.31 1.892 1.60 Steel scparator plates 11
103 P3314554 431 L1892  1.60 Stecl scparator plates 11
104 P3314585 235 1.684  1.60 Steel separator plates 11
105 P331453%6 431 1.892 1.60 Stecl scparator plates 11
106 P3314W1 431 1892  L.60 Water holes 11
107 P3314W2 135 1.684  1.60 Water holes 11
108 P3314ZR 431 1.892 1.60 Zircaloy-4 separator plates 11
109 P3602BA 4.31 1.892  1.60 Boral-B separator plates, steel reflecting walls 22
110 P3602BS1 235 1.684 1.60 Borated steel separator plates, steel reflecting walls 22
111 P3602B52 4.31 1892 1.60 Borated steel separator plates, steel reflecting walls 22
112 P3602CD1 235 1.684  1.60 Cadmium separalor plates, steel reflecting walls 22
113 P3602CD2 4.31 1.892 1.60 Cadmium separator plates, stecl reflecting walls 22
114 P3602CU1 235 1684 160 Copper separator plates, steel reflecting walls 22
115 P3s02CU2 235 1684 160 Copper-cadmium separator plates, steel reflecting walls 22
116 P3602CU3 431 1892 160 Copper scparator plates, steel reflecting walls n
117 P3602CU4 431 1.892  1.60 Copper-cadmium separator plates, steel reflecting walls 22
118 P3602N11 235 1684 160 Steel reflecting walls n
119 P3602N12 235 1.684 160 Steel reflecting walls 22
120 P360IN13 235 1684 160 Steel reflecting walls 22
121 P3602N14 135 1684 160 Steel reflecting walls n
122 P3602N21 235 2032 2918 Steel reflecting walls 22
123 P3602N22 135 2032 2918 Steel reflecting walls n
124 P3602N31 431 1.892 1.60 Steel reflecting walls n

40/84




NUREG/CR-6361 4% £ ¢ 180 i T/ § B4 if ()

Case Case Enrich. Pitch  H,Offisel Reference
Mo designation (wt%) (cm)  volume Description number
125 P3602N32 431 1892  1.60 Steel reflecting walls 22
126 P3602N33 431 1.892  1.60 Steel reflecting walls 22
127 P3602M34 431 1892 160 Steel reflecting walls 22
128 P3602N35 431 1.892  1.60 Steel reflecting walls 2
129 P3602N36 431 1.892 160 Steel reflecting walls 22
130 P3602M41 431 2540 3883 Steel reflecting walls 22
131 P3602N42 431 2540 3.883 Steel reflecting walls 2
132 P3602N43 431 2540  3.883 Steel reflecting walls 22
123 P3602551 235 1684  1.60 Steel separator plates, steel reflecting walls 2
134 P3602852 431 1.892 160 Steel separator plates, steel reflecting walls 22
135 P3926L1 235 1.684 1.60 Lead reflecting walls 12
136 P3926L2 235 1.684 160 Lead reflecting walls 12
137 P3926L3 235 1684 160 Lead reflecting walls 12
138 P3926L4 431 1.892 160 Lead reflecting walls 12
139 P3926L5 431 1.892 160 Lead reflecting walls 12
140 P3926L6 431 1.892 160 Lead reflecting walls 12
141 P3926SL1 235 1.684 160 Simple lattice 12
142 P3926SL2 431 1892 1.60 Simple lattice 12
143 P3926U1 235 1684 160 Uranium reflecting walls 12
144 P3926U2 235 1684 160 Uranium reflecting walls 12
145 P3926U3 235 1684 160 Uranium reflecting walls 12
146 P3926U4 431 1.892 160 Uranium reflecting walls 12
147 P3926US 431 1892 160 Uranium reflecting walls 12
148 P3926U6 431 1892 160 Uranium reflecting walls 13
149 P4267B1 4.31 I.8e01l 159 Borated H,0 13
150 P4267B2 431 890 159 Borated H,0 13
151 P4267B3 431 L1715 1.090 Borated H,0 13
152 P4267B4 431 L1715 1.0%0 Borated H,O 13
153 P4267B5 431 1715 1.0%0 Borated H,O 13
Case Case Enrich, Pitch  H;O/fuel Reference
No. designation (wt%) (em)  volume Deseription number
154 P42675L1 4.31 1.890 1.59 Borated H,0 13
155 P4267SL2 4.31 L1715 1.090 Borated H,0 13
156 P49-194 431 1.598 0.509 Simple hexagonal lattice 14
157 P&2FT231 431 1.891 1.60 Boral flux traps, no void material 20
158 P71F14F3 4.31 1.891 1.60 Boral flux traps, void material fuel rods 21
159 P71F14V3 4.31 1.891 1.60 Boral flux traps, void material Al plates 21
160 P71F14V5 4.31 1.891 1.60 Boral flux traps, void material Al rods 21
161 P71F214R 4.31 1.891 160 Boral flux traps, no void material 21
162 PATSOL1 4.74 16 3.807 Boral separator plates, lead reflecting walls 23
163 PATS0L2 4.74 1.6 3807 Boral separator plates, lead reflecting walls 23
164 PATB0SS1 474 16 3807 Boral separator plates, steel reflecting walls 2
165 PAT80S52 4.74 16 3.807 Boral separator plates, steel reflecting walls 23
166 W3269A 57 1422 193 Ag-In-Cd rods 15
167 W3269B1 37 1.105 1432 Ag-In-Cd rods 15
168 W3269B2 37 1.105 1432 Ag-In-Cd rods 15
169 W3269B3 37 1.105 1432 Ag-In-Cd rods 15
170 W3269C 27 1.524 1494 Ag-In-Cd rods 15
171 W3269SL1 272 1.524 1.494 Simple square lattice 15
172 W32695L2 57 1422 1.93 Simple square lattice 15
173 W3269W1 272 1,524 1494 Water holes 15
174 W3269W2 57 1422 1.93 Water holes 15
175 W33855L1 5.74 1422 1932 Simple square lattice 16
176 W33858L2 5.74 2012 5.067 Simple square lattice 16
177 YDRI14PL2 200 - 823 Homogenized U(2)F, in paraffin 27
178 YDRI4PL3 3.00 - 4.05 Homogenized U(3)F, in paraffin 27
179 YDRI4UN2 2,00 - 595 Homogenized U(2)F, in paraffin 27
180 YDRI4UN3 3.00 - 4.05 Hemogenized U(3)F, in paraffin 27

F# %k : NUREGCR-6361, “Criticality Benchmark Guide for Light-Water-Reactor Fuel in
Transportation and Storage Packages,” NRC, Washington, DC, March 1997
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Parameter Process data

235

Fissile material U in UO»F,

UO,F; compound form (normal condition)

Fissile form UO,F, solution (upset condition)

20 (normal condition)

Moderation (H/X . . ) .
( ) 600 (abnormal — estimated optimum moderation)

Enrichment (% U-235) 1-5% (analyzed at 5%)
Uranium concentration Minimal to 3000 g/1
Moderating material Water
Other materials Predominant elements are Na, F, C

Unreflected (light steel) — normal condition

Reflecting material .
= Water reflected — abnormal condition

Geometry Cylinders and arrays

Heterogeneity/Homogeneity Homogeneous system

Unknown. estimated to be intermediate to thermal

Neutron energy -
energy spectrum

7 &R ¢ S, H. Finfrock, “MCNP5 Criticality Validation and Bias for Intermediate Enriched

Uranium Systems,” CHPRC-00455, December 2009

* mfj&v )’% Criticality Experiments with Subcritical Clusters of 2.35 and

4.31wt% “*U-Enriched UO, Rod in Water with Steel Reflecting Walls[29] ¢ -
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431 wik P ENRICHED U0, RODS

RUBBER END CAF: FUEL: 12.648-mm DIAMETER CLADDING: 12.827-mm i.d. X 0.660-mm WALL
12.776-mm i.d. X 25.4 mm LONG
\ "
i I J// e ] ~——— RUBBER END CAP:
T T 7 r T 12.176-mm id. X 254 mm LONG
: T
I 314.4 mm |

| = 965.2 mm

CLADDING: 6061 ALUMINUM TUBING
LOADING:
ENRICHMENT = 431 2 0.01 wt% U
FUEL DENSITY =10.40 = 0.06 g/em’
URANIUM ASSAY = 88,065 = 0.261 we OF TOTAL FUEL COMPDSITION
U0, = 1203.38 = 4.12 g/ROD

END CAP:
C=58 £1wmi% S=17:02w%
H=B520.3wih 0= 22,1 wr' (BALANCE)
Ca=114218wt% Si=0.3201 wtk

2.35 wrk U ENRICHED UD, RODS

FUEL: 11.176-mm DIAMETER CLADDING: 12.70-mme.d. X 0.762-mm WALL

Il?-mmDIA“ET[ﬂll Top [H 7Qu,nuwsn ] |
R

1 144 mm

50.80 mm

‘ 9718 am

CLADDING: 6061 ALUMINUM TUBING SEAL WELDED WITH A LOWER
END PLUG OF 5052-H32 ALUMINUM AND A TOP PLUG
OF 1100 ALUMINUM

LOADING:
ENRICHMENT = 235 + .05 wis *U
FUEL DENSITY =9.20 mg/mm” (B4% TD)
URANIUM ASSAY = BE.O wi%
UQ, - 825 g/RDD (AVERAGE)

B 10 o i < o & e X
741 &k & : Bierman, S.R., and Clayton, E.D.[29]
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760-mm-long ¥ |
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{minimum)
\ 38 mm
E'S
™ 0000000000 254 mm 9.6 mm
] 9.52-mm-thick I% A
2 CARBON STEEL TANK TYPICAL
/ 1 n SAFETY AND
1 ] CONTROL BLADE
i GUIDES
; 6061 ALUMINUM
2 4
.?__, || WATER LEVEL
3 Soaran
=[000000g000000lF = : ¢
L =13 : s ] | 152 mim i minimum)
=8 meumon  Sl=f = e 1
4@  ABSORBER  Qlap = =" lmrm FUEL
1x|0 PLATES olat 3 B
o 8 ¥ 8; E £ i 5 1-mm-wide » .
: = F - G061 ALUMINUM SPACER BAR!
£ e cdidodlnd = o 2 UAiTvpicaL of Foun)]
= Hi IE
z Bl :
E 0 00C00O0 o< g 3 i
22 SE = Wi g
2|0 ol &
5 R 12.7-mm-thick
T ACRYLIC 153 X 50.8 X 6.35 mm
EUNREL. BUAE GUIDES g OR POLYPROPYLENE | [6061-T6 ALUMINUM
= PLATES CHANNEL
| ASSEMBLY
o WIDTH
o 0 : || sorromor
[ _ 2 FUEL RODS
| 25.4- mm-thick ; .
& ACRYLIC PLATE
305 mm T60-mm-lang |
[minimum} 12.7-mm-thick {minimum) |
ACRYLIC PLATE END VIEW
Lt |
PLAN VIEW

Bl 12 7 5% K Y PR 2 RIARE
741 &k & : Bierman, S.R., and Clayton, E.D.[29]
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1219 £ 3 mm

1785 + 0.4 mm

L

TYPE:
DENSITY:
IRON (wtf):
CARBON (wt%]):
MANGANESE (wt%): 1.28 + 0.03

PHOSPHORUS:

SULFUR:
SILICON:
NICKEL:

MOLYBDENUM:

CHROMIUM:
COPPER:

SA533 GrB C1
7.84 g/cm?
96.77 £ 0.13
L1gr——

0.004 = ---
0.006 = ---
0221
0.79x0.14
0.49 £0.05
0.12 £ 0.01
0.13 £ 0.01

T4 k& : Bierman, S.R., and Clayton, E.D.[29]

L
&

4080 T foir e s

2692
0.625 +0.001

| Boral®
Element — —
(wik)* Boral A Boral B Boral ¢ Copper-Cadmium Copper
6239 £28 61.21° 59.26° ---
2870 +0.25 30.36° 31,88 0.005 -
Carbon 797 +041 8.43° 8.86° 0002 0340
Hydrogen - - --- ---
Cidmium - 0.989 £ 0.003
Calcium = -
Chromium 0.05 -—— -—
Copper 09 = 9568540300 | 99.60 0.4
ron 033 004 002 005 0020 0.004
Magnesium 005 0.01 Qo1 2 0.002
Manganese 0.05 0.009 il
Molybdenum - - —==
Sodium 002 002 002 -—= 0.002
Nickel 0.02 e 0010 e
Oxygen e - 0019 0.030
Silicon 020 0.06 0004 0.020
Tin = 0250 e
Sulfur 0.03 o 0,002
Titanlum --- --- -
Zinc 010 --- 0,007 ---
Zirconium - — --
Density (g/cm®) 249 250 247 8910 8913
Thickness® (cm) 071310011 0.29240.013 023120013 0.357 = 0.008 0,646 * 0.008
Rt o s e 22 - A 0.337 £ 0.008

T4 k& : Bierman, S.R., and Clayton, E.D.[29]

Type 304L Stainless Stecl
Zircaloy-4 NoBoron | 11wt%Boron | 1.6wi% Boron |  Cadmium Boroflex
s 162 +0.10
e - 997 =03 ==
013 +004 [ 1856 *010 [ 1903 010 --- 003 =002
-- 027 +005 | 028 *005 --- --
021 £003 | 6824 +034 | 6804 +034 - 005 =006
158 005 | 169 2005 e ==
049 +005 | 031 +008 -
10.12 +005 i
= 2001 *001
= == 2239 1024
15 2
—-— - --- - 03
98.16 %035 - --- —
6.32 7930 7500 7770 5650
06524 0,008 | 0485£0015 | 02980006 | 0.298+0.006 0.061+0003
-= 0302+ 0.013 - - -—-
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%9 JRHRER 431Wt% *PU MR % B R A

Neutron Absorber? Critical
18.92-mm Separation Between
Thickness Square Pitch Fuel Clusters®
Material (mm) Fuel Clusters” (mm)
None e 3-12X 16 158402
Type 304L stainless steel | 3.02 £ 0.13 3-12X16 137.5%£0.6
Type 304L stainless steel
with 1.1 wt% boron 2.98 + 0,06 3-12X16 983 +04
Boral B p |1 292+013 3-12X16 | 83.0+0.3
Boroflex 5.46+0.18% | 3.12x16 83.7+0.2
Cadmium 0.61 +0.03 3-12X 16 89.4 +0.6
Copper 3.37+0.08 312X 16 1347+ 0.4
Copper-cadmium 3.57+0.08 3-12X 16 105.7 £ 0.2

*Error limits are one standard deviation.

Absorber plates, 302 mm wide X 915 mm long, each centered on middle fuel

L]uster at outer cell boundary,

“Number and size of fuel clusters, rods long X rods wide, aligned in a row.
‘Perpendicular distance between the fuel clusters. rod surface to rod surface.
“Includes 1.60-mm-thick Plexiglas on either side of 2.26- * 0.04-mm-thick Boro-

flex.

741 &k & : Bierman, S.R., and Clayton, E.D.[29]

332 BBARAKRKE

Ry TR RFHREAGOZ AR PR e RENEZE > F R
MCNP #z ;¢ > ﬂi%l ~ 44 = Cell ~ Surface 2 Data #% 4 - Cell &2 Surface % 4 & B
v‘)giec’ Pz Whplie Al B P2 kg e R q‘ﬁi%lﬁ » Data + % ¢ Material
% fe v pRAE e gy ~ 0 MCNP £25¢ & Material 54 5 £ 277 ~ 1 2 R+ &
A R FUAR R RASE o ¥ Dataped + & Cell B
SR E R SRR o VR NS AN PFATR 0 = MCNP f254 ¢ 7 iF
BEHERE S BE LR EHEE 322G E AP ERATHRAMAE 55 E

NEAREE R R
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333 %% 47

4ot 10[28|Hkezr S P AEATRA TS P IR A TS TR
GF R @RS kL E(Bias)E 3 B R o 4 10 5 < f[28]
1 MCNP ﬁi’\‘)’['f# 4 /%ﬂﬁ)iﬁJfLT}‘lhT% 4 ""i‘a rﬂﬁ'{ 4 Knorm & A7 \“?z‘i—%’: £

P . Lk e slop y 2 v 2 2
Kmene £ 5@ F % & Kpench 577 & 0 583534 0 “otal » O bench * 0 ‘mcne 48 4t o

2010 rAz R LR & Y 3 R Tl

Case Name Kbench | Obench kmcne | Smene Knorm | Ototal
ICT-002-001 1.0014 | 0.0039 0.9936 } 0.0007 0.9922 1 0.0040
ICT-002-002 1.0019 | 0.0040 0.9975 1 0.0008 0.9956 | 0.0041
ICT-002-003 1.0017 | 0.0044 0.9986 | 0.0007 0.9969 | 0.0045
1ICT-002-004 1.0019 | 0.0044 0.9933 1 0.0008 0.9914 | 0.0045
ICT-002-005 1.0014 ] 0.0043 0.9931 {0.0007 0.9917]0.0044
ICT-002-006 1.0016 | 0.0044 0.987510.0007 0.9859 | 0.0045
LCT-002-001 0.9997 1 0.0020 0.9929 : 0.0020 0.9932 | 0.0028
LCT-002-002 0.9997 | 0.0020 0.994710.0019 0.99501 0.0028
LCT-002-003 0.9997 | 0.0020 0.9994'| 0.0019 0.9997 1 0.0028
LCT-002-004 0.9997 | 0.0020 0.9983 1 0.0020 0.9986 | 0.0028
LCT-002-005 0.9997| 0.0020 0.9942 §0.0019 0.9945 1 0.0028

3.34 %33 2

1998 & pFd HHTR 7F % % (ORNL) % & J) USLSTATS[30]425% » H ¢ #£
USL-1 (Confidence Band with Administrative Margin) 2 USL-2(Single Sided
Uniform with Close Approach)= &3+ & #-3¢ > 1zt o452 2 k& 4 st fefh + 2
& (Upper Subcritical Limit) - 423% 5 p $ it 4255 > & % i » Tl 7 B4t i ehiie
Ppo BHPE ZTRA T &Y g oo g i~ YRk A& (wt % 235U) ~
R EEZ s e 2@ i & & (Energy of average neutron lethargy causing

fission, EALCF) % & $ofic > A28 & bt 384 - W\ im L B2 P % in 4L 17
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Mprw s s KPS RA L VE(USL) o A AR A B AT IR 0 2 2
¢ K Tl b R 0 AR USL e A AR G AR R o
K, + AK, < USL
- B IR AR E R RRT TR G oan? I R FIEcEE MO

SRR U UREP S RS LI ARG 8 A E R 4 R

Bd e @2 aArs 3t 0 £ B2 ML 74 4 T 350G £ e (mean of the bias)
g3z E R £ (standard deviation of the mean) ¢ & * f=k fg-ff *UiE & 47
% N

AR 2 E ERTRR F R L AORA 1T - KA T B E R

BERLL (HIUS VMIVE) S ¥ 5 i (R A B2 ¢ 3 i 8

|
A
W
2]
i
hr
4y
b=+
1\;\;
N—r
(%

FAdrem taS PR et s RHAHI TR UERED L
USLSTATS 423 3p
%45 USLSTATS & * £ p ¢ £k » 32425 i d 0™ Sdicd 4 4 § o= 1o f

P g e

—\

® P, proportion of population falling above lower tolerance level (P=0.995)

® 1-v, confidence on fit (1- v =0.95)

® (, confidence on proportion P (¢ =0.95)

® Xpmin= minimum value of parameter X for which USL correlations are
computed

® Xma= maximum value of parameter X for which USL correlations are
computed

® U smaple= €Stimate in average standard deviation of all input values of Kt

® K, =administrative margin used to ensure subcriticality.

&4 11 USLSTATS 4455 % ¢ » & 4l Sfcib it N4 7 o A § 14-F
17 § »c¥ 3 7 Flfcsr USLSTATS w A 454 e 7 B> 142383 5 2 £ 4 o
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PRI A AT R ARETRR RS A nd TR Pl 2 s
T?ET% d & (Ke(x) ) msni> 5 5w T 2% (lower confidence bend ) ( Ke(x)-W) »
He W L %ﬁ%»i?,‘ﬁﬁ?}@:& Boodplioeniit g koo B SR Rt gk
BEZ L F PR ER G RADAWE W EHEHRAT
W=max{w(x)= | x-min,x-max}
2 owXx)s Epond FHAEFES L 2 RFLE viFs Tz L e
LAy RSB m WX)EE R B2 F Sl o - Sk > W iE 2 3t

9596 % < 4 et - -

# 11 USLSTATS %~ 7 % %

Trending USL Equation (Method 1) Trending Parameter USL at X=0
Parameter Range intercept
EALF 0.9353 + (-4.4477E+02)*X 3.46E-08 <= X <= 2.78E-06 0.934
V./V; 0.9348 + (3.7479E-05)*X (X < 126.06) [ 0.0000 <=X <= 146.48 0.935

0.9395 (X >= 126.06)
=U/u 0.9338 + ( 2.7358E-02)*X 2.35E-02 <= X <= 0.17000 0.934
H/(U+Pu) 0.9386 + ( 2.5141E-06)*X 39943 <=X <= 14375 0.939

MEU Benchmarks, EALF

1.01 [ k—eﬂvalués —_— | ]
i' ki ‘ ***** =
1.00 [l %
b & ﬂ = — =
09948 _k&l-"i__‘;- . -4 ]
= 098 311 o SO N T 4
¢ USL()
= o7 T
0.96[ 1
0.95fF 1
084f ]

Trending Parameter, x (3.0e-08 - 3.0E-06)

Bl 14 § »c? 3 558 %)% 87 USLSTATS w 7 » 17 2 (EALF)
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MEU Benchmarks, h/x

i

0.98f S
= USL{)
3 USL(®)
= 0g97[

086

0.95

5 e s s St R

Trending Parameter, x (35. 0- 1440.0)

B 15 4 »c¥ 3 37 7] % &2 USLSTATS w jF 4 471+ #(h/x)

MEU Benchmarks, U-235/U

— .
T 3 - k-effvaluess ————a— |
b = !I o -
_____ e e e
! ki) - wilx) —_—— 1
B 28 T‘ E::. E |
B e e e e ] N e
[ = - S - ST S -
0" USL(Z)
=
096
0.951
0.941 .
e e < s :
0.0% 0.10 015

Trending Parameter, x

Bl 16 § »c¥ 3 378 7] % 87 USLSTATS w jF 4 471 1 (U-235/U)
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MEU Benchmarks, Vm/\/f

k-eff

.
Li '_""9??- S
g ktﬁf‘-"ﬁ‘—_—_,;,:;_- %
T i !
“I K= WL - — - —= s e
0.95 UEIE et |
USL(2)
1L prp—— e e
0.0 50.0 100.0

Trending Parameter, x

B 17 § »c 3 558 F] 4% &2 USLSTATS w 7 4 471+ f(VM/VF)
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e & - 2R (BURNUP CREDIT) %#

drd S R 2 Pl > AT 2 Rt B0 vt i F AT (A et
AL Hgeid S 0) 0 35 A 4747 iR B o gt pEFOTIE (F anfih ARAR B TR 1S
ik & 0 RIFE S Burnup Credit (7424 & ) fLig § chgpdp » WA F L3 E L
SRR F TR e T PR - T RS 0 4 T A AR U AR 0 TS
e P G AP b BEB LIS OEE S RS LR R € H 4o
i EARAS R o

TRl st B Ak Y Rt B Y g nF R L E S g FIL R
e (¢ Z9RE P I3t ) g5 e Fl P EARET R B
FenD Frlh o bR e S (B AR1S ) 2 DR R fRA E (W) il Frfk =
Ho T 2 G o d NERA AT RO TRA % 2o Flt gl E 2 g ha
B BT Fp e EH{E LA $7IEE > 2 Ao 479584 o R RTER Bk

T AR P ANBBELIERNENKRE AT HLEE FER o
4.1 Kopp Memo

1996 & & & = # etopical report # & * Burnup Credit > 3 7 #7e1% & 07
f& > Larry Kopp[12]% 7 — B NRC & R4k & afric 1 ¥R A/ > pFig* 3t
PWR 2 BWR - if;—&'\ré BORRALEE T pE 0 & JE R 5% Rk AR L en
A Z 3ER - BUIRI L F AT B F]F 5 1.25 & A %4 B 48Mwd/kg
o B E ) E % 5 0.85 X' 40%Delta-k - e #_iz & Kopp Memo R % ¥ &
40%*5%=2% Delta-k 77 & > F]pt 5 @ F] 2 £3H% 5 2 0.87 75 Alpo ¥ 8 i
AL enFA) ) B L AN A AR B A 592 oo 2 Eip B AR DS R
KoArF ERRP AR AT E 5% 0 AL RERAA  F T E KRG IR F

%5 %= % &JT uncertainty R° 3E o
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2010 # & NRC g #z Kopp memo &, & [15]- @ 45 5% Ak 2 7 4= uncertainty
Eir b da@Ed a2 b cF 2 F BADFELL RRFEERT
AR W R £ actinides fr fission products o 82 7% 3 #& 2 actinides ¥ 17 %
% Haut Taux de Combustion (HTC) critical experiments > & A 3 % Fission products
S > Fp 4R 4 3 ¥ € 3 e Fission product 2 8:75% (e F %+ 1238 B2 Ak

o] AR Arad S enAK o F & 22 Kopp memo 5 17 e
4.2 PREIERZRTE

$30 % i@ % burnup credit 5 > TR SR & L3 B3

a. FH UO, aTeifl et % 75 7 %

b. @& * Teh Hotizst A 4T TRR F %

C. & % 33t g A 7 ehik £ (bias) 2 7 &% T_& (uncertainty)

d 3> OECD-NEA = = — # “International Handbook of Evaluated Criticality
Safety Benchmark”[23] 2 # & 42 UO, 2 MOX 1§t F %o ¥ 4 ffh F S i &
HAco T g P o ERVIE R RKRE O OCFEARE AP RERFER
g F Bk o AT B A 17V 1@ % SCALE (o TSUNAMI erficie » ptfite ¥ &
4 LA BB C R ATIRA F RS FFRY B hip b2 4F £.0.8 12 1 [31-32]
ATl oS BTl angeh 2t E s el 2 7 & TSUNAMI ehficie » (e §_ % i Wl e
PE #5’\ Burnup credit s * + > TSUNAMI enfic e &g 1 & -5 » MOX %
B 45 o or gt 2 vk e (Depletion) d@Ae? o Azt erig S hin L2 7 RR
2 ZRIF oL IR YRR R et e 59 FEL B
FiEAT o 58 340

dN,L(0) _
dt

WA AT RSITR Y R b dok RVETR AT Tl 425

~(0af+ AINL(O) + 0N () + AN (1) (25° 34)

RH-F P AWEORETR RO IHIE T R P EITRR RS
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Tdt 247 0 B E* AR L] > 4o @] 18 m M AT o 2 Edr gk 4
$HAEIERE AT A RETHRTE e, MOX hipf 52 K~ % fci A A
PoRh R FeREWRADRLE 2 ER LRSS 1T2% o n L%
FAOHEIEARR I F et TRl P F e AP % KEFR
FARN DA E AR o L VLR R A 4T B E Y @R R &

EREETIF e

” b
4 N
! uo2 k MOX i
1 Critical
Chemical Assay Critical Critical Experiments for
Measurement |y Experiments /i Experiments Actinides &
’
N ’ Fission Products
~ -
- -
L | P
" .
Biases and 4 Biases and
Uncertainties in ,f Uncertainties in
Depletion Computer Criticality Computer | €
Codes and Cross , Codes and Cross ’f
Section Data \\ Section Data ,
Y --Jd- -
i -~
- -~ - - ~
- ~ - = - e ~
/ \ ’ ~ s Y
7 \ v s v N / Loadi \
. oadin,
/ Fresh Fuel \ .|  Depletion 1 subcriticality | 1 g v
. T > lvsi £ X 1 Curves or i
Characteristics A Analysis \ Analysis 1 L
; \ Criteria r
N I’ \ /! A 1}
N . \ , ~ -
“..,-_-._f \“ - N~
— -

—_——

B 18 §eft & 17 A2 8]

v b Agseanfe A 0 NRC g A% Kopp Memo kg > & £ p @ ¢ e 3%

FORR R B SkTE o T RS HR SRR T E RGP o
421 i & &2 A4geF % (Chemical assays and worth experiments )

ORNL (MMM 53 %3 ) 2k NRC @ * A Bih L2 28R I Fi=kF
BAREL R A ERE F o AEHE ER oot (VB 5 R enP BT A A g
ERHALZEAER RPF Y FEEE DR T T Bla- )l H s Fd T
Fas (AAAEF) RATH R | ROFHRPLGL o 3 hF BA R
7§ % (worth experiments ) - OECD SFCOMPO database[33]fj,%5"_}1 B2 - nEop

R ES AL RS IR SN O VE L TR

e

54/84




PEREERAH S WA TA I SRS TR AR RN T %R
AR i A B ER o

MAEFROYE g ARIT T AT EEI BRLM G 0 P R E R
~# > & 7 U234, U235, U238, Pu238, Pu239, Pu240, Pu241, Pu242, Am241, e §_
ey BAHAF  RIEGFRT U4 TR ERe kY EAHAS 0 R R
PABASZEZ 2 ER R ~E ¢ 5 Mo95 Tc99, Ru 101, Rh103, Agl09,
Cs133, Sm147, Sm149, Sm150, Sm151, Sm152, Nd143, Nd145, Eul51, Gd155,
U236, Am243, Np 237 % - B 1947 > T oA B A 2 L~ 2 » L 8 d mag

b F2 W g it {5 EME o

Acceptable for loading

in high capacity cask w— Actinides

e Actinides + FP

S
c Large # of
s Assemblies
m
=
Small # of
g2 Assemblies

: ’{natceptable for loadlng
" 4n high ¢apacityicask

v

Initial Enrichment

B 19 &3 F s s et %i\'d' A
Tk %k J. M. Scaglione and et.al “An Approach for Validating Actinide and Fission Product
Burnup Credit Criticality Safety Analyses—Criticality (keff ) Predictions”, NUREG/CR-7109,
2012[34]

R R DB L LT EREGEREE L R F R FS
(Correction Factors ) » (&d * B2 F sk H o =% 7 £ 0 & &k K17 4445 B oy
b3,

Rk Ed BEIE 2 ERKFET AL E L Y LA R TR A 2
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¥5 (4B 20) - P iz BE R " B8 172 0 % B & ANSI 8.27. “Burnup Credit for
LWRs” F #& 3| 2 & F]F > o > 2 o A3 %Y 0 F] 5 BRE - Bk

FE8F R AR R B AR o

BaiE m A2

Uncertainties Uncertainties
in Measured Isotopic [— in Calculated Isotopic
Concentrations (E) Concentrations (C)

Ea——

Uncertainties
in Isotopic Correction
Factors (ICF =E/C)

l

Uncertainties
in the Bias-Corrected
Isotopic Concentrations of
the Application Case

}

Uncertainty
in keff

SIeWyauag

ased uonednddy

B 20 A2k il £ 92 3 R 2 4775 AE )

Poan R ATyt AT 2 B ant g (direct difference) [35] &— %+
FLe HoiL B wm A, d Bk s AR ,gﬁgj g A 4ret B 2ok iR 3 depletion code
Pﬂm%ﬁ%“?*é’#ﬁ kAt E ki Ea FKELBE LKA
e tFe Rl R ok T G N RILF RSP KELR FEFEKEL
BT ioE o micBih LIV E DS dic(deB 21) o B2 24 § 9% T A
Besr g i B A ING AT 0 B G L AFHF R OREICL 0 BB KGR
actinides " £ %43t F A PSR s B A - Fpt4ck £ 4% actinides i

J@Tﬂ:"‘o
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3.00%
L 2
2.00%
. 1.00%
=
S~
=
=
L 0.00%
" C 50
0
@ 1 .00%
2
-2.00%
2
2
-3.00%

Burnup (GWD/MTU)

® 21 Direct Difference 1 Bias £2 %7 4< enfd %
T %k : NRC, NUREG/CR-6811, “Sensitivity and Uncertainty Analysis of Commercial Reactor
Criticals for Burnup Credit”, 2003 [35]

BWR iz 4§35 % 822k & P 5l i®h kg 2 £ &% T &5
WAL RER o REFNE 240 K B3 B RS GZE AL ERY DE

TR st /A e F BR - TR g PR T U S 2 A

",f 7 Direct Difference - ORNL 4] * Monte Carlo ;2 » 4>t % B =2 it &
AL NG o G B e AR R S FABAA B ARE R
VrAL B g £ A T o Bl o 2 (e @] 22) 3 A1 * 4w S g 7 Monte Carlo 2 >
HWEBREBLE > RSV UEPTHENBELE FER cORNLZF IR » 8 #7218
S| F > T LRy BEAB Y 16%K R o v R 5 b
50GWD/MTUC s34 » 5 0.7% 0k £ % 1.8% 0% & & » 54 fedirect difference

R SR AT o BB B R dek G 10 fRRGEAR 0 P R
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) 2500 i -] pF o

235U
14 O Trino Vercellese
O Obrigheim
O Turkey Point-3
A H. B. Robinson-2
1.3 1 X Calvert Cliffs-1
A Takahama-3
& TMI-1
Gosgen
1.2 4 O GKNII
e
T
T 11
c
=
©
= 10
c
()
3]
5
o 0.9 A
@)
s
0.8 A
0.7 A
0.6

5 10 15 20 25 30 35 40 45 50 55 60 65
Fuel Sample Burnup (GWd/MTU)

Bl 22 i 8 o % U-235 cha i 21 42 el 4

L M/C AR &3 B vt B

7p k& © G. Radulescu, et al., An Approach for Validating Actinide and Fission Product
Burnup Credit Criticality Safety Analysis — Isotopic Composition Predictions, International
Conference on Nuclear Criticality, ICNC 2011, 19:-23<September 2011, Edinburgh, Scotland,

Paper and Presentation material [36]

Fl* FE R AR EE DL G LT REER D ER A 7 PWR

2 BWR ch iR 2 A 2 7 R > A w47 b

BB EEFER B gk BREEDRLIE FER -
4. 12 PWR Storage Rack % 4L3f R i £ 22 3 &R

122 % 13> /2% BWR #

Burnup ? Initial wt % keff bias © keff bias Initial wt % keff bias ¢ keff bias
(GWd/MTU) 235U ° uncertainty ® 235U° uncertainty ®
5 2.08 0.0043 0.0154 2.28 0.0038 0.0148
10 2.23 0.0040 0.0152 2.49 0.0034 0.0150
18 2.63 0.0050 0.0150 3.12 0.0031 0.0145
25 2.93 0.0050 0.0145 3.55 0.0034 0.0154
30 3.21 0.0052 0.0145 4.00 0.0028 0.0148
40 3.68 0.0064 0.0167 4.70 0.0034 0.0168
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®Assembly average burnup.
®Fuel initial enrichment value is so that the keff value for the assembly average burnup is0.99.
“Positive keff bias values are typically not credited in criticality safety analyses.

Uncertainty in keff at a 95% probability, 95% confidence level.

F#L % & : NUREG/CR-7108[37]

# 13 BWR Storage Rack % 423p & i £ 22 % B R

Fuel compositions® keff bias” keff bias uncertainty ©
Actinide nuclides 0.0010 0.0287
Actinide and fission product nuclides 0.0017 0.0316

®Nuclide concentrations correspond to fuel peak reactivity achieved during irradiation.

PPositive keff bias is typically not credited in criticality safety analyses.

‘Uncertainty in keff at a 95% probability, 95% confidence level.

F# % & : NUREG/CR-7108[37]

4.2.2 EPRI 43t PWR &g * ;%

2011 # EPRI -4t 5 B¢ 2k A BE R F- k5F T 358
o g B 247 2 % (Analytical Method) 5 A s B e B ki ke T e
17 0 B 2% 5 2011 & % 7 2. Benchmarks for Quantifying Fuel Reactivity
Depletion Uncertainty #: #¥4F £ @ [38] - 4216 600 B F "ZLF R -KX F BB @
¢ F e B Rk p 2t Catawba £ McGuire T % 44 B i@ T AL
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Lattice K;, ., in Reactor Geometry

=f~In-Reactor. SCCG kinf
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Lattice Average Burnup (GWd/MTU)

10 15 20

Burnup Credit Criticality Safety Analyses—Criticality (keff ) Predictions”, NUREG/CR-7109,

2012[34]

B 23 BWR @l s i@ %] K S fe cnsg i
kL %k J. M. Scaglione and et.al “An Approach for Validating Actinide and Fission Product
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NUREG/CR-6665

Review and Prioritization
of Technical Issues
Related to Burnup Credit
for LWR Fuel

Reviewed application areas

Reviewed previous technical studies
Reviewed/identified parameters/phenomenon
Reviewed technical and licensing issues

Proposed research and prioritization

Status of burnup credit programs in other
countries
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NUREG/CR-6683

A Critical Review of the
Practice of Equating the
Reactivity of Spent Fuel to
Fresh Fuel in Burnup
Credit Criticality Safety
Analyses for PWR Spent
Fuel Pool Storage

Investigated the practice of equating the reactivity
of spent fuel to the reactivity of fresh fuel, referred
to as reactivity equivalencing for PWR SFP
conditions

Looked at normal and accident conditions, as well
as various storage configurations

Demonstrated practice to be acceptable, when
used properly

Demonstrated inaccurate and non-conservative
reactivity estimates when used improperly

NUREG/CR-6747

Computational Benchmark
for Estimation of
Reactivity Margin from
Fission Products and
Minor Actinides in PWR
Burnup Credit

Defined representative high-capacity cask
Estimated additional reactivity margin available
from fission products and minor actinides, per
ISG-8 recommendation

NUREG/CR-6748

STARBUCS: A Prototypic
SCALE Control Module
for Automated Criticality
Safety Analyses Using
Burnup Credit

STARBUCS sequence to automate burnup credit
analyses for UO2 SNF systems
Performs integrated depletion analysis,
cross-section  processing, and Monte Carlo
calculations for 3-D systems
Relevant input options to represent :
- Irradiation conditions
- Cooling time
- Nuclides relevant to burnup credit
- Axial and radial variation of burnup

Isotopic composition uncertainties
Used extensively at ORNL to study burnup credit
issues

NUREG/CR-6761

Parametric Study of the
Effect of Burnable Poison
Rods for PWR Burnup
Credit

Investigated effect of BPRs on reactivity for
various BPR designs & exposure conditions

NUREG/CR-6760

Study of the Effect of
Integral Burnable
Absorbers for PWR
Burnup Credit

Investigated effect of IBAs on reactivity, ZrB,,
UOZ'Gdzog, UO,»-Er,03, A|203'B4C

NUREG/CR-6759

Parametric Study of the
Effect of Control Rods for
PWR Burnup Credit

Investigated effect of Control Rods on reactivity
for CR/APSR designs & exposure conditions

NUREG/CR-6781

Recommendations on the
credit for cooling time in
PWR Burnup Credit
Analysis

Examined reactivity behavior as a function of
cooling time to assess the possibility of modifying
guidance recommendation
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NUREG/CR-6801

Recommendations for
Addressing Axial Burnup
in PWR Burnup Credit
Analyses

Examined effect of axial burnup on reactivity
Examined available database of profiles to:

- ldentify profiles that maximize, keff

- Assess its adequacy for use in safety analyses
- Investigate existence of trends with fuel type
and/or reactor operations

NUREG/CR-6800

Assessment of Reactivity
Margins and Loading
Curves for PWR
Burnup-Credit Cask
Designs

Examined impact of depletion & criticality
analysis assumptions on loading curves

Quantified large impact of ICFs

Confirmed need for FP credit

NUREG/CR-6811

Strategies for Application
of Isotopic Uncertainties
in Burnup Credit

Examined strategies for addressing uncertainties
in predicted isotopic comps.
- Reviewed/applied methods and data
- Bounding methods
- Best estimate methods
- Monte Carlo sampling
- Sensitivity coefficient analysis
- Direct isotopic differencing

NUREG/CR-6951

Sensitivity and
Uncertainty Analysis of
Commercial Reactor
Criticals for Burnup Credit

Examined neutronic similarities between a SNF
cask and 40 Commercial Reactor Criticals
state-points

NUREG/CR-6955

Criticality Analysis of
Assembly Misload in a
PWR Burnup Credit Cask

Examined effect of fuel misloading on keff
A variety of fuel-misloading configurations were
investigated to understand impact

NUREG/CR-6979

Evaluation of the French
Haut Taux de Combustion
(HTC) Critical Experiment
Data

Examined applicability/usefulness of French
critical experiments (Valduc) for actinide
validation

- 156 configurations with designed to mimic
4.5 wt% 235U initial enrichmentfuel burned to

375 GWA/MTU in storage & transport
conditions
NUREG/CR-6998 | Review of Information for | Reviewed information and issues relevant to

Spent Nuclear Fuel
Burnup Confirmation

pre-shipment burnup measurements when using
burnup credit in PWR SNF storage & transport
casks
The report provides a review of:
- Role of burnup measurements in the
regulatory guidance (ISG-8) for demonstrating
compliance with burnup loading criteria
- Burnup measurement capabilities
experience
- Accuracy of utility burnup records
- Fuel movement and misloading experience
- Consequences of misloading assemblies in
casks designed for burnup

and
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NUREG/CR-7108 | An Approach for Fission Products Validation, Isotopic Composition

Validating Actinide and
Fission Product Burnup
Credit Criticality Safety
Analyses — Isotopic
Composition Predictions

Predictions

NUREG/CR-7109
(2011)

An Approach for
Validating Actinide and
Fission Product Burnup
Credit Criticality Safety
Analyses—Criticality
(keff ) Predictions

Fission Products Validation, Criticality (keff )
Predictions

EPRI 1021050

Burnup Credit
Methodology

practical methodology for actinide-only and
fission product burnup credit in concert with a
methodology to validate the isotopic and reactivity
calculations.

EPRI 1022909

Benchmarks for
Quantifying Fuel
Reactivity Depletion
Uncertainty

The benchmarks consist of 11 conditions at six
different burnups and three different cooling
times. The total number of cases is 198 burned
cases and 6 fresh fuel cases.

EPRI 1025203

Utilization of the EPRI
Depletion Benchmarks for
Burnup Credit Validation

Fuel sub-batch reactivities are inferred using more
than 600 in-core pressurized water reactor (PWR)
flux maps taken during 44 cycles of operation.
Using Studsvik Scandpower’s CASMO and
SIMULATE-3 reactor analysis tools.

TR kR
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Nuclear Fuel | Type of nuclear fuel material (chemical composition)
Material Isotope composition of nuclear fuel material

Quantity of nuclear fuel material

Concentration or density of nuclear fuel material
Nonuniformity of nuclear fuel material (distribution of
concentration)

Heterogeneity of nuclear fuel material (dimension and pitch)
Kinds of coexisting materials ( chemical composition)
Concentration or density of coexisting material

Kind of neutron absorber (chemical composition)
Concentration or density of neutron absorber

Temperature
Equipment and | Material type (chemical composition)
container Density

Shape and dimensions
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Reflector Kind of reflector (chemical composition

Density or concentration of reflector
Shape and dimension of reflector

5.1.1 H/U Ratio

HIU o 8- B7 44 ehFlE > Fla H PV RED 3 g g o H4c? 3 A
e o a WAL HNAF AR5 8 T AL S M R4 F P deie it
Flod Bl 247 008 s HIU v g 8 A0 K s R FITRR 0 f kA 5 0.88
WEOORS » = e s HIU v 6% % i TR kA 5% Rle 4 B HIU W i@

BEIFAELMT o R RES A

T ”“”_11.59"35w1_
= 10"}
o~ ;
= Critical region f
E \
10— —_— —
0.88 !
- Syberitical region
A,
107
10 10" 10° 10 102 10° 10*
B 24 U-H,O =353 % 5L H/U v Lﬁ_ﬁ’k‘ﬁﬁi? g iR 2 iE
o kR : JAERI, “Nuclear Criticality Safety Hanbook, version 2, JP0150773, 2001[41]
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Bl 25 Water density vs. keff for 10% array of dry 15 kg U235 units, (a) un-reflected
(b) reflected calculated by MCNP

F# %k : Deidra Yearwood, etal. “anomal effects of moderation in transportation and storage
arrays-revisted”, proceedings of the topical meeting on Physics and Methods in Criticality Safety,

USA sep 19-23, 1993[42]
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Tk k&R : Subrata Bera, “TIC Benchmark Analysis”, presented at Joint IAEA-ICTP Workshop on
Nuclear Reaction Data for Advanced Reactor Technologies, Italy, 19-30 May 2008 [43]
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B] 29 Effect of fuel temperature during depletion on kinf (40-GWd/MTU burnup,

5-year cooling).
7 4L k&R ¢ J. C. Wagner and et.al, “Investigation of Burnup Credit Modeling Issues Associated With

BWR Fuel”,ORNL/TM1993/193, 2000 [44]
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Bl 31 Effect of moderator density during depletion on kinf (40-GWd/MTU burnup,

5-year cooling).
ok kR ¢ J. C. Wagner and et.al, “Investigation of Burnup Credit Modeling Issues Associated With

BWR Fuel”,ORNL/TM1993/193, 2000 [44]
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T4 k&R : Holtec International, “Increasing the Planar Average Enrichment for BWR fuel in the

HI-STORM 100 System”, 2005 (NRC doc. ML053460155) [45]
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] 33 Effect of BPR exposure on burnup-credit loading curves for the GBC-32 cask
4L k&R ¢ J. C. Wagner, “Assessment of Reactivity Margins and Loading Curves for PWR
Burnup-Credit Cask Designs”, NUREG/CR6800, 2003[47]
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