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I .0 INTRODUCTIO~ - CALCULATION MODELS 

- - .  

T h l s  report describes the nuclear criticality ana lys i s  f o r  the h i g h  den- 
si ty  potsoned BbR spent fuel racks o f  the Duane Arnold Nuclear Power 

Plant, 

The destgn of t h e  revised fuel storage rack compl i e s  with a l l  criteria 
established f o r  the ex is t ing  fuel storage rack as described i n  the DAEC 

FSAR. For any operat ing  o r  accident c o n d i t i o n  which i s  a deslgn b a s i s  

for  DAEC, the subcritical m u l t i p l i c a t i o n  factor [Keff i s  maintained 
below 0.95.. Thl's jncludes the worst-case pos tu la t ion  o f  a dropped fuel 

element , 

The Prjncipal Anal y t i c a f  Model 

The cr t t fca l l ' ty  analysis far the DAEC BW spent  fuel racks employs 

the CHEETAH-B/CORC-BLADE/PDQ-7 model as the basic-engi neering tool . 
CHEETAH-9'' i s  N A Y S  BkW l a t t i c e  code based on t h e  original LEOPARD 

codeC2' and uses a modlf ied ENDF/B-I1 cross sect ion 1 i brary. CORC- , 

 BLADE'^^ generates equfval ent d i f f u s i o n  theory cross sect ions  f o r  , 
tW control  b i  ade Sn bofl fng  water reactors.  The P D ~ - 7 ( 4 )  program 

the well-known few-group spatl'al d i f f u s i o n  theory code widely 

used by- the Industry. The CHEmAH-B/CORC-BLADEIPDQ-7 model , which 
I s  a l so  a part o f  the CEAHS (Lifet ime E v a l u a t i o n  and Analysis of  

Heterogeneous systems) nucl ear analysl s series o f  Cont ro l  Data  

Corporation, has been extensively tested t h r o u g h  benchmarking cal- 

cul ations o f  measured criticals as we17 as  through core physics 

calculations for severa,l operat ing  power reactors. (Table I ) 

The spent fuel racks consist  o f '  concentric square aluminum tubes 
["poison cans") with Boral located i n  the annular gap ( ~ i g u r e  1).  

The neutron absorber m a t e r i a l ,  Boral, consists o f  natural B C in 4 
an aluminum matrix core,  clad w f t h  an aluminum sheath.  The reference 

case storage rack ce l l  used i n  the calcu7ations I s  given- in Figure 2. 
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In the present study, the CHEETAH-B supercell chcsen f o r  t h e  

fast  spectrum c d c u l a t i o n  - - i s  the fuel assembly p l u s  t h e  sur- 

rounding water gap. F o r  the thermal spectrum calculation, f i v e  

sepcrate CHEETAH-B fuel p i n  cs l l  ca lcu la t ions  are made, namely, 

Internal pln ,  pertpheral p i n ,  corner pin, p i n  a d j a c e n t  to one 

water rod, and pin adjacent t o  two water rods. The peripheral p i n  

cell  calculation suppltes t h e  Tnpu t  f a s t  and thqmal f lux  spectrum 
t o  CORC-BLADE which in turn ytelds t h e  equivalent Boron cross- 
sections, The cross-sections f o r  a l l  the other material regions o f  

the reference storage rack ce l l  o f  Flgure 2 come f r o m  t h e  appro- 

p r i a t e '  CHEETAH-6 calcu7 atTon. A1 1 of these cross sect ions are i n p u t  
t o  PDQ-7. A zero current boundary condition i s  appl ied t o  the fou r  

sides o f  the  reference storage rack c e l l  t o  produce an infinite 

ar ray  e f f e c t ,  The two-dimensional, PDQ-7 reference case ca7culations 

are made f o r  f w r  n e u t r o n  energy g roups ,  two mesh i n t e r v a l s  per fuel 

p i n ,  a f l a t  U-235 enrichment d i s t r i b u t i o n  and a zero a x i a l  buck1 i n g  

to sl'mw'tate i n f t n t ' t e  fuel l eng th .  

The Verification Model 

The veri-f ication calcul atlbn employs the K E N O - I \ ~ ' ~ ~ / A H P X ' ~ ' .  model . ' 
The basic neutron cross secti-on d a t a  came f rom t h e  master 7 i.brary 

of AMPX - a 723 group GNI-THERMOS neutron library prepared from 

EtiDF/B version I1 data.  The NITAN modut e of the AMPX program i s  

used to p e r f o m  a Nordhejm l'ntegral treatment of  t h e  U-238 resonances 
accountf ng f o r  the sel f-shteldlng ef fect .  The working 7 l brary pro- 

duced by the NTTAkIVAMPX module retains the 123 group energy structure 
and f s  used dl'rectly by KENO-IV. 

In the KENO-IY calculation, each fuel an3 water rod c e l l  i s  repre- 
sented dlscretely. The array o p t i o n  o f  KENO-IV i s  a p p l i e d  t o  

arrange the box types i n t o  a matrix representing t h e  fuel assembly. 

Then a water  r e f l e c to r  regfon i s  added t o  the  outside of th is  . 

matrix, follow~d by the a l m f n m  can js te r ,  v o i d ,  and 8oral s l a b  
regions t o  comp ie te  the reference case storage rack  c e l l .  



MI 77-86 
Revis ion Q 
November 16, 1977 

To simulate the .arrangement o f  a large number o f  storage rack 
units ,- and f o r  a >&-leakage condi-ti'on tn the axial direct ions,  

a specular reflective condi ' t~bn  r's appl Ted t o  a1 1 s t x  sldes of 

t R b  storage rack c e l l  . . 
1.3 Bas-ic ' Assumpti-ons 

TO ensure t h a t  tKe anafFts- f o l f o w s  a conservative approach and 

conforms to the general gu~i'delfnes o f  crTtica1 t t y  safe ty  analysis, 
the cal cul a t-lons a r e  performed w-Ttfi tRe fol.1 owlng assumptions : 

1 .  Enrfchent:  3.1 vi[oU-235 

2. Puel : fresh and non-depleted 

3. Unchanneled Puel 

4. Minor Structural Members: 'replaced by water 
5. No soluble poison tn pool water nor f l ied  potson tn the 

fuel assembly. 



2.0 REFERENCE CASE CALCULAT~OFIS 

. - . .  - . .  . - 

2.1 Phystcal ters a n d .  the B d s k  .Storage Rack Cell Geometry 

The reference storage rack cef 1 {Pfgure 2)  7 s  a '  6.625 inch  

square. The rack cav~Pty fs made o f  aluminum andhas  an inslde 

d$nensi'on of 6.156 ihches. square. The 8x8 fuel assembly dimension 
used tn the calculatTons 7s a 5.120 i'nch square [8* rod p t t ch )  

surrounded 6y. a water gap of 0.5l8 l'nch. The Boral s l a b  wht'ch i s  

5,250 tnches wEde and ts separated fmm the rack wall by a 0.047 

inch vo-i'd, has a nomfna7 overall thfckness o f  0.125 Inch. The 

floral core, whlkfi ts sandwrkhed Getween tw alumlnum sheaths, i s  

assumed t o  have a tfiizkness o f  80 mfls and a ml'ntmum B-10 denslty 
2 

o f  0.0232 glcm . The physical parameters o f  the reference case 

c a h r l a t i o n s  are sumartzed Tn Table  2 .  

2.2 Results o f  t h e  Base Case' Cal cul a tTons  

She 6ase case for thts study 7s a CHEETAH-B/CORC-BLADE/ PDQ-7 c a l -  
cu'iatton for the 'confl'guratfm of P lgu re  2 a t  a temperature of 
B O P  accordtng t o  t h e  ealculat7cn model described Tn Sectlon 1 . I .  
Thts calculation ytelds a Kff v a l u e  o f  ,8775. The KENO-IY v e r i -  

f tcat ton c a l c u l a t i o n  glves a K v a l u e  o f  .8953+.0049 wi th  a 95% 
e f  f 

conftdence i n t e r v a l  rangfng from .8855 t o  .9051 {see Flgure 31, 

based on 20,000 neutron hts to r i es .  

2.3 Temperature Effect  

Usfng the reference storage rack ce l l  geometry, the temperatures 
o f  the pool water and t h e  fuel are allowed t o  range r e a l  i s t ~ c a - l l y  
from 68°F t o  Z129P.  The r e a c t h l t y  change, I f  any, t s  calculated 

a t  6aQF, 95°F. 12Q0P, 150aF, 180°.F, and 21Z°F .  T h e  results given i n  

Table  3 and plotted f n  Ptgure 3 ,  show a continuous decrease i n  

reactfvlty due to increased temperature. 



2.4 Yoid Ef fec t  
, - 

The effect o f  60~1 - i ig 15 3tndfed Gy. varyfng t f ie  amount o f  ~ ~ . i d s  

tnside the rack c a v ~ Y k s  f r o m  0% to 50% for a temperature o f  212°F 
Kt'th the reference gemetry. TFie results, given Trr Table 3 and 

plotted tn Pigure 4 ,  show a contfnuous decrease i n  K as the  eff 
amount of vofds Pncreases. 

. - 

. 2.5 Enri~hmentSensl'ttvi-ty 

The average enrkhent of 3.1 wro o f  U-235 used f n  thls analysis 

g b e s  an average U-235' fuel loadPng o f  15.293 grams per a x l a l  

centimeter of the active sec t i on  o f  t h e  assembly. For the purpose 

o f  determining the e f f e c t  o f  a fuel loading change, the analys is  

shows t h a t ,  i n  the range o f  interest t o  the DAEC spent  fuel pool 

facil Sty, the enrichment r e a c t i v l  ty c o e f f i c i e n t  f s approximately 
0.8%~k/0.1 W/O U-235. 

2.6 Ef fec t  o f  Boron 

The Boral s t a b  whtch separates tero adjacent fuel assembl i e s  has a 

nominal thl'ckness o f  0.125", nominal width o f  5.250", and an over- 
a1 1 l ength or hefght of 12'8". The mintmum Boral core thickness 
t s  80 mtls. The mfn~murn 8-10 loadl'ng tn t h e  ~ o r a i  core t s  guaraoteed 

2 by the  manufacturer t o  be 0.0232 gtcm whtch yields a B-10 number 
3 

denstty o f  0.006905~ loz4 atomstun (6ased on 80 nl l  s thtckness). 

Slnce'the present analysis ?s based on tRts mintmum 8-10 toadlng, 

no Baron densfty sens-i't~iqYy ?s made. However, the ef fect  o f  

reducfng the bra1 wl'dtfi Ts constdered. The POQ-7 calculattan for 

tf ie basexare conf fgurat ion  wlth the Boral width  reduced by 1/8 
inch t o  5.125 inches yfelds a Keff=.8800, or a reactivity increase 
o f  approximately 0.3%~k/0.7 25 inch Boral w i d t h  reduction in the 
range o f  In te res t .  
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3.0 ADVERSE CASES - - 

Four types o f  adverse casesare analyzed: 

1. Change In pt tch  
2. Off-center loadtng 

3. Rack mdul e j u n c t b n  - no gorat 
4, Loss o f  Horal 

3.1 .Change i.n Pitcfi 

The reactlv-fty effect of mechanRa1 t o1  erance changes caused by 

structural , fab~icat ibn,  ~'nsta l l  a t i i n  and seismf c fac tors  can 
be canservativel y determ-i'ned 6y the pitch sensi  tivtty study. 

The ~alculatfons, carried o u t  f o r  0.125" Increments, deter- 
mbe the p i t c h  reactivfty coe f f  ictent t o  be about  +0.6%~k/O. 125 

tnch pt tch reductlan tn the range o f  tnterest. The results, 

given Tn Table 4 and P-i'gure 5, also  show the  behavior o f  K eff 
tf the pitch f s  reduced t o  tts mtnimum, 1 e .  i f  the water gap 

- t s  a 1  . lowed . .  . t o 3  decrease t o  zero. The maximum %ff t s  reached 
¶ , 7  

fbr a p i t c h  o f  about 5i9375". 

The reversal of  the r e l a t i o n s h i p  between keff and. cavity p i t c h  

a t  small cav i ty  p i t c h  distances a s  shown i n  Figure 5 has several 
c o n t r i b u t i n g  factors. On the negative reactivity side,  the hardening 

o f  the neutron spectrum caused by the reduct ion  o f  the surrounding 
wat.er lowers the  k- o f  the fuel.  The relat ive worth of  the Baral 
s labs  i s  increased because: 

1. the f ixed Boral span (width) which was  assumed has'a h i g h e r  

volume fraction relative t o  the cell  a t  a reduced p i t ch ;  

2. the closeoessbetween the  Boral and the source (fuel) a t  
reduced p i t c h  enhances t h e  neutron capture  p r o b a b i l i t y  o f  the 

Baral-. 



HA1 77-86 
Revis ion  a 

a November 16, 1977 

On the other hand, t h e  removal of the surrounding water reduces 
the thermal n c i t G n  -population which can reach the Boral slabs. 
This has the effect o f  reducing the thermal absorption o f  the 

bra1 . 
In the presence of -Boral slabs interaction betwee? adjacent 

c a v i t l e s  does not  significantly e x i s t .  The reactivity o f  the 
rack i s  therefore dominated by the net effect  of the t w o  opposing 

r e a c t j v i t y  contributing groups. In fhe present sett ing,  the 
negative force i s  obvious ly  more prevalent. 

3 . 2  Off-Center Loqdinq, 

The free space existing between a properly centered fuel assembly 

and the t o p  casting a l l o w s  an  assembly t o  be loaded off-center i n  

a cav l ty .  The configuration examined i s  a 4-assembly c71~ster  w i t h  

assmbl ies loaded off-center i n  their c a v i t i e s  and preferential 1 y 

leanlng toward the center of the cluster (~igure 6). The dimen- 

sions are the same as i n  the base case. A zem current boundary 

condit ion a p p l i e d  t o  the other boundaries o f  a quarter-section 
produced the e f f e c t  o f  an i n f i n i t e  array o f  these 4-assembly 

.clusters. Tm calculations are made. I n  t h e  f irst  calculation, 

. . 
the base case cross sectians are i n p u t  t o  PDQ-7. I n  the second, 

a 'mixed" s e t  a f  crass-sections i s  used. Instead o f  the usual 
5 p i n  cell  CHEETAH-B calculations f o r  a properly centered assembly, 

there are now 8 p i n  cell calcula~ions possible i f  a dis t inc t ion  is 

made between fuel p i n s  on the wide water gap and those on the zero 
water gap (two separate peripheral pin and three separate corner 
pfn runs). The resul ts of these PDQ-7 runs are Keff=.8540 (base I 

case cross sect ions)  and ,8584 pmixed" cross sections), both well 
below -the base case value .  Hence, no adverse e f f e c t  occurs i f '  the 

assembl i e s  are loaded off-center. 
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3.3 Rack Module Junct ion - .- 

- 
There e x i s t s  a possibflity t h a t ,  a t  t h e  junct ion o f  four i n d i v i d u a l  

rack modules, four fuel assemblies may face each other wfthout  being 

separated by Boral slabs. However, since these assemblies l i e  along 

the edges- o f  the modul es , the normal separation d i  stance between 

the center of two adjacent assembl i e s  i n  twa dffferent modul es is 
- -- - 

9.37Sn, instead of  the nominal 6.625" p i t c h .  T h i s  large separat ion  

is caused by the structural design requirement. The c o n f i g u r a t i o n  

- studled i s  shovm in Figure 7. The PUQ-7 -Xeff o f  0.8537 for this 

case .indicates no adverse r e a c t i v i t y  effect. 

3.4 Loss o f  Boral 

To examine the e f f e c t  o f  a p o s s i b l e  absence o f  Boron somewhere i n  

the rack, the case o f  Figure 8 i s  analyzed.   his c o n s i s t s  o f  a 

6x9 array o f  properly centered assembl ies with one Boral slab  

mlss ing  a t  the center o f  the array. (The s l a b  i s  replaced by 

water.) The resultant PDQ-7 K e f f  value  i s  -8849. The control 
o f  bra1 materials i s  also under PaR quality assurance procedures, 
QCP-60, Rev. 6;) 
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Ho adverse r e a c t l v i t y  e f fec t  i's expected from drapping a fuel assernblj 
on tap o f  a fully loaded storage rack during fuel handl ing because o f  

the large water thickness (-10 inches) existing between. the top  o f  the 
assembl i e s  a1 ready inside the c a v i t i e s  and the dropped assembly rest ing 

on t o p  o f  the. rack- The dropping o f  an assembly o u t s i d e  o f  the rack and 

parall el t o  an assembly located i n  the outermost row of the s t o r a g e  array 

i s  a possible event because of the unobstructed water area e x i s t i n g  

between the.periphery a f  t h e  storage array and the side  walls o f  the  pool. 

A conservative analysis t o  evaluate this s f t u a t f o n  Ss illustrated i n  

Figure 9. An assembly, presumed t o  be dropped d u r i n g  handl ing,  lodges 
payall el to an assen~bl y Sn an o u t e r  cav i ty .  

These twa parallel assmbltes are a t  the mtnimum separatjan distance o f  

1.737 inches w i  t h  no Boral s la6  separatl'ng than. Inflnite water spectrum 
cross sectlons are used f o r  the water gap between the rack  and pool walls. 
The dihensions of  the rack u n f t s  and their spacing i s  the same as i n  the 

referencecase. D u e t o t h e r e f l e c t h e b o u n d a r y c o n d i t i o n s u s e d , t h e  a 

array i s  repeated i n  three dtrecttons; tfie f o u r t h  boundary uses a zero f l u x  
. condjtfon as noted ,i 'n Pl'gure 4. 

. -  . 

Vsl'ng this conservative approach, the PDQ-7 calcul a t f o n  yields K e f f =  .8643. 

A subsequent calculation w i t h  the dropped assembly replaced by infinite 

water yields Keff=.8613. Thus, the n e t  reactivity increase associated w i t h  

this accident i s  about 0 , 3 % ~ k .  
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The PDQ res-11 ts of the criticality ana ly t is  of the  spent fuel storage 
rack are smarized be1 ow: 

Keff. Nominal Case 

Dimensional and Posittonal Tolerance, ~k 

Temperature Effect ,  A& 

Baron Width Ef fec t ,  dk 

Model Uncertainty, 6k 

Design Limit, Keff 

Cal cut atianal Margin , ~ k  

TOTAL 

The keff due to mdel uncertainty comes from HAI's model benchmarking 

experience. I t  represents the maximum bias NAI has encountered when 
anal y t l c a l  results are compared with measurements i n  actual reactor  

cores. 

The KENO-IV results g i v e  a keff value o f  0.895k0.005 w i t h  a 95% 

confidence.interva1 ranging from 0.885 t o  0.905. The KENO calculation 
provides an independent verification o f  the diffusion theory analysis 

by an entirely d i f f e r e n t  calcul ational method. The agreenlent between 

the two methods is w i t h i n  the uncertainties placed on these methods, and 

hence t h e  calcul at ional  approaches have been verif ied.  
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TABLE 1 

Comparison a f  Heasured and c a ~ c u i a t e d  Rewl ts 

for - .  
Beginninq o f  Life Critical CanfiquratTans 

UTILITY CONDITION CALC. .PPM a MEAS. PPM 

NSP 

DU KE 

UTILITY 

HZP 

HZP 

HZP 
HZP 

HZP 
HZP 

BWR - - 
CONDITION CALC. ka,, 

,9994 

COLD 1.0005 

1.0012 

COLD I . oooa 
; 9994 
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TABLE 2 
- 

I .  - 
Reference Case Spent Fuel Rack I n p u t  Parameters 

Fuel Assembly (8x8, 2 water rods) 

Pel 1 et O.D. .416" 
Clad 0.D. .493" 

Clad Thickness 
Clad Material 

Fuel .Rod P l t c h  

Active Fuel length 
U-235 Enrichment 

U02 Uensi ty  

Stack Density 

\later Rod O.D. 

Water Rod Thickness 

Water Rod Material 

.034" 

Zr-2 
,640'' 

144". (will use 150") 

3 .lw/o 
95% theoretical 

93.92% theoretical 
,493" . 

.034" 

Zr-2 

b r a 1  S l a b  

. . .  Sheath thickness .022 5" 

Sheath Material A1 umf num 

Core thickness .O8Oq8 . 

Core Material Bo ra 1 
B4C density .I 85 qfcm 2 

W/O B i n  B4C 70-77Z (will  use 70%) 

a/o 3-10 i n  8 1 9 . 7 5 t  .30% (wi l l  use 19.45%) 

8-10 density .(I232 g/cm2 
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,:., TABLE 3 

Reference Case - Surmary o f  4-group PDQ-7 rejul ts, Keff as a Function o f  

Tmperature and Yoids (cavity p l t c h  = 6.625 inches) 

Reference Geometry: ' Figure 2 

Temperature O F  

32 

68 

% voids 
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Reference Case - Sunmary of 4-group PDQ-7 results, . Kejf as a funct lon af  cavlty 

p i t c h  (Temperature = 68°F. U-235 enrichment = 3.1 ~ / o  

Reference Geometry: Figure 2 

Cavity Pi tch 

inches 

6.750 

(base case) 6.625 
6.500 

6.375 

6.125 
5.723 

5.589 



Poison Can 

Boral (TYP) 
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FIGURE 1 

SECTION v A\-A\ (PARTIAL VlEv OF TOP GRlD 1 

DAEC BW Spent fuel Rack 
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- 'FIGURE 2 

- 

0./zsux 5.250'' 
NOTE: A l l  dimensions given in 

- inches, Dfagram not t o  
sca? e , 

DAEC Btat Spent Fuel Rack Geometry 
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FIGURE 6 DAEC Spent Fuel Storage, Cluster Geometry of Four O f  f-centered 
Fuel Assem61 fes 
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/d/ / / / / a  

b.500" P I  

I 

A S S E M B L Y  

OFF- C E H - T E F  

- - - -  

FlGURE 7 DAEC BHR Spent Fuel Storage'Rack Module Junction, Off-centered 
Fuel - - 
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FIGURE 8 DAEC 8)IR Spent Fuel Storage, Loss df Boral : 6x9 array with one . ,.. : Bora l slab miss fng . 
-./ 




