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1.0 JN"I'ODUCTI0N and SUMMARY ' 

The spent fuel storage raclcr in the Duane Arnold Energy Center include racks designed by the 

PaR Corporation and by Holtec International. These racks were originally designed to 

accommodate fuel of lower enrichment than might k expected to k used in the future. 'Ihe 

present study was undertaken to determine the maximum enrichment capability for safe storage 

of spent fuel in the racks. To ensure completeness, the study encompasses all of the fuel 

types cumntly in use and those planned for possible future use at Duane Arnold. Some of the 

advanced fuel designs, specifically fuel of the hi- enrichments, have not been fully 

developed and required gadolinia loadings have n u  yet been established. Howeva, it has long 

been known, and calculations herein canfirm, that the use of the infinite multiplication factor 

(k,,,,) in the standard corc geomcqg (also called core b) allows fuel acceptance criteria to be 

defined in terms of the peak corc over burnup. 

The PaR racks at Duane Arnold had been very conservatively designed and calculations 

reported hen confirm that the racks arc capable of safely accepting all fuel assemblies 

previously used or that may be used in the future, with enrichments up to 4.95 wt% U-235". 

assuming a conventional loading of gadolinia Although the design of the Holtec racks") is less 

conservative, criteria are also presented in this report for fuel with enrichments up to 4.95%. 

Results of the analyses for the most reactive fuel assembly type (GE-12, 10x10 array) arc 

summarized in Figure I .1 for both rack types, in t e r n  of the k,,, in the standard con geometry. 

The data for the GE-12 fuel consmatively bounds all otha fuel types and enrichments. 

The k, in the standard core gcomctxy is usuaLly provided by the fuel vendor 
and is defined as the infinite multiplication factor in the uncontrolled con 
geometry (normal lattice spacing) at 20" C without voids. 

** Because of power peaking, it is not likoly that fuel with averago enrichments ercredbq 
4.6% will become anJnblo in tha fonseerble future. 

- - -  
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Three different fuel types were evaluated: (1) the GE.10, 8x8 rod bundle, (2) the GE-13, 9x9 

rod bundle, and (3) the GE-12, 10x10 rod bundle. The GE-10 is currently the most pnvalent 

fuel type at Duane Arnold Figure 1.2 illustrates the effect of initial enrichments on the 

maximum reactivity in the PaR storage racks, conservatively including the effect of 

calculational and mechanical uncertainties (tolerances). Figure 1.3 mts the cornsponding 

data fur the Holtec racks. 

The criteria for acceptable storage of fuel in the Duane Arnold storage racks arc as follows: 
. . 

. I :_ .  . , . .  .. . . . . a  . . .  I .  . . . .  . . .  .:: ;:.:. .,:, . 
..:. < **: :.. ,... . 

3 . .: . ' . . . . . .  ,... . . I  ., Pithn .,:. .::.* ,, hdeivtnge -*h.&&& wowing- 
. . . .  . . . . . . .  

, '!<, , ' ,, ;. :.: ,>>' ::: , 
. , . . .  * .  . .... . . . . . .  .<:, .: . ,_ ' . . . . . . . .  . . . .  . . . . .  . . .  

.I . :: 

hR'W 
,.* 0 ,,. . . I .  

. * ' .  : . .  . . . . .  ... 

OE-10,8x8 u n y  4.45% Enrichmcat (334% Enrfchmcnt 
OE13,9x9uny 4.40% hi* . '. G.342 M c h m ~ a  
OE-12, 10x10 army 4.35% Edchmcnt (3.28% Enrichment 

p a muLDllm (peak) cold (20eC) mcmkbcd khthity l u  thn 139 for the PaR n c k  
or l e s  than 1.29 for rhc Holtcc nck in dm d r d  con peometry (wrlurtcd for 40% 
void mdon d h g  COE d~plectm), u reported by chs hd Mnda. 

Ln the PaR racks, any fuel assembly with an enrichment less than or equal to 4.95 96 that has 

accumulated a burnup of at least 4 MWD/KgU burnup (2 MWD/KgU for 4.60% hel) or more 

is dso acceptable for storage, regardless of the enrichment or number and loading of gadolinia 

rods. 

Results reported here include the effect of part-length fuel rods used in the GE-13 (9x9 array) 

and GE-12 (1Ox 10 array) designs and an presented in tams of the lattice average enrichment. 

Vendor (GE) calculations usually repan the lattice average enrichment and the cold, 

uncontrolled Ec, in the standard core geometry. In this report, when reactivities arc referenced 

to the k-infinity in the standard core geometry, an additional allowance of 0.01 Ak is added to 

compensate for any differences that may exist between the vendor (GE) calculations and those 

nponed here. 



Calculational uncertainties and manufactwkg toluaflCcs an also included, as required by SRP 

9.1.2 and Regulatory Guide 1.13 (Rev.2). A b n d  and accident conditions were also 

d d e r c d  to assure safe operation unda all QtdtIbk conditions. 

Examination of avahblc data for fuel bundles m t l y  at the Duane Arnold Energy Centa 

confirms that all fuel assemblies an well within the acceptance aftaia for storage in either the 

PaR or the Holtec racks. 

Gadolinia burnable poison within certain fuel rods in an assembly reduces reactivity during the 

early stages of bumup until the gadolinium k almost wmpletely depleted. 'lhe in 

reactivity occurs at a fuel bumup that depends upon the number and loading of the gadolinia 

bearing rods. Far a given fuel enrichment, an incmsc in either the number of gadolinia rods 

or their loading will increase the burnup at which the peak reactivity ocm and reduce the 

value of the peak reactivity. Thus, an fncrcase in the number of gadolinia rods or their loading 

will always k more conservative md thacfore acccplble. 
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2.0 ANALYTICAL CRITERIA and ASSVMPTlOKS 

Three different fuel asstmbly configurations were assumed in the analyses, as follows: 

GE-10 8x8 fud sssemblics with a single huge water rod replacing 4 fuel pins, 

GE-13, 9x9 fuel asscmbliej with 2 watu holes replacing 7 fuel rods, and 

GE-12, 10x10 fuel asscznblics with 2 large watu rods replacing 8 fuel rods. 

The GE-12 and GE13 fuel assemblies contain part-length rods, creating an army of higher 

k, 
%t 

water-to-fuel ratio ntar the top. Specifications far the fuel assemblits are snmarized in Table 
*! 
b I' 

2.1. Of the various fuel assembly types investigate& the GE-12, lOx 10 rod assembly was 
* found to be the most mctive. AII of the GE fuel a s m b l i u  have nanaal UO, blankets at each 
f.! ,. end. The calculations reported here do not include blankets, and arc based on the lattice- 

average (planar) enrichments. The blankets, therefore, do not contribute to the calculated 

rcactivities. Blankets of natural UO, would result in lower and more c o m r ~ t i v t  remivitir; 

&) for the entire assembly. Fuel cnrichnrcnu, as used in thir report, refa :c UAG cnriched 

lattices in the assembly without consideration of any axial blankets that mlght be present. 

Calculations were also made to determine the effect of m o v i n g  the zircalloy flow channel. 

Results showed a decrease in reactivity with removal of the flow channel (-0.0027 Ak for the 

PaR racks and 4.0098 Ak for the Holtcc racks). Thenfm, the reactivity with the flow 

channel installed on the assunbly yields the higher and am&oIling reactivity. 



The nominal spent fuel storage cell used for the criticality analysts of the PaR racks is shown 

in Figure 2.1. The rack is composed of 0.125 inch thick aluminum boxes of 6.156" LD. A 

Boral absorber panel is located between boxes in a 02185 inch cavity. The fuel asscmbliw 

are assumed to be centrally located in each starage cell on a lattice spacing of 6.625 t 0.050 

inches. The Boral absorbers have a core thickness of 0.080 inches with a xnbhm loading 

of 0.0232 g B-10/cma (nominally 0.025 g B-1Olcd and m clad on both sides with 0.0175-inch 

thick aluminum. 

Figure 2.2 illustrates a typical cell in the Holtcc rack, with a Boral absorber of 0.0162 

g B-10/cm2 nominal loading. The rack condst of 0.060 inch thick stainless steel boxes on a 

6,06 inch lattice spacing with a 5.90 inch inside opening. 

In addition to the assumption that the design basis information described above is concct, the 

following conservative assumptions were made: 

The racks arc assumed to contain the most reactive be1 for the case being analyzed, 
without any control rods or burnable poison, except gadolinia, as appropriate. 

The fuel assemblits were conscnatively evaluated for uniform average enrichment, 
it., the distribution in enrichments normally used in BWR fuel was represented by 
an average. 

The moderator is assumed to be pun, unboratcd wata at a temperature 
corresponding to the highest reactivity (4" C) 

Criticality safety analyses are based upon the assumption of an infinite array of 
storage cells in the radial direction, i.e., no d t  is taken for radial neutron leakage 
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Neutron absorption in minor s t r a d  dbhcrs is neglected, i.c, spacer grids arc 
8ssumtd to be npLaced by water. 

In the CASM03 model, the flow channel war homogcaircd with the immediately 
surraanding wata. 



3.0 MANUFACTURING  TOLERANCE^^^^ UNCERTAINTIES 
3.1 m w  

The affects of various manufacturing tolerances on reactivity for the PaR rach an summarized 

in Table 2.2 and include the following: 

10 1- . . The boron content of the Boral panels 

u nominally 0.025 with an uncertainty of t 0.0018 g/cm2. CASM03 calculations 

for the minimum 8-10 loading (0.0232 g/cm2) i d  the reactivity by 0.0053 

Ak (manufacturing uncertainty). This estimate was confirmed by independent 

KEN OSa calculations. 

The tolerance in lattice spacing is 0.05 inch , 

assumed to rcsult from the corresponding tolerance on the box inner dimension. 

Differential CASM03 calculations, with tho maximum tolerance, resulted in a 

reactivity increment (uncmabay) of 0.0027 Ak 

a i n e  tolerance in fuel enrichment is assumed to be 

0.055, resulting in a reactivity u n m t y  of 2 0.0022 A k  

J'olerance in UO, Density; The UOZ density tolerance was assumed to result in 

a maximum of 98% T.D. or 10.741 glcc. D i f f d  CASM03 calculations 

resulted in a tolerance reactivity uncertainty of 0.0022 Ak 

&l Eccentncik . . The fuel assemblies are nonndy assumed to be located in the 

center of the storage cell. Calculations were made assuming the assembLies were 

eccentrically positioned toward the comer of the cell creating a configuration of 

maximum eccentricity. In KENOSa calculations, the eccentric position resulted in 

a reduction in reactivity and the ctntxal position is, therefore, the more consewativc. 

- - -- 
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flow Wculatians mn made, assuming the Zircalloy flow 

channel was not present Results showed that runoving the flow channels causes 

a reduction in reactivity, and the condition with the channel installed yields the 

higher and ccmtmlling d v i t y .  

Clad: The tolerance in clad thickness is unusually large 

and M d  CASM03 calculations d t e d  in a 0.008 1 A k uncertainty. 

* m W m  Rod Calculations for the reported water rod 

thickness tolerance resulted in a t0.0003 A k mwrtahty in reactivity. 

The uncertaintics and allowances previously evaluated for the Holtec racks were assumed to 

remain applicable. Thc combined uncertalndu from reference 1 are 0.0145 A k with an 

additional allowance of 0.0 1 A k for possible Ufertnces with vendor calculatforu. 
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4.0 CALCULATIONAL METHODOLOGY - 
4.1 w e t  C& 

The principal methods of analysis w a e  the NRAWL-KWOSam code package, a three 

dimensional Monte Carlo code pachge using the 238-group SCALE cross-section library, and 

the CASM03°' code, a t w h e n s i o n a l  multi-group mncpon code for assemblies. NITAWL- 

KENOSa has been utcnsively benchmarked (see Appendix A), resulting in a bias of 0.0042 

t 0.0010 (95%/95%"'). Independent check calcuLti01u were made with the MCNP" code 

developed by the Los Alamos National L a b o r y .  

In the geometric model used in the calahions, each fuel rod and its cladding werc described 

explicitly. Reflecting boundary conditions (zuo neutron cumnt) were used in the radial 

direction which has the effect of creating an infinite radial array of storage cells. The 

KENOSa calculatiod model represented the pan-length fuel rodc in a 3dimensional 

calculation and was used to develop a c d o n  to the two-dimensional C4SM03 depletion 

calcdatioru, normalizing the results to the three-dlmendo~l model with part-length rods, 

where appropriate. 

Since Monte Carlo calculations (KENOSa) inherently include a statistical uncertainty due to the 

random nature of neutron tracking, a minimum of 1 x 10' neutron histories were accumulated 

in each calculation. Uniform average enrichments werc used in h e  analyses, primarily 

because this assumption provides conservative results and actual distributions in enrichments 

have not yet been developed for the higher enrichment fuel. Simikriy, in most caws, the 

Gd,O, n o d l y  used in BWR fuel assemblies was na included in the calculations. again 

because the distribution and loadings have nut yet been developed This approach k the 

equivalent of neglecting any residual gadolinium at the peak reactivity ovu  burnup. 

When defining fuel acceptable for storage in t e r n  of the k, in the cold aandard con 

geometry, the distribution in enrichments and the GhO, loading are of secondary importance, 
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since the core 16, and the rack k, an krth &eded+n the seme way. Thesc paramam an, .. _ . 

however, very h p t a n t  in dctaminfng the achievable pwk reactivity over bumup. lbo . : .  . .. . 
avuagc enrichment and the void content during con operation both affect the neutron spectnrm 

and am mom significant since they dinctly affect the production of plutonium during con . . 

. . . . .  
4 3  2 .. . 

.'. 
I ' 

The MCNP codeC" was used to indcpcndeatly vaiQ several of the KENOSa calculatiaru. The . . 
resulting bins conected values an b e d  below: 

A A A 
GE-10 O 4.6% E (fully rodded) 0.9448 t 0.0014 0.9442 t 0.0012 

GE-13 O 4.6% E 0.9448 t 0.00 14 0.9440 t 0.0012 

OE-12 8 4.6% E 0.9452 t 0.0014 0.9457 t 0.0012 

GE-10 O 4.4% E 0.9368 t 0.0014 0.9353 t 0.0012 

GE-13 O 4.6% E @anly roddtd) 0.9523 r 0.0014 0.9507 r 0.0012 

GE-12 8 4.6% E @artly toddd) 0.9568 t 0.0014 0.9564 t 0.0012 

%',. '. . . 
I . .  .. 
'..A . ..: 
C 

These calculations arc UI good agreemexu ( w i W  the normal satistical vuiation) urd confirm . . . . 
the nfercnce KENOSa calculations. 



5.0 ANALYTICAL RESULTS - 
5.1 Storanen- in the M Rack . . 

5.1.1 Existing Fuel Assemblies in the PaR Racks 

The rhnc most reactive fuel assemblies m n t l y  at Duane h o l d  were specifically evaluated 

in the PaR rack. These are GE-10 assemblies, with an 8x8 array of fuel rods and a single 

large water d displacing four fuel rods. Figure 5.1 shows the results of these calculations, 

confirming that the peak rcac tivity over bumup is substantially below the regulatory limit. The 

h e  fuel assemblies evaluated were: 1 

Thc three assemblies described above, and all other fuel assemblies now existing at Duane 

Arnold, have enrichments well below the ma-hum allowed for the PaR racks (see Figures 1.1 

or 1.2). These calculations, therefore, confirm that the PaR storage racks can safely 

accommodate all existing fuel assemblies within the regulatory guidelines. 

Equally important arc the data shown in Figure 5 2 ,  showing the results in terms of the k, in 

the standard core geometry for the PaR racks. These data show that, for the existing GE-10 

fuel at Duane Arnold, the racks could safely accommodate the cxment low enrichment fuel with 

a k, in the standard core geometry up to at least 1.40 (see also Figuns 1.1 and 1.2). 
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5.1.2 Fuel of Advanced Designs and Higha E~~X!~hmtnts 

Calculations were made for fuel of higher enrichments than those previously used and for fuel 

of advanced designs. For these advanced fuel concepts, neither a distribution in enrichments 

nor a gadolinia loading has been developed. In B W R  fuel, there is a need fur distributed 

enrichments to avoid power peaking problems, and, since 5.096 is the maximum enrichment 

allowed for any single fuel pin, it is not likely that a BWR fuel assembly wil l  exceed an 

average enrichment of about 4.6%. Representative calculations for all three designs, with an 

average enrichment of 4.60% wen made and the d t s  an summarized in Figuns 5.3 and 

5.4. Figun 5.3 illustrates the decrease in rcactivity with bumup without credit for gadolinia 

and indicates that a burnup of 2 MWDKgU or mon would be adequate to allow safc storage 

of any of the three fuel types. Any reasonable gadolinia loading would reduce the reactivity 

sufficient to allow safc storage. Figure 5.4 shows the relationship between the reactivity in the 

mck and the standard core k-infinite. This data shows that any fuel with an enrichment of 

4.6 % or less and a k - M i t e  in the standard con geometry less than or equal to 1 .40° would 

allow the assembly to k acceptable for unrestrlctcd storage. 

Similar calculations were also made for fuel of 4.95% enrichment in the PaR racks and the 

results are sununarirtd in Figvres 5.5,5.6 and 5.7. Figure 5.5 shows the decrease in reactivity 

with burnup and indicates that a fuel bumup of only 2 to 3 MWDIKgU would enable he1 of 

4.95% average enrichment to be safely stored. Even a minimum gadolinia loading would be 

adequate to reduce the reactivity of fuel with 4.95% enrichment to an acceptable level. To 

illustrate this, calculations wen made (Figure 5.6) with 7 gadolinia rods, each with 4.0% 

gadolinia". For fuel of 4.95% enrichment, the actual gadolinia would k expected to be 

considerably greater which would reduce the p k  reactivity in the rack 

A k-infinite limit of 139 in the PaR racks is rcmmmended in order to aammmodate fuel up 
to 4.95% enrichment (see Fire 5.7). 

" lhis loading of gadolinia is that used for fuel of 337% averago enrichment (see F*n 5.1). 
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Figure 5.7 shows thc variation in rack reactivity f o r m  three furl designs with fuel of 4.95% 

enrichment. Each fuel design is illustrated by calculations with (dotted lints) and without 

gadolinia (solid lines). The calculations with and without gadolinia arc essentially the same 

when represented in terms of the k-infinite in the standard core geometry. Thcsc data confirm 

that cd&m without gadolinia an valid when results arc u ~ e d  in terms of the standard 

core k-infinite. For the most reactive fuel type (GE12,lOxlO array), the limiting standard con 

k-'mfinite is 1.39 and any assembly with a standard core k-in£inite of 1.39 or l e s  would k 

acceptable for storage regardless of the fuel type of burnup. 

Calculations were made with fuel of 4.6% and 4.955 enrichments for all three fuel types in 

the Holtec racks, Figure 5.8 illustrates the bumup dependent mctivitiu for the highest 

enrichment (4.9596) with an assumed gadolinia loading (7 gadolinia rods of 4.0%) for 

illus~ative purposes. While this loading would bc adequate, tho actual gadolinia content, in 

number and loading, would be expected to k greater with a substantially lower peak rcactfvity 

in the racks. Figures 5.9 and 5.10 illuseate the variation in rack reactivity with the standard 

core k-infhity for 4.6% and 4.95% enriched fuel. For the limiting case of 4.95% enrichment 

in GE- 12 fuel assemblies, the recommended peak reactivity limit in the standard core gtornctxy 

is 1.29. Lnthe originalanalysis (Reference l),therecommended k-infinity h i t w a s  1.31, 

based on fuel of 4.6% enrichment in an 8x8 array. The present analysia includes the aE-12, 

1 Ox 10 m y ,  with enrichments up to 4.95 % and encompass the part-length fuel rods in the GE- 

13 and GE-12 fuel designs. 

5.3 Abnormal Condit i o a  

Reactivity consequences of accidcnt/abnormal conditions arc listd in Table 5.1 and described 

below: 



5.3.1 Temperature and Void Reactivity Effects - 
The ternpaatwe and void coefficients of reactivity an negative az Uuztratcd in Table 5.2. 

Consequently, the maximum reactivity occurs at a water density of 1.0 g/cc and 4" C was used 

as the design basis temperature. This assuns that, regardless of future temperature changes, 

the reactivities will be bounded. 

5.3.2 Eccentric Position of Fuel Assemblies 

The reactivity effect of eccentric fuel positioning was evaluated for movement of the assembly 

toward the coma of the cell, mat ing an array of four assemblies at the closest possible 

approach. KENOSa calculations c o ~ c d  that the centered position is the most mctive in 

both the PaR and the Holttc racks and eccentricity in any direction reduces reactivity. 

Dropped Fuel Assembly 

A dropped fuel assembly will come to rrst horitontdy on top of Lhc rack, separated by more 

than 12 inches from the active fuel in storage. This separation distance is more than adequate 

to assure no appreciable increase in reactivity. Thus, the reactivity consequences of this 

postulated accident are negligible. Should the dropped assembly be postulated to enta a filled 

cell venically, it could impact a stored fuel bundle. Such a vertical impact would at most cause 

a snail compression of the stored bundle, reducing the watcr-to-fuel ratio and thereby reducing 

reactivity. Consequently, a dropped fuel bundle will have a negligible impact on reactivity. 

Seismic Event 

Rack behavior under the influence of a seismic event has not been evaluated. External rack 

structure for the PaR racks would preclude close approach of the several modules or of the 

Holtec rack and a seismic event would have a negligible impact on reactivity. 

-- - - -- - - - 
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5.3.5 Fuel Mis-location Event 

In the unlikely event that an accidental attempt wsr made to place a fuel assembly outside of 

a storage rack module, the presence of rack s t r u d  elanam on the outside of the FaR rack 

would prevent the offending assembly from bcinp podtimed close to the fueL Under these 

cinumstancca, the reactivity effect w d d  be negligiblr Revim analysesa) have c h e d  

that the reactivity effect of a fuel mis-loading even! in th Halts rach h a h  negligible. 
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Table 23 

SUMMARY OF MANUFA-G UNCERTAINTIES 
IN TEE PaR RACKS 

Boral width 

Boral loading 

Clad Thickness 

Lattice spacing 

Fuel enrichment 

Fuel density 

Water Rod Thickness 

Removal of flow channel 

Eccentric Assembly Position 

- 
A 0.0053 

0.0075 

O.OM7 

* 0.0022 

0.0022 

0.0003 

negative 

negative 
-- - 

Statistical combination('' of 

uncertainties 

With KENOSa variation 

S q u m  .t of sum of qtmm of dl fndtpdcnt tolmnct &ech 

- - -  - 
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Table 5.1 

REACTMTY EF'FECTS OF ABNORMAL AND ACCIDENT CONDITIONS 

Accidcnt/Abn onnal Condition RcsrctMty Effect 

Temperature increase Negative Uable 5.2) 

Void (boiling) Negative m b l e  5.2) 

Assembly dropped on top of rack Negligible 

Assembly dropped into frllcd cell Negative or Negligible 

Movcrncnt of rack modules No effect 

Misplacement of a fucl assembly Neflgiblc 
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Table 5 3  

EFFECT OF TEMPERATURE AND VOID ON CALCULATED 

REACTIWX'Y OF STORAGE RACK I 
Cnsc Incremental RcactMty Change, Ak 1 

1 Reference Reference I 
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- - 
1 20' C 

120' + 10% void 

-- - - - - - 

4.0248 4.0263 

4.0495 4.0504 



Poak k-lnflnlto In tho Stondord C o n  Goomdry 

Flg. 1.1 Relationship between k-affective In the Rack 
and Peak k-inflnlts over Burnu In  the Standard 

Core Gaornaty (GE-12 Fuel - iooundlng ~ o n d l t l o n t )  



Initial fnrfchment, wfs U-235 

Maxtmum k-effective In PaR Racks for Fuel 
of Various Averogs Enrichments and Types 



flg. 1.3 Maxlmum k-effective In Holtec Racks for  Fuel 
of Varlous Average Enrlchmants and Types 
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Figure 2.1 Sforoge Cell Calculafional Model for fh r  Par Racks 



I - 5.90" CEU ID -! ! 
8 

I I 
I ' 

I I 
' *  - 6.060" LATTICE SPACING - 

6 $ 

I I 

Fig. 2.2 Storage Cell Calculational Model for the Holtec Racks 



Fig. 5.1 Burnup De endent Reactlvl with Exlstlng 
CE-I0 Purl in tho PaR 2 toraga Rack 
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Fig. 5.3 Decrease In Reoctfvlfy wlth Burnup In PaR Racks 
f o r  4.6% Enrlched Fuel without GadoilnIa 



k-Infinite in  the Standard Core Geomstry 

FTg. 5.4 Relatlonshlp Between Maxfmum k-affective In the 
PoR Storage Rock and  the Standard Core k-InfInHy 

(4.60% Enrlchmsnt) 



Fig. 5.5 Decrease in Reactivity with Burnup in PaR Racks 
f o r  4.95' Enriched Fuel Without CadollnIa 



Furl Burnup. M w D / K ~ U  

Fig. 5.6 Burnup Dependent Maximum Reactivi t  in the PaR Racks  
with 4.95' Enrlched Fuel and AG~-4.0' 



FTg. 5.7 Relatlonshlp Between MaxImurn k-effsctlve in the 
PaR Storage Rack and the Standard Core k-lnflnlty 

(4.9% Enrlchment) 



Flg. 5.8 Burnup Dependent Maxfmum Reactivity in the Holtec Racks 
with 4.9% Enriched Fuel and 7-Cd-4.0% 



k-lnflnlta in the Standard Cora Goomatry 

Fig. 5.9 Relationship Between Maximum k-effective In the 
Holfec Rack and the Standard Core k-lnflnlty 

(4.60% Enrichment) 



k-Tnflnlte In the Standard Core Geometry 

Flg. 5.10 Relationship Between Maximum k-effective In the 
Holtec Rack and the Standard Core k-lnflnlty 

(4.95% ~nrlchment)  



APPENDIX A: BENCHMARK CALCULATIONS 

Benchmark calculations have bocn ma& on selected critical experiments, ch-, in so fu 
as possible, to bound the range of variables in the rack designs. Two indcpeadcnt methods 
of d y s k  were used, differing in crm, d o n  t i e s  and in the treatment of the 
sections. M(3NP [A. 1 J is a continuous energy Monte Carlo codc and KENOSa [A21 uses 
groupdependcnt cross sections. For the KFNOSa s n n l p  reported here, the 238-group 
libraq was chosen, pnressed through the NITAWLII [A21 p r o m  to crute a worldng 
library and to account for resonance self-shielding in d m - 2 3 8  (Nordhcim inte@ 
treatment). The 238 group library was chosen to avoid or minimizt the errors1 (mds) that 
have been repond (e.g., IA.3 through AS]) for ulcuktions with coUapsed cross section sets. 

In rack designs, the three m a  significant parameters affecting criticality arc (1) the fuel 
enrichment, (2) the lOB loading in the neutron a b r k ,  and C3) the lattice spacing (or water- 
gap thichcss if a flux-trap dcsign is wd). Other pnmdcrs, within the n o d  m g e  of rack 
and fuel designs, hnve a smaller cffcct, but arc a h  includcd in tho analyses. 

Table A.1 summarizes results of the benchmark calcutations for al l  cases selected and 
analyzed, as referenced in the table. The efftct of the major variabla are discussed in 
subsquent sections below. It is important to note that chae k obviously considerable ovcrbp 
in parameters since it is not possible to vary a single parameter and maintaln criticality; some 
other panmeter or parameters must be concumntly varied to maintain cridcdity. 

One possible way of rcpnscnting the dm is W u g h  a speceum in&x that incorporates all 
of the variations in parameters. KWOSa computes and prints the "energy of the average 
lethargy causing fmion". Ln MCNP, by utilizing the tally option with the identical 238-group 
energy structure as in KENOSa, the numba of firdons in each group may be c o l l x d  and 
the energy of the average lethargy causing fsim determined (post-processing). 

Figuns A.1 and A.2 show the c a l c u ~  & for the benchmark critical ex-ents as a 
hrnction of the "energy of the average lethargy causing fission" for MCNP and KENOSq 
nspcctively (UO, fuel only). The scarier in the data (even for comparatively minor variation 

' Small but observable trends (errors) have been repncd for calculations with 
the 27-group and 44-group collapsed libraries. These enon arc pbably due to 
the use of a single collapsing sptnrum when the spectrum should be different 
for the various cases analyzed, as evidenced by the spectrum indices. 
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in critical parameters) represents experimental error' in performing the critical experiments 
within each laboratory, as well as between the various testing Iaboratorics. The B&W critical 
experiments show a larger experimental error than the PNL cnticals. This would be expected 
since the B&W criticat encompass a p t e r  range of critical panmeten than the PNL 
criticals. 

L inm regnssion analysis of the data in Figurs A.l and A 2  show that them are no trends. 
as evidenced by very low  value^ of the cornlation coefficient (0.13 for MCNP and 0.21 for 
KENOSa). The total bias (systematic error, or mean of the deviation fmm a k, of exactly 
1.000) for the two methods of analysis arc shown in the table below. 

The values of bias shown in lhts table inclub bah the birr &rived directly from h e  
calculated k, values in Table A.1, and a more conse~t ivo  value derived by arbitnrily 
mcating to 1.000 any calculated value that exceeds 1.000. The blas and standard error of 
the bias wen calculated by the following quaticns', with the standard error multiplied by the 
one-sided K-factor for 95 % probability at the 95% confidence level from NBS Handbook 9 1 
[A.18] (for the number of caser.analyd, the K-factor is -2.08 or slightly mom than 2). 

Calculational Bias of MCNP and KENOSa 

2 A classical example of experimental error is h e  comd enrichment in the PNL 
ex~r imen t s ,  first as an addendum w the initiaI repon and, secondly, by nvistd 
in subsequent ports  for the same fuel rods 

MCNP 

KENOSa 

These equations may be found in any standard text on elementary staWcs, for 
example, reference (A.6) (or the MCNP manual) and is Lhc same methodology =d in 
MCNP and in KENOSa. 
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Total 

0.0019t0.0007 

0.0040t0.0010 

Truncated 

0.0025 t0.0010 

0.0042 tO.OO1O 



Birr 1- I t  K o i  (A.3) 

where k, uc the calcuhtcd reactivities of n critical expchmts; oy L the unbiased estimator 
of the standard deviation of the mam (also called the standard erm of the bias (man)); K 
is the one-sided multiplier for 95% probability at the 95% ddencc kvel (NBS Handbook 
91 IA.18)). 

The larger of the systematic c r m  (truacared bii) wen used to evaluate che maximum 
values for the rack designs. KENO5a hat a slightly larger systematic e m r  than MCNP, but 
both result in p t t r  precision than published data [A.3 h u g h  A51 would indtuto for 
collapsed cross section sets in KENOSa (SCALE) calcukicms. 

The benchmark critical experiments include those with enrichments ranging from 2.46% to 
5.74% and thcnfore span thc enrichment range for rack &sip .  Figures A.3 a d  A.4 show 
the calculated k, values (Table A.1) as a function of the fuel enrichment r e p o d  f a  the 
critical experiments. Linear regression analyses'for thoc &ta confims that them arc no 
trends, as indicated by low values of the cornlation coefficients (0.026 fcn MCNP and 0.379 
for KENOSa). Thus, there art no corrections to the bias for the various enrichments. 

As funhcr c o n f i t  ion of the absence of my trends with enrichment, a typid  confi&on 
was calculated with both MCNP and KENOSa for various enrichments. The cm-camparison 
of calculations with codes of comparable sophistication is suggested in Reg. Guide 3.4 1. 
Results of this comparison, shown in Table A 2  and Figure A.5, c o n h  no dgruficant 
difference in the calculated values of for the two indcpcndmt codcs as evidenced by the 
45' slope of the curve. Since it is very unlikely that two independent methods of anal~sk 
would be subject to the same error, this comparison is ccmsi&rcd confirmation of the absence 
of an enrichment effect (trend) in the bias, 
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A.3 Effcct of '"El Loading 

Several laboratories have performed critical experiments with a variety of thin absorber panels 
similar to the Boral panels in the rack designs. Of these c5tical experiments, those pcrformcd 
by B&W m Be mast representative of ihe rack designs. PNL has also ma& some 
measurements with absorber plats, but, with one exception (a flux-nap experiment), b e  
reactivity worth of b e  absorbus in the PNL tests is very low md my significant errors that 
might exist in the treatment of stmng thin absorbers could not be revealed. 

Table A.3 lLts the subset of experiments using thin neutron absorbers (from Table A.l) and 
shows the reactivity worth (Ak) of the absorber.' 

No trends with reactivity worth of the absorber arc evident, although based on the calculations 
shown in Table A.3, some of the B&W critical experiments stem to have an unusually large 
experimental errors. B&W ma& an effon to report some of their experimental errors. W t r  
laboratories did not evaluat e heir e xpcrimental errors. 

To further confixm the absence of a signifhint trend with concentration in rhc absorber. 
a cms-comparison was made with MCNP and KENOSa (as suggested in Reg. Gddc 3.41). 
Raults arc shown in Figure A.6 and Table A.4 for r typical geometry. fitse data 
substantiate the abscnce of any error (trend) h either of the two codes for the conditions 
analyzed (data points fill on a 45' line, within m ex@ 95% probability limit. 

A.4.1 m c t o r  M u  and Spacinps 

PNL has pcrfomcd a number of critical experiments with thick steel and lead reflc~ton.~ 
Analysis of these critical experiments are listed in Table A 5  (subset of data in Table A. 1). 
I ? ~ r c  appean to bc a small tendency toward overprediction of at the lower spacing. 
although there arc an insufficient number of data points in each series to allow a quantitative 
determination of any trends. The tendency tow& overprcdiction at closc spacing means that 
the rack calculations may be slightly more conservative than otherwise. 

' 7hc ructivity worth of the a k r b c r  purls was determined by rcprting the 
calculation with h e  absorber analytically removed and calculating the inmemental 
(A k) change in reactivity due to the a b r b e r .  

Parallel exprimenu wih  a depleted uranium reflector were also performed but not 
included in h e  pnstnt anal* since h e y  rrr not penincnt to the Holtec rack dcsign. 
A lead reflector is also not dirtctly pertinent, but might be used in future d d p .  
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A.4.2 Fuel Pellet Diameter and Lattice Pitch 

The critical experiments selected for analysis cover a range of fud peUet diameters form 
0.3 1 1 to 0.444 inches, and lattice spacings from 0.476 to 1 .00 inches. In the rack designs. the 
fuel pellet diameters range from 0.303 to 0.3805 inches O.D. (0.496 to 0.580 inch lattice 
spacing) for PWR fuel and from 0.3224 to 0.494 inches O.D. (0.488 to 0.740 inch lattice 
spacing) for BWR fuel. Thus, the critical experiments analyzed provide a m n a b l e  
repentation of power reactor fuel. Based on the data in Table A.1, thcn does not appear 
to be any observable trend with either he1 pellet diameter or lattice pitch. at lust over the 
range of the critical experiments applicable to rack k i p .  

A.4.3 m b l e  Boron Concentration E f f m  

Various soluble boron concentrations were used in thc B&W series of critical expcriments 
and in one PNL experiment, with boron concentrations ranging up to 2550 ppm Results of 
MCNP (and one KENOSa) calculations m shown in Table A. Analyses of the very high 
boron concentration experiments (> 1300 ppm) show a tendency to sli~htly o v c ~ c t  
reactivity for the chnc cxperknents exceeding 1300 ppm Ln turn, this would suggest that the 
evaluation of thc racks with higher soluble boron concentrations could bc sightly 
conservative. 

Thc number of critical experiments with PuO, bearing fuel (MOX) is mon limited than for 
UO, fuel.' However. a number of MOX critical experiments have been analyzed and the 
results arc shown in Table A.7. Rcsulrs of these analyses arc generally above a k, of 1-00. 
indicating that when Pu is present, both MCNP and KENO5a overpredict the m d v i t y .  This 
may indicate rhat calculation for MOX fuel will be expected to bc conservative, cq=ially 
with MCNP. It may be noted that for the larger lattice spacings. the KENOSa calculated 
reactivities arc below 1.00, suggesting that a d l  a n d  may exist with KWOSa. It also 
possible that the ovc~pdct ion  in h, for both codes may be due to a s d  inadequacy in 
thc determination of the Pu-24 1 decay and Am-241 growth. This possibility suppord by 
the consistency in calculated k, over a wide range of the spectral index (energy of the 
average lethargy causing fission). 

6 Analysts of h e  MOX fuel critical experiments were not included in h e  evaluation of 
the calculational bias for MCNP and NITAWL-KENOSa. 
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Summary of Criticality Bencbmnrk Calcufations 

EPcrl[J d A u t  
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E i m g y d A v r  
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Tabk A1 (Cmucb)  

- -- -- 

Appendix A - 11 



Appendix A - 12 

k C.lr.trccd 
Referrace 

j=&msm= 
brkk MCNP -0% MQW KENOk 

49 I'NL7t67 (A.14 Fapcrllac~~t 214V3 - ritb nttr rmp 

50 I'NL4267 (A.15. cw 1t3 - o ppm B 

51 PNU267 &.IS) ~.rc ~n - ppm B . 

PNLS103 (A.lb) MOX Fbcl - 1Slpc 33 Eap U 

a 

4 

UQb 

UOb 

tD8 R 

3% P* 

1 0 8 R  

20% f i  

6.6% P* 

~ 7 4  

MI P* 

6.68 R 

7 4  

. 

oJ&6 

NC 

NC - 
DS44 

alldJ 

Odl17 

QAS~O 

OS1* 

NC 

NC 

0.m r lLWO7 

NC 

NC 

1- 8 MQ06 

1.0036 a QOOOd 

QWIPtMOOd 

W r o.W~ 

1 m S  r 

W M ~ M Q Q I  

1.0067 r I 

NC 

NC 

4))68 8 RDOI 1 

a m 4  am12 

lJOS7rWJO 

1OO11 t QOOll 

ISJI a 00012 

t0013rQOOXl 
r 

l ~ ~ n  r 0 ~ 1 1  

Q1)# r 0.0011 

~t~~~ 

1- r Om01 

m t  0.0010 

QJ)U r -11 

45742 

-3 

45509 

03171 

alas 

a1139 

-5 

a m 6  

Qnl) 

OSE9 

a2V.U 

54 

55 

56 

n 

S8 

59 

60 

PP&S803 (A.16) 

R%SIU (A.16) 

WCAP-33s (A.II) 

w c ~ ~ - u r s ( ~ . ~ n  

WCAP-33lS (A.17) 

WCAP.336S (A.17) 

wCAP-5MS(A.J7) 

MOX h d  - 'ILpc 33 Esp U 

MOX Fbcl - Qpe 33 E ~ L  32 

Sutoo C m  $2 PuO2 

SW,K-SZUQSL',,W, 

Sura Car # PuOZ Q#* pYd 

C m  56 k*1Jrd R O Z  

h h o C a c #  U 4 5 6 ' p W  



Tabk 14.1 (Codnad) 
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Table A 2  

COMPARISON OF MCNP AND KENO58 CAILULATED l2EACTMIlES7 
FOR VARIOUS ENRICHMENTS 

- - 

7 B a d  on the MPC-68 with the GE 8x8R. 

Apptndix A-14 

Enrichment 

3 .O 

3.5 

3.75 

4 .O 

4.2 

4.5 

k,* l a  

MCNP 

0.8465 r 0.00 1 1 

0.8820 t 0.00 1 1 

0.9019 0.001 1 

0.9132 * 0.0010 

0.9276 0.001 1 

0.9400 i 0.001 1 

I E N 0 5 r  

0.8478 * 0.OOW 

0.8841 t 0.0004 

0.8987 0.0004 

0.9140 A 0.OW 

0.9237 i 0.0004 

0.9388 i 0.0004 



Table A.3 

MCNP CALCULATED REACllVITIES FOR 
CRITICAL EXPERIMENTS WITTI NEUTRON ABSORBERS 

1 A.7 1 BkW-1484 I Core XIX 1 0.0202 I 0.9961 t0.0012 ( 0.2 103 ( 

-- - - 

Ref. 

A. 13 

A.7 

A.13 

Cakuhtcd 

0.9994t0.0012 

1.000%t0.0011 

0.9996t0.0012 

A.7 

A.11 

A .7 

A.7 

A.7 
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Envg of 
A- - 
of Ftriorr 

0.116S 
4 

0.1724 

0.1161 

A.7 

A.14 

Ak 
Worth of 
Absorber 

0.0139 

0.0163 

0.0165 

- - - - - - - 

Expertmeat 

B&W-1484 

PNL-3602 

B&W-1484 

B&W-1484 

U W -  1484 

PNL-2615 

mW-14W 

PNL-2615 

BdrW-1484 

PNL-7167 

BonlShcct 

Cora XX 

1.62% Boroclct#l 

Con XVlI 

Bod Shttt 

Core XV 

Con XVI 

Con XIV 

Con XI11 

Exp214Rfluxtnp 

0.03 19 

0.0308 

0.M86 

0.0845 

0.1575 

0.1738 

0.1931 

0.9962~0.0012 

0.994 1 20.00 1 1 

0.99 10t0.0011 

0.9935t0.0010 

0.9953 t0.0011 

02083 

0.3 135 
# 

02092 

0.1757 

0-2022 

1.0020~0.0011 

0.999 1 t0.0011 

0.1988 

03722 - 



COMPARISON OF MCNP AND KENOSa 
CALCULATED REACTMTIES' FOR VARIOUS '"B LOADINOS 

' - Bastd on 4.5% enrichment GE 8x8R in the MPC-68 cdc 

9 3 ,  gem' 
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k,# * l o  

MCNP gENOSa 



Tabla A.5 

CALCULATIONS FOR CRITICAL EXPERIMENTS WITH 
THICK LEAD AND STEEL R E ~ E ~ R S  

9 Arranged in order of i n c h n g  nfltctor-fuel spacing. 
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KBNO5r It, 

0.9992 t0.0006 

0.9964 t 0.0006 

0.9980 t 0 . W  

0.9939 t 0.0006 

1.0012t0.0003 

0.9974 t 0.0007 

0.995 1 t0.0007 

0.9947:0.0007 

0.9997 iO.0007 

0.9985 t0.0007 

0.9946t0.0007 

MCNP 

0.9980 t 0.0009 

0.9968 t 0.0009 

0.9974 t0.00 10 

0.9962:0.0008 

0.9997t0,0010 

0.9994 ~0 .00  12 

0.9969 t0.00 1 1 

099 1O:O.OMO 

1.0025:O.OO 1 1 

L .0000&0.00 12 

0.997 1 :0.0012 

Spmdm 
cm 

1.321 

2.6 16 

3.912 

n 

1.32 1 

2.6 16 

3.405 

m 

0.55 

1.956 

5.405 
L 

& w% 

2.35 

2.35 

2.35 

2.35 

4.306 

4.306 

4.306 ' 

4.306 

4.306 

4.306 

4.306 

Ref. 

A.11 

A.1 I 

A.12 

CIsc 

Stecl 
Reflector 

Sttcl 
Reflector 

L u d  
Rcfltc lor 



Table A.6 

CALCULATIONS FOR CRITICAL EXPERIMENTS WlTH VARIOUS SOLUBLE 
BORON CONCENTRhTIONS 
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Referr nct 

A .9 

A.9 

A.8 
1 

A.15 

A.15 

crlcuktca L, 

Exp-eot 

B&W-1810 

B&W-1810 

UW-1645 

PNL4267 

PNL4267 

MCNP 

1.0023 t 0.0010 

1.0060 k 0.0009 

0.99'70 t 0.0010 

0.9974 t 0.0012 

1.0057 0.0010 

Boron 
Coocclrtrotioa, 
PPm 

1337 

1899 

886 

0 

2550 

KENOSa 

o 

a 

0.9924 t 0.0006 

- 



Table A.7 

CALCULATIONS FOR CRITICAL EXPERlMENTS WITH MOX FUEL 

'O Arnnged in order of increasing lattice spacing. 

" EALF is the energy of the average lethargy causing fisia. 
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Re fwroa 

PNL-5003 
[A161 

WCAP- 
3 385 
[A. 171 

Gad' 

MOX Pud - w. NO. 21 
MOX Pd Brrp. No. 43 

MOXPJ-Exp.No.13  

MOX Pd - Bxp. No. 32 

Sum 0 032' phch 

SIXOOD 0 056' p l d  
- .  

 SIX^ 0 0.56' ptlcb b u d  

Sum 0 0 . W  ploch 

MCNP KENO 

4. 

1.00(1r0.0011 

1.W8 r 0.0012 

1.000310.0011 

1.001910.001 1 

0.999610.0011 

1 .M)M 10.001 1 

1 .OWH I 0.0010 

1.006310.0011 

4r. 
1 .MW610.0006 

1.003610.0006 

0.9989 t 0.0006 

0.9966 r 0.0006 

1.- r 0.0006 

1.0047r0.0006 

NC 

1.0133 10.0006 

W' 

0.9171 

02%8 

0.1665 

0.1139 

0.1643 

0.5289 

0.6389 

0.1520 

BALLP 

0 . W  

0.294 

0.1706 

0.1 165 

0.84 17 

03197 

NC 

0.1555 



FIGURE A.1 MCNP CALCUUTED k-off VALUES for  
VARIOUS VALUES OF THE SPECTRAL INDEX 



, , , , Unwr Regnrrlon wlfh Cornlatlon CorffloIrnt of 0.21 

Enargy of Avmmgr L e t h e w  Caurlng Flrrlon 
(W -1 

FIGURE A.2 KENO50 CALCUtATED k-off VALUES FOR 
VARIOUS VALUES OF THE SPECTRAL INDEX 



FIGURE A . 3  MCNP CALCULATED k-off VALUES 
AT VARIOUS U-235 ENRICHMENTS 



FIGURE A.4 KENO CAiCULATED k-aff VALUES 
AT VARIOUS U-235 ENRICHMENTS 



YCNP k-off Calculatlonr 

FIGURE A.5 COMPARISON OF UCNP AND KENOSA CALCUUTIONS 
FOR VARIOUS RIEL ENRICHMENTS 



Rsactlvlty Calculated wlth KENOSa 

FIGURE A.6 COMPARISON OF NCNP AND KENOSo CALCUlATlONS 
FOR VARIOUS BORON-10 AREAL DENWIES 



Cr-0 Current  Boundary 

PIGURE 9 DAEC BlrlR Spent Fuel Storqge, Dropped Fuel Assembly Acc ident  




