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1. SUMMARY

A detailed nuclear analysis has beer. performed for the new fuel storage racks for the
Surry Nuclear Power Station. The analysis cemonstrates that for all normal and
abnormal configuraticns considered, the K ett of the system is less than the criticality
criterion of 0.98 Icr 4.1 w/o 'u’-’est;ng ouse fuel asssemblies stored in the rack.

Studies were pericrmec of the effects of variations in the physical parametars of the
rack and of the fuel assembilies which could affect the nuclear characteristics. These

_variations are classifiec in this report as normal anc abnormal,

Normal variations include small changes in water Jensity, {uel eccentrically positiones
within a sioraze cell, fuel enrichment variaticn, storage cell pitch variation, and the
cumulative efiect of all of the above, the worst case normal configuration. Abnormal

rizsions inciuce effects of fuel handling incicents, large water density variatons,
dropped or compacted fuel, and cell displacement cue 10 seismicC events.

The abnormaz. variation resulting in the highest increase in the magnituce of X ,, is
efs
chosen to re ent the worst case abnormal configuration. A margin of errer
ES
resulting from calculational uncertainty is acde’ to the numerical resuits. The
calculation of K ., values was carried out vung the three-dimensicnal Monte Carle
coce KENO-IV.

Kdt values were first calculated with a very simple geometric moce! with reflecting
boundaries in the x and y directions that effectively represented a rock of infinit

lateral extent. The K eft values determined with thus simple mode! may be summarized

as {cllows:
Kd‘ of the new fuel svorage rack dry at 68°7 at
nominal gimesions 0.575
Kcif of the new fuel storage racl. incluling eilecCts
of normal variations and calculational uncertainty | 0.713

- -
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Final K ¢, of the new fuel storage rack inclucing
normal var:ations, calculational uncertainty and
the worst case abnormal configuration. 0.973

Because the resulting K .., 0.973, is so close to the criticality criterion of 0.98, a
eff . ’
further study was rerformed with a more detalec somesrical mocel with less
T
inherent conservatism. The results of the more detalled study show the maximum

Kg“ to be approximately 0.86.

These results show clearly that the Surry new fuel storage racks meet the criticality
Gesign criterion and are safe under the specilications set forth in the Stancare Review
Plan (NUREG-75/087).
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2. INTRODUCTION

The nuc'ear analysis performec for the Surry Nuclear Power Station is presented in

this report in the {ollowing orcer:

Detailed descriptions of the fuel rack and fuel assemblies 1o . ¢ stored within are
given in Section 3 including cimensions, clerances and mate-ials pertinent to the

nuclear characteristics of the locaced rack.

R N

The criticality criterion and calculationa assumptions m. de in order to show

compliance with NRC guicelines are outlineg in cetall in Section &.

Section S containe a description of the incividual criticality cases studied. The
presentatizn in Section 5 is intenced 1o expand and clarify the scope of the
nuclear anzlvsis required for compliance with the NRC guidelines guoted in
Section -,

The method of analysis and the models used to descride the new fuel storage
racks and the fuel assemblies in the various conifigurations are outlined in
Section 6. In addition, the computer codes used 10 carry out the calculations are

The results of the calculations are presented in Section 7 with their interpreta-
tion. The determination of final K g values frem calculation results is
explained and carried ou'.

A detailed parametric study versus water density, performed with 2 more complex
geometry, is presented in Section 8.

v
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3. DESCRIPTION OF NEW FUEL STORAGE RACKS

The new fuel storage facility at the Surry Nuclear Power Station has a total storage
capacity of 126 new fuel assemblies. Each storage location consists of a stainless
stee: square box 165" tall with 9" 1.D. and 1/8" thick walls. These boxes are located in
nine parallel rows, with a pitch of 21" between boxes within a row. The pitch between
rows is either 21" or 30". The storage facility has concrete walls and floor and is
normally empty of water,

The structural supports and bracing which hold the rack together and provice support
during potential s~ismic events will not be considerec in this analysis, This omission is’
justified because these stee! supports are at widely sepzrated locations and have a
fairly large absorption cross-section for neutrons so that negiecting them is conserva-
tive,

L R TR I s I SR
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8. CRITICALITY DESIGN CRITERION AND
CALCULATIONAL ASSUMPTIONS

4.1 CRITICALITY DESIGN CRITERION
The position of the NRC regarding the criticality of new fuel storage (Ref, 1) is as
follows:

"The design of the new fuel storage racks will be such that Kef! will not exceed
0.98 with fuel at the highest anticipated enrichment in place assuming optimum

moderation.”

This guide is adopted wi.hout modification as the criticality design criterion for the

- Surry new fuel storage racks,

4.2 CALCULATIONAL ASSUMPTIONS

The follcwing conservative assumptions have been used in the criticality calculations
performed to verify the adequacy of the rack design with respect to the criticality
design criterion.

I. The rack is assurned to be infinite in lateral extent,

2. The pitch is assumed to be 21" throughout, whereas in fact some rows are spaced
at 30".

e A -
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5. CRITICALITY CONFIGURATION

To verily the adequacy of the Surry new fuel storage racks for storage of §.1 w/o fuel,
it is necessary to cdetermine muitiplication constants ts corresponding t¢ the cilierent
arrangements or coniigurations possidie within the racks. These arrangements or
configurations are classified as either normal cor abnormal configurations. Normal
configurations incluce the reference configuration, small water censity variatcns,
eccenmicilly positioned fuel, fuei design variation, fuel rack cell pitch variation anc
the combination of these effects termec the worst case normal configuration.
Abnormal configurations result from accicents and 'sturbances not nermally encount-
ered. These incluce fuel hancling accicents, large water density variations, fuel ¢rop
accicant, seismic incicent and the worst case abnormal condigurations.

NORMAL CONFIGURATIONS
5.1.1 Relerence Configyration

\m
-
-

The relerence configuration consists of an infinite array of storage cells havirg
nominal cimensians, each containing a [5xi5 Westinghouse fuei assembly of &.]

w/o enrichment positioned centrally within the cell. The storage celis are
spaced 21.0" on czanters and consist of square cans with a2 9.0" L.D. an¢ a 1/28"

wall thickness.

The new fuel rack and the “uel assemblies are at 68°F. The reierence
configuration is shown in Figue 5.1,

3.1.2 [Eccentrically Positioned Assembiies
It is possible for a fuel assembdiy not twc be positioned centrally within a storage
cell because of the clearance allowed between the assembly and the ceill wall.
This clearance is nominally 0.2775" on each sice of the fuei assembdiy, The worst
eccentric positioning occurs if four adjacent assemblies are displaced within
their storage cells as far as possibie towards each other,
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5.1.3 Fuel Design Variation

Since 4.1 w/o is the highest enrichment expected to be used at Surry, no
calculations have been performed to determine the effects of enrichment
changes.

5.1.4 Fuel Rack Cell Pitch Variation
Calculations were performed to determine the sensitivity of Ketf to change in

pitch, the center-to-center spacing between storage cells. The pitch vas varied
2" above and 2" below the nominal value of 21",

5.1.5 Low Density Mo&erater Variation

The variation of atmospheric humidity in the rack causes a slight variation in
moderator (HZO) density. The sensitivity of K, to the variations in H,O
density over the density range from 0.0 to 0.01 gm'cc was evaluated and is
included under normal configurations. The upper limit of 0.01 gm/cc was chosen
deliberately high to assure conservatism.

5.1.6 Worst Case Normal Configuration

Since any of the above normal configurations can occur simultaneously, it is
necessary to evaluate their combined maximum adverse effect,

The result is the worst case normal configuration. As the name implics, it
represents the state of the rack under normal conditions which has the largest
K sy Value.

ABNORMAL CONFIGURATIONS

52.1 Fuel Handling Incident
In some fuel storage racks it is possitle during fuel handiing to inadvertently

position an assembly beside the loaded rack in a clearance space between racks
ot between storage locations within a rack. In the case of Surry new fuel racks
however, a steel cover or platform located above the storage cells prevents this
incident from occurring. Consequently no calculations have been performed for
fuel misplaced in the rack. ' :
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5.2.2 High Mode-ator Density Variation

Accidents such as fire, pipe break, etc. can result in the presence of foams,
steam, water and other materials containing water in the new fuel storage area.
Under accident conditions it must be assumed the density of water can take any
value from 0.0 to 1.0 gm/cc. Therefore, the variation of K ., over the entire
range must be evaluated. Since low water densities from 0.0 to 0.01 gm/cc are
included urder normal configurations, only densities from 0.01 gm/cc to 1.0
gm/cc will be considered as abnormal configurations.

52.3 Fuel Drop Incicent
A fuel asser.oly could be dropped during insertion or removal from a storage cel!

and compacted within. A configuration is, therefore, considered in which one
storage location contains compacted fuel. For simplicity, this was modeled as 2
worst case situation in which each location was filled with compacted fuel.

5.2.4 Seismic Incident
The effects of a seismic incident are evaluated in terms of pitch variation

caused by storage cell displacement.

5.2.5 Worst Case Abnormal Configuration
The worst case abrarmal configuration is taken to be the single abnormal

configuration which results in the most adverse effection K ...
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6. CRITICALITY CALCULATION METHODS

Calculations in this analysis were performed with KENO-IV using 16 group Hansen
Roach cross-sections. The HAMMER coce was used as a check for accuracy. This
section contains information regarding computer models and codes.

6.1 METHOD OF ANALYSIS

It was stated in Section 4 that the rack was modeled as an infinite array. This was
accomplished by modeling one quarter of a storage cell containing one quarter of a
fuel a2ssembly and the associated water region surrounding it (see Figure 6.1).
Reflecting boundaries on all four sides make this model the equivalent of an infi.ite
array in a horizental plane. In the vertical direction, nonrefiecting bouncaries are
loc2ted below the floor, a concrete slad, .nd abave the top of the storage rack.

The 6.1 w/o 15xi5 Wesiinghouse fuel assemblies were modeled using the values shown
in Table 6.1. Indivicual fuel pins were represented as concentric cylinders 2f L.’Oz and
zirconium clad (see Figure 6.2). The pellet diameter is assumed expances to ecual the
clad inner diameter, thus eliminating the pellet-clad gap.

6.2 COMPUTER COLTS
6.2.1 HAMMER
HAMMER (see Ref. 2) is a multigroup integral transport theor; code which is
used to calculate lattice cell cross-sections for diffusion theory codes. This coce
has been extensively benchmarked against 020 and light water mocerated
lattices with good resuits.

6.2.2 KENO-IV

KENO-IV is a 3-D multigroup Monte Carlc code used 10 determine X . (see Ref.
3

KENO-IV has been benchmarked against critical experiments consisting of
typical light water reactor fuel lattices. Results (see Ref. 5,6) show KENCQ-IV to
be conservative for these configurations.
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6.3 UNCERTAINTIES AND BENCHMARK CALCULATIONS
The uncertainties in Monte Carlo criticality calculations can be divided into two
classes:

l. Uncertainty due to the statistical nature of the Monte Carlo methods.
2. Uncertainty due to bias in the calculational technique.

The first class of uncertainty can be reduced by simply increasing the numter of
_heutrons tracked. For rack criticality calcuations, the number of neutrons tracked is
selected to reduce this errcr to less than [%.

The second cluss cf uncertainty is accounted {or by benchmarking the calculational
method against experimenta; esults. In the benchmarking process, the calculational
me=od is used to determine the criticality value for a critical experiment configura-
tion. The difierence between the calculated criticality value and the experimental
value is identifiec as the calculational bias. Once determined, this bias can bz applied
to other calculational results obtained for simiiar configurations to improve the degree
of caiculational accuracy. If the calculated criticality value found during benchmark-
ing is less than the experimental value, then the bias is added to other calculational
results to ensure a conservative criticality value consistent with experimental results.
Conversely, if the calculational criticality value is greater than the experimental
“value, it is appropriate to subtract the bias from the other calcu!ated results to
improve the accuracy of the criticality determination.

Both HAMMER and KENO-1V have been tenchmarked at NES (Ref. &) and found to be
accurate in a'l cases to better than +1% of the experimental Kegs Value. Benchmark
calculations performed outside NES confirm these findings (see Ref. 5, 6).
Calculations in this analysis were based on KENO-IV. To check the accuracy of
KENO, fuel pin k  values were determined using both KTNO-IV and HAMMER and
then compared to assure their agreement t¢ within 7., Sus HAMMER was used

solely to check accuracy. i

————— i
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Fuel Type

Fuel Enrichment

UO2 per Assembly

C’2d L.D.

Clad O.D.

Clad Material

Pitch Between Rods
Active Fuel Length
Array Dimensions
Guide Tube Material
Fuel Rods per Assembly
Guide Tubes per Assembly
Guide Tubes, 1.D.

Guide Tubes, O.D.

TABLE 6.1

FUEL PARAMETERS

15x15 Westinghouse Fuel

4.1 w/o
112216
0.3734 inch
0.422 inch
Zircaloy-4
0.562 inch
144.0 inch
15x15
Zircaloy-4
204

2]
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7. RESULTS OF CRITICALITY CALCULATIONS

Calculations performed with KENO-IV to evaluate Keﬁ for the configurations
described in Section S resulted in a final Keff value which is below the design limit of
0.98 imposed by the criticality criterion. The final value of Ke!f = 0.973 allows for
variations due to nurmal and abnormal configurations and the effects of calculational
uncertainty.

7.1 REFERENCE CONFIGURATION
The Kass
was 0.474 with an uncertainty of +0.006 at the 35% confidence: level.

determined by KENO-IV using the 16 group Hansen Roach cross-section set

7.2 K_,. VALUES FOR NORMAL CONFIGURATICNS

eff

7.2.1 Moderator Dansity Variation from 0.0 to 0.1 gm/cc of Hzg

An increase of water density in the rack from 0.0 to 0.01 gm/cc resulted in a

LK .. of §.233 (see Figure 7.1 ana Table 7.1).

el-

7.2.2 Fuel Assembly Pitch Variation
The pitch was varied up and down by 2"; decreasing pitch by 2" caused an

increase in K eff of 0.043. The results of pitch variation are shown in Figure 7.2
and Table 7.1. Since the average pitch in the rack is substantially greater than
the reference value of 21", no allowance for normal variat.on in pitch will be
macde.

7.2.2 Eccentric Fuel Location
In the worst case of eccentric location of fuel assemblies, four adjacent

assemblies will be located in the corners of their respective cans such that all
four are as close as possible to their three neighbors. In such a case, the pitch
between these four neighbors will be reduced by 2 x 0.2775" where 0.2775" is the
assembly to can wall clearance.
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This case can consrrvatively be represented by a configuratior. in which the
average pitch of the whole rack is reduced by 0.555 inches. The average pitch of
the rack is much greater than the 21" assigned .0 the reference case because
some gaps are 30". Therefore the reduction of 0.555" for eccentric can be
ignored.

7.2.4 Worst Case Normal Configuration

The Keﬁ for the worst case normal configuration resuits from the sum of the
AK's due to normal variations added to the K ., for the reference configuration.
A

Kess for the worst case normal configuration is determined as follows:
Kagg of reference configuration ' 0.474
8K ¢ Cue t0 moderator density variation 0.232
4K eis GUE O pitch variation 0.00
AKex’f cue tc eccentric fuel positioning 0.00
- = 22
Total &K ¢ = 0.233

Adding this value to the reference Keﬁ gives the value for the worst case
normal configuration: :

'(eﬁ = 0.474+ 0.233
= 0.707
K_,. FOR ABNORMAL VARIATION

eff

7.3.1 Moderator Density “ariation from 0.01 gm/cc to 1.0 gm/cc of_l-{_zg

Variation of H,O density from 0.1 to 1.0 gm/cc resulted in a K . of 0.260 (see
Table 7.1 and Figure 7.1).

7.3.2 Fuel Drop Accident
The accidental drop of a fuel assembly resulting in its being compacted in its

storage location was modeled by increasing the pellet O.0' of ai! fuel contained
in the rack by 10%. Densities were maintained at their reference values for

conservatism. AK for this configuration was found to be 0.06.
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7.3.3 Seismic Incident

Rack pitch variations Cue to a seismic event are limited to approximately + 0.25
inches. These deflections would likely be in random directions. lf, however, we
assume they combine in the worst case to reduce the average storage cell pitch
0.25 inches, it remains clear the effect on Keﬁ is small.

Interpolation from Figure 7.2 shows the AKeﬁ for a pitch change of 0.25" to be
about 0.005 AK.

7.3.4 Worst Case Abnormal Configuration

abnormal configuration in combination with the worst case normal K eff The
most 2dverse abnormal configuration (large moderator density variation) has a
AKeff of N 260 which when added to the worst case normal K‘=ﬁ of 0.707 results
in the worst case abnormal Keﬁ of 0.967.

7.4 EFFECTS CF CALCULATIONAL UNCERTAINTIES

The statistical uncertainty due to KENO-IV is + 0.006 at the 95% confidence level.
The bias for KENO-IV using 16 groups is negative; in other words, KENO calculates a
Kggs higher than the actual Kegs ©f @ critical experiment. This bias is neglected for
cor.servatism.

The total effect of all uncertainties is taken as + 0.006. When added to the worst case

abnormal K £ of 0.967 this results in a final K':ﬁ including uncertainties of 0.973.

ef

The worst case abnormal configuration considers the AKeﬁ of the most adverse
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Modeled
Configuration

Reference
Configuration

Moderator
Density

Variation

Average Moderator
Storage Cell (Water)
Pitch Density
(inches) (pm/cc)

21 10°8

21 1076

21 10’

21 107"

21 10™?

21 102

21 107!

21 1.0

19 1078

23 T

TABLE 7.1

RESULTS OF Kegf CALCULATIONS

Fuel
Enrichment

(w/o)

4.1

u’l

4.1
h.l
4.1
4.1
4.1
4.1

4.1

eff

0.47%

0.475
0.486
0.473
0.514
0.707
0.967
0.873
0.017

0.446
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8. DETALLED PARAMETRIC STUDY VERSUS WATER DENSITY

Because the peak Keif 0.97:3, found in Section 7.4, was so close to the allowed
criticality rriterion of 0.38, and also because it is possible that a somewhat * igher
value Tught exist in the neighborhood of the peak shown in Figure 7.1, a further
parametric study was performed with a2 new, moare cetalled geometric moce! for
KENO.

This medel, instead of being infinite in later: extent, represents the north-south axis
of the rack, with the east-west axis remaining infinite in extent (see Figure £.1). This
representaticn does two things. First, the actual spacings (pitches) between rows are
not all 21" but are either 21", 30", or 40", as can be seen from the figure. Second,
since the rack is now finite in the north-south axis, 2 substantial leakage will occur out
the north and south faces of the rack, especially at low water densities. (This mocel
was N0t use< at the start of the work because of the increased complexity anc <ost.)

The results of a detailed paramertric stugy of Keff versus water density in the vicinity
ef 0.1 gms/cc are shown in Figure §.2. It is seen that there is indeed a peak Keass
somewhat higher than the value at 0.1 gm/cc located at about 0.06 gm/cc. The ralue
of Keﬁ at this point using the more realistic geometric mode! of Figure 8.1, is 0.396,
which is substantially below the peak K off of 0.567 reported for the simpler mode! (see
Figure 7.1) and also substantially below the criticalicy criterion of 0.58.

The final K, for the more detalled geometric model considering the KENO
uncertainty of + 0.006 is

0.896 + 0.006 = 0.902
A further reducticn in the calcuiated K .y
pool were modeled ins*ead of being taxen as infinite in extent. Such a calculation was

would occur if the east-west axis 3 the

not performed because of the great complexity and cost of such a large three-
dimensional problem but simple buckling estimates show a further reduction of Ke“ of
about 0.0% would be realized. That is, the final Kef: for the Surry racks calculated
with a geometry modeled in all three dimensions would be approx. nately 0.862.

ECAMENES 205 2/80
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