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Abstract:

“Thi§ feport sunimarizes ‘the fmdmgs froni loss-of-coolant i mvemory analyses for pressurized

water:redctor (PWR) and bmlmg water-reactor (BWR) spent fuel pools.(SEPs): ‘The important

strategies for mitigating the consequencés-are discussed. Tliedata uséd to perford these

calculations were developed. frorti an operating: BWR and-an operaung PWR.. The extensions:of

-the findings to other SFPs: are discussed. The analyses were performed using the MELCOR

Sevére accidéit analysis code and the F LUENT and FLOW-3D computational fluid- dynamzcs
‘codes:
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EXECUTIVE SUMMARY

In 2001, United State. Nuclear Regulatory:Commission (NRC).staff performed -an evaluvation of
the- polential dccident risk in a spent: fuel pool- (SEP) at decommilssioning.plants in; the United
States:[NUREG-1738]. ‘The study Was prepared t6 provide a technical ba51s for
decommissioning rillemaking for: permanently shutdown nuclear;power plants. The study
described a modeling-approach of a rypical decommissioning plant with:design:assumptions and:
;mdustry comxmtments lhe thermal-hydrauhc analyses performed to evaluate spent fuel stored in
;the consequence calculatmns -and the 1mphcat10ns for decomm1551omng regulator)n
requirements. It wasknown that somie of the assumptions-in the accident progression in-
NUREG-1738 were'conservative, especially the-estimation of the fuel damage. Subsequently,
the NRC desired to expand the study-to include actidents.in'the spent fuel pools.of apérating
power plants. Consequently, the,NRC has continued spent fuel pool accident research by
,applymg best=estimate corripiiter codes.to predict the severe:accident progression following
varioiis postutated accideni initiators.

Twio reports were: prépared that described the response:ofia; boiling water reactor’ (BWR) spent
fuel'pool to accident. conditions (i.e., [Wagner, 2003} and [Wagner,.2004]). The National.
Acddemy of Sciences. (NA%) revxewed thé reports and offered recommendations to' improve the
-ﬁdellty of the work: [Lanzerotti, 2006]. Since that fime, NRC has:continued conducting research
tor improve their understanding of SFP accidents: mcludmg pressurized water reactdr (PWR)
spentfuel pools. Sincethe original calculations were performed, several-new enhancements;
‘have been:added to'the MELCOR computer:code that-improved the simulation of the SFP.
configuration [Gauntt]. In addition, new data ‘and assembly’ drawings have been obtairied ds:part
of the Sandia National Laboratories: (SNL) SFP: experimental testing program that improved . the
accuracy of the physical and hydrauhc répresentation. New studies have been completed which
updated the-analyses-of tlic ‘BWR:SFP (i.e., [Wagner, 2005a] and [Wagner, 2006b]) Other
studies were performed 1 analyze PWR SFP résponse to loss—of-coolant Invenigry ¢onditioris’
[Khahl 2005] [Wagner 20053] and [Wagner 2006¢)). Finally, a study was:performed to-
analyze emcrgency spray | cffecuvencss in a BWR SFP [Wagner 2006a] The purpose of thc

discuss their apphcahon to other plants.

The data'used to perform the 'SFP calculations were deéveloped from an«operating BWR and-an
operating: PWR. The reference: plants are typical of many with.fuel in the'SFP from. seveml
decades old to the most recent offload. The reference: plants discharge oné-thifd (o oné-h

s the reaclor Fuel each outage. Both plants have begun a dry or.on-site fuel siorage prograrr

© feN2)High ‘ ]The BWR plant:rémoves an
"equivalent amount of various'aged fuel between outages for storage in dry-casks, thereby
maintaining:a relatively.constant’; number-of assemblies ifi the:SFP; Bth plant’s:SEPs are
rélatively- full'but have sufficient.storage for-an'emergency-offload ofall the.fuel from the
reacior. A schematic of the reference PWR and BWR spent: fuél pool buildings are shows in
Figure ES-1 and ES- -2,;réspectively:
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“Figure ES-1. Schematic.of Reference
Pool.

PWR Fuel Storage Building showing the:Spent Fuel
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“The pirpose ¢ of theprevicus shidies wasito evaliite the. response of-a:SFP to:a loss-of-coolant
invenitory accident. The-accidenis’ are initiated with aJeak inithe SEP. Once:the waterlevel has.
Ex, 2 .;rcached?b)‘-’-)"“g” there:would be inadequate: cooli'n‘g‘ The:studies analyzeda
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variety of scenang variations and phénomenplogical uncertainties:to: 1dcnhfv the most important:
factors:affecting the progression. Based on the: ‘insights from:the studies; the followmg topics
were identified that can help to.mitigate:loss-of-coolant inventory accidents,

Make-iip water-and leak repair

‘Well organized (i.e., dispersed) fuel configurations
Emergency sprays

‘Building ventilation

Pool conﬁguranon

Miscellaneous othier factors

. 6 e & @

‘The key findings for each topic.are discussed'below based on insights:from:a.wide range of
'separate-effect and integral calculationsfor both BWR and PWR SFPs. The:separate effects
calculations were.an éxariiiiation of one to'a few assernblies with: Spemﬁed boundary conditions,
-which gave the best control to:simulate localized phenomena.. The integral calculaiions.
simulated-the entire. SFP.and surrounding buﬂdmg, ‘which gave' msnghts into.global: phenomena
‘Values are cited in'the report for both BWR. .and PWR SFPs, and for integral calculations and
'separate:effects calculations, depending, on ‘which analysés are most relevant for the: gnven point’
‘being made. However, the'trends were qualltanvely similar for-the reference PWR and the
reference BWR. Specific timings and other quantitative valies should be.viewed as
vapproxxmate s vanahon m poo] desxgn, fuel desxgn, bmldmg desxgu, computanonal modcl

:sensmv:ty of the results to these physxcal and modehng vanatlons are; extenswely studxed ifi the
previous feports-cited heréin.

‘Make-up. water and 1eak répair
‘The miost bvious solution to-a'loss<of-coolant inveniory-accident cansists of leak repiir and
.make-up waler. The NRC;-along: with indistry, has’ identified potentiil water sources-to the SFP.
‘Varioiis size leaks were sunuiated, which permitted calculation of the level response:and water
requirements. While not directly addressed in:this study there are obvious benefits:ffom
.émergency leak repair. If the léak can be repaired prior: to:the water level dropping{?/ah

{ei2High Tl miodest make-up
f!owf{‘”“zﬁ"“!!h |is réguired to remove decay- heat from the re ference BWR or PWR at 30:days
following shutdown.

If there was a leak that complétely drains'the SFP, then adding make-up water could:cover the:
‘bottorn:of the rack and ‘preclude naiural circulation flow. Depending upon several factors (é.g,,
fuel age, storage conﬁgurauon presence of a flow-dowrnicomer,. adequate ventilation, eic.), the
fuel .could be coolable with-air ventilstion: Once:the air convection is:stopped With the make-up
flow, the heat removal-decreases.and.the’ fuél:will hear more quickly.. Hence, with heatremoval
due 16 4ir convection, the make-up flow must fill the pool above thef*(Hih ‘
before:the fuel heatsto ignition conditions, whlch may require:a vezy igh capacity flow system:
As will be discussed latér, a uniformispray flow that provides topdown cooling could’provide
sufficient, coolmg ata much lower flowrate.
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‘Wellér igmzed i.e.. dispersed) fuel-configurations

A significant- effort in the SFP.studies was; :speit identifying and. quannfymg the response of

different fuel: conﬁguratlons Ap-arrangement that placed all:the most recently-discharged fuel -
gassembhes ina. cormguous pattem was lhe Ieaat erfectwe pattem to.store the fuel ‘Radial heat

."SIgmﬁcamly 1mprove t.be assembl)- s coolablhtv or timing to 1gnmon For example Table ES-1
-shows the gain$ from-a umform -pattern of recently discharged assemblies.to other betier:
-configiiréd arranigements in.a‘complete loss-of-coolant accident. If the most recently discharged,
highest:powered assemblies aré surrotiided by assemblies‘ator below thie- medlau SFP assenibly
decay power, then thers aré: substantial: :gains in the'minimum amount of* atrmg for-coolability for:
a checkerboard or 1x4 pattern. Similatly, if the: ‘highest-powerediassemblies. ate surfounded with
empty cells, the rmprovements arg also: sxgmﬁcant In:summary; speni-fuel assemblies from the
most recent offload stored in a.non-dispersed patiern (e.g.,.a uniform region of hig "-owered

Ex.Z.  assemblies) are.not coolable’ oy 2I2IHigh rersus-being coolabile after just® i
-a X4 configuration: (see Fi 1gure ES-3)1 na complete loss-of-coolant accident.

Compamnve partial loss of-coolanl calculauons were also performed for dnsperseduand non--

Ly-1 BWR whole J)OO[ calCulati‘ons with ; (2High
Eq 2 Eb)(Z)High ‘ showed an decrease fromf®@Heh |from
o (‘Ej(:}elﬁT -of fission product releases for the,actual (1.c,, a fairly-well-dispersed. conﬁguratxon) o
Eaq, [oNAMEN Ef'or poorly dispersed-configuration.
Table ES-1. Summary of BWR and JPWR Coolability Aging Estimates for
Assemblies.in’ Air.

[fei@rian - | |
.z

ZNotes ’

A. The-calculations dssuined a compleéte: and rapxd loss-of-coolant inventory from-the
‘SFP. There are: .many other.assumptions in'these calculations that are, caref"ully
outlinéd in-the.main report and. prévious studies but they illustrate the relative
gains, achievable for well-configured pools:

B. The BWR resulis with adjacent empty-cells are based ona slightly older modelirig
.approach but:are bélieved to-be represetitative.
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Ex.2
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4 Low-powered
Surroundmg Assémblies

| Highi-powered
Center Assémbly

‘1x4 Repeating Pattern 1x4:Separateé Effects Model
Figuré ES:3 Examplé of a Repeating Pattern for 1x4 Assémbly Conifigrations.,

‘Emergency sprays
Eniiergericy spray. calcinlations were performed-to cxamine:the efféctiveness of spray: coolmg in

the reference BWR: SFP for loss-of:cqolant inventory accidents. Based on iniput from the NRC,
F"’m“‘g” ]was assumed for spray initiation and - spray. flow rate.of N9 Lac
“employed-for the majonty of calculations: fh)@)’*‘gh _ ]
foN2)High. T
bi(2)High
A summary:of predicted. fuel coolability is provided in Table ES-2 for af

WEHEE Tfollowing shutdown. Fora: configuration in- whicki the recgntly-offloaded fuel has.been

—dispersed (i.£7 8.1, 4 oF checkerboard pattem) a spray ﬂow rate o ‘”)‘2"'"9“ tpt()\'lded adequate
b)2)High A

cooling .

digpersed (i’e., uniform fuel loading) is not coolable but becomes coolable at-approximately

ForR)High followmg shutdown [P)(2High L ,

necmsa:y 10.¢006] ‘a-uniform configuration, aquNZ)High following.shutdown.
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‘Table ES-2 Summary of BWR' Coolabllnty Agmg Estimates for Assembliés in Air witly’
Spray Mmgatxon .

{Toxaian

Ex. 1

"]'he résults preseited above are for the reference BWR SFP. The results are expccted to be
.representative of pressurized-water reactor. (PWR) SFPs as well, ‘based.on'simple scaling
‘arguments: For exteénsion to- other. SFPs, the spray flow rate must be- scaled to- provide. the same:
flow per asscmbly as the reference calculations.

The emergency’ ‘spray calculations identified'some combinations-of’ leakage rates-and spray
flowrates that would faintain 4 pool level above the bottomiof the pocl racks. When thié inlet 6f
the pooliracks'is plugged with:water, ‘the phenomena.and thermal response for-cases with the.
inlet plugged: by the water:level are-different than the response when there is.air flow in thie.
assémbly. ‘Most impoitaiitly; . the'blacked inlet; conﬁguratlon substanually decreases the
-assembly heat removal. However, the spray: calculatxons with:a'plugged: irilet showed & much.
less 51gnnﬁcant 1mpact aﬁer the Spray mltlanon The spray ﬂow source: prov:ded anactive heat

-‘Bulldmg ventilation
In comiplete Ioss-of-coo]ant inventory, scenarios, air: citculation ipatETis: dev clop that €irculate air

inito- the SFPand through the:spent fuel assemblies: Ifthe building hedt removal is inadequate,
‘thén the room will heat as well as: the air crrculatmg th:ough the spent: ‘fiel pool racks. -At:steady
conditions, the‘decay heat power-of the SFP must be removed by-the ventilation’ system and/or -
‘building leakage. In the réferénce plast SEPs, the:total-pool decay: heat ranges from<3 MW.at
20.days to <1 MW at'one.year. In the absence-of in addition to-a forced ventilation system, the.
ideal véntilation configuration: ‘would.supply: cool-air at the bottom of the room Mth the SFP and
«éxhaust air from above the SFP. [PX2High '

)N2)High” ‘
Ex 2 f -

Fb)(g)ngh — {1In both the;
_ reférénce plants, nominal-leakage-and'Heat loss. through the walls and ceiling provided:a




.. o _significant amount of heat removal. [B2)High ’re
RN O
In pamal loss-6f-coolant inventory corniditions where there 1% no air flow-throii gh the assernblies,
the'tole of ventilation is not:a significant factor for coolability. The assembly heat removal
occurs by boiling below water leve! and steam ¢ooling above. Sustained coolability is thuch.
miore difficultito achieve.in pamal loss<of-coolant inveniory: accxdcnts without make-up water or
‘sprays. {V2Figh 1
E % feiHidh |
foX2)High It mlght seem intuitive to inhibit ventilation for a pamal
loss-of-coolant mventory accldenl 10 relam any- released fission’ produc!s However the
by-product of steam.ox ALG ased alloy ~ : es:an
~ the SFPis hydronen ‘
Ex. [P

£y

f
e

foicz)High ~ [The: potenual benefit of mcreased fission product
retention with reduced ventilation only applies to an accident which is mitigated prior to a.
hydrogétt burn. In confrast,’inténtionally enhanced. leakage -Coiild: preclude ‘hydrégen bums,
permil: re-isolation at a'later time,-and generically benefits the: complcte loss=of-coolant
configuratior, if the water level in the pool is-unkhown.

'Paol configuration
-Supporting, computanonal fluid dynamic: (CFD) calculatioris were: performed to.study the air

flow patterns:in the reference BWR and PWR spent fuel storage buildings during:a.complete:
loss-of-coolat inventory-accidént. The: CFED/calculations showed the: importancé of:an opén
‘downcomer’ regwn 10 permit air flow to-under the racks. In thereference: plants, there wasa
large.open. reglon in the SFP for a dry storage:cask. ln & complete loss-of-coolant inventory
accident; the air preferentially flowed into the cask reglon, under the racks, and upward through
the assemblies. The large, open cask space region in one comer of the SEP. allowed the
downward flow of cool 4ir to.reach the bottom of the racks with minimal.thermal-mixing with
the hot plume leavi mg the assemblies, Parametric:calculations were performed, which:showed:
substantially decreasing or eliminating af.open ‘dovmcormer region‘as an.inlet path 10 tinderthe

: -racks inhibited the natural circulation flow through the racks. In pamcular, if the‘open cross-

Ex,2 :Sectional argaof the SFP _wasiz“’(z’”'g" |théfe: was no intipact of the average fuel

temperature in the racks.' -

Both the reference plants:had a'large cask region dnd ¢oncentrations of empry cells, which
.perrmtted arobust.:natural circulation ﬂow ‘pattern with minimal thermal mixing with the exiling.

{B)(2)High
e.f
£ L
. 2 ! The riomindl Gpen'flonw. dfei if the Féfercnce BWR SFP waﬁ""”“‘g" lof we'cross:sectivhal arep dut 1
iy ilargc gaps-on thesides of the pool and many empty cells; The CFD sonsifi vity calculation withb)(QHigh  Kfthe
Bt s b &= 1 unhef

flow area open. did'not show.any ampact on the. avmge Tack iEmperature Tor the:conditions §imalated..
reductions inithé flow drea résulicd-in an incredse in hismek empetatiire; “The'resulis;and. assurnpions assotiated
‘with these conclusions are further discussed in the regort.
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B2 )High -

Ex. L

Fmally, the:reference PWR SFP had several racks with:open flux traps adjacent to.each rack cell.

for criticality.control (see Figure. ES-4) The benefit of the opern fliix- raps contnbutmg to down

flow was.not: quanuﬁed Since the flux waps are-dispersed throughout the rack:cells; they- would:

not:provide:a contiguous flow path:near the SFP wall. Consequently, their benefit is expected to.
‘be:l€ss beneficial than the. aforementioned configuration. Nevertheless, the assemblies- adjacent:

to open, flux-channels werg quaritified to enhance the coolabilityof the reference PWR
assemblies reldtive to a unifont configuration: but ot as advantageous as'a checkerboard.

sconﬁguratlon

M:scellaneous other:faclors

"The following factors'can hélp eibance the assembly coolabnhty

‘Most rack designs: allow assemblies:to be, placcd overrack feet. The rack.foot is:hollow-and

‘has holes on the sides 16 permit flow. Particularly in the reference PWR rack desxgn ‘the:

additional resistance: through the: fiow holes increased the agmv time for-coolability. Since:
the'BWR assembligs dre-already restricted at'the assembly nose-piece, thié¢:impactiwas riot as

:substanual.

The PWR reférénce SFP had 3itacks- with.an open flux channél desigri‘to store low or

un-irradiated foel. The flux: channe) enhanced heat removal by.providing-an empty flow

:channel for additional convective heat removal (see Figure ES 4); rz’"*g“ l

{bJ(2)High

“Neither.of the reference plant rack designs had drain hol€s-in the sides of the rack cells:
‘Howéver, the SNL SFP. experimental program rack. desngn ‘had two 1” drain holes:near the,
Jbottom of the racks. The-drain ‘holes enhariced flow inte the annulus between the BWR

caniSter arid the rack wall, wihiich enhanéed:the assémbl y coolmg

‘The CFD: -analyses showed-d high.speedair flow adjaccnt to the cask. regxon ds air flowed

under the racks. Since:the air Row-is tangential to- the rack inlet holes, it creates:a low

pressure région or:Bernoulli’ Efféct;, which-retards air; flow intothe racks. Consequemlv an
.einpty rack cgll buffer zoneadjacent to;the cask region or multiple opén regions; for flow

under the racks. will hitiimize:thie adverse effects of hlgh speed flows.

‘The referénce PWR plant stored assemblies. with.different control materials in‘the guide tubs
locaiions. If the'conirol materials and the.end plugs.could be removed, the additional Tlow

through the guide tubes.was showh 10 be beneficial. Similarly; temoving:the BWR canistet

.erihancéd the'coolability. of the.assembiies. Itis recognized: that these suggestions may not be-
‘practical,
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Figure ES:4 [ilustration of the Reference PWR PlantRegion I Racks:with Flux Traps.

Finally, Table ES-3'summarizes the;various mitigation-options above. The impact.of each

.mitigation option.is qualitatively ranked:

As noted in the comments, some options dre: only

effective for complete loss-of-coolant inventory accidents. where a natural .convection air flow
can'be established. Depending-on the available.instrumentation and an ability to diagnose the
aceident, it may be difficilt to know where thie leak-isilocated and- whether the accident-will
progress like a. complete or partial loss-of:coolant inventory accident. Nevertheless, the first
three aptions are-ranked ds having very‘high to high impact on the assembly coolabxht)
tegardless of the:accident type. Preparation.and application of multiple mitipation:options can

provide:a compounding beneficial effect.

(b){2)High

BN Frgh

fen2)High lSelected measures are being incorporated.in to-the

procedures-of NRC licensee’ s.as a part of.té NRE and wdustry’s.SFP mmgnnve strategies’
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Tabl¢ES-3  Impact.of Mitigation Options on Assembly Coolability.
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Mitigation of Spent Fuel Pool
Loss-of-Coolant Inventory Accidents
And Extension of Reference Plant Analyses
to Other Spent Fuel Pools

1. INTRODUCTION

"In 2001, Unifed State \luclear Régulatory Commission (NRC) staff’ performied an evaluation-of

the potennal accident risk.in'a: spent fuel pool(SFP).at: decommlsswnmg plants in the United

‘States [NUREG-1738]. The study was prepared to: provide a-technical:basis for
«decommissicning rulemaking for permanently shutdown. nuclear power:planis. The:study
.described.a-modeling approach of a typical: decommissioning plant with design assumptions-and

ifidustry comiiiitments; the thermal-hydraulic analyses performed 1o-evaluate spent fuel stored-in,

thespent: fuel pool at: decommnssxonmg plants; the risk-assessment of spent fuél pooliaccidents;:

the consequence calciilations; and-the implications for decomrmssmnmg regul atory-

Tequirements. [t was known that some :of the assumptions in the accident progression in
'NUREG-1738 were conservative, especially the estimation of thé fiiel. damage Subsequently,

thie'NRC ‘desired to exparid thesstudy to include. accidents in the spent fuel pools of: ‘operating

power; plants Consequently, the \IRC has commued spem fuel pool accxdant rcsearch by

‘Various postulated acmdent initiators,

Two repons ‘were prépared thatdescribed the:response of a boiling water reactor, (BWR). spent
fuel-pool to.accident conditions (i.e., [Wagner, 2003} and [Wagher, 2004])). The National
Academy- of Sciences (NAS)reviewed the reports and:offered: recommendations to improve, the

:ﬁdehty ‘of the work [Lanzerotti, 2006]. Since. that time, NRC has continiied conducting résearch
1o improve their understanding 6f"SEP accidents including: prcssunzed water reactor. (PWR)
spent fuel pools .Since the original calculations: were performed, several new enhancemeénts.

have been added to theé MELCOR computér code:that imiproved the simulation: of the SFP

.configuration. In addition, new data: and-assembly drawings have.been obtained:as partof the
:Sandxa ‘National Lakoratories (SNL) SFP ‘experimental testing program. that’ amproved the
-accuracy-of the physical:and hydrauhc representation: New studies hiave been- -completed: which.
‘updated the analyses’ ofthe BWR SFP (iie., [Wagner, 2005a):and [Waener 2006b1). Other
studies were performed:to analyze PWR' SFP response to.loss-of-coglant inventéry conditians
([Khalil, 2005] [Wagner :2005b], and [Wauner 2006c]\ Finally; a'study-was, performed-to

analyze emergency spray effectiveriess in a BWR SFP [Wagner, 2006a). "The purpose of the:

‘present:fépoft is {0 summarize strategies for mitigation of loss=of-coolant inventory accidents:and

discuss: their application to;other plants.

‘The datd used to perform,the SFP calculations were developed from:an. operating BWR and.an
operating PWR. Thg reference plants'are typical of iriany with fuel'irthe SEP" froim seviral:
décades old 10:the most recent offload.. The reference plants discharge one-third to.one-half of




the reactor fiiel each cutage. Both plarits have: begun a dry or on-site:fuel stotage: program{:l

Tx. T [ON2HiGh: J‘I‘he BWR plant removes-an

equivaleni amount of various-aged fuel between omages for storage in dry casks; thereby
maintaining a- felatively constant niibér of assernbliés/in the SFP. Both plarit’s SFP§ are
relauvely full'but have:sufficient storage for an emergency offload:of all:-the fuel from the
reactor.

The purpose of the previous studies was to gvaluate the résponse of a SFP10 a loss-of-coolant
inventory accident. First, Section 2 provxdes some background on the:two reference plants spent.
fuel pool designs. Some general comments are also presented ifi Section 2 on. Lhelexpected
progréssion of a loss-of:coolant inventery accident. Based on insights from the varioos SEP
analyses of-the reference plants, Section 3 summarizes the key:findings to enhance the
coolability ofthe fuel assembliés; thereby mitigating the 16ss-6f-coolant i inventary accident
consequences.. Thekey fi ndmgs are:presented:in separate subsectionsiin Section 3. The
applicability fo-other pool: designs is discussed i the contéxt of the-various findings. The
effectiveness of the mitigation options on: assembly coolablllty {sisummarized in:Section 4.. The
references are in Section 5.
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2; BACKGROUND

The réference plants for the SFP- analyses consistofa. large opcratmg PWR-and BWR. Like
most other nuciear plants,:the reference plants'have. installed hlgh—densxty racks to makimize the

storage of fuel in the SFP. A’ descnphon of the BWR-and the PWR reference: plant SEPs are:

given in. Sections'2:1-and:2.2.. The accidents considered in.the: ‘present; study, consistof a.
loss-of-coolant.inventory. A deSc:nptxon of‘the accidént progression is providéd-in. Séction 23,

2.1 Description of thé Reference. BWR Spent.Fuel Pool

The Spem. fuel pool, 40 feet wide'by:35.3 feet long; (cross=sectional area equals 1413 ft* or
131 m?) by 38 feet deep,.is located-on’ the’ refueling ficor of the-reactor building. Thepool is

.constructed. of reinforced concrete. with a-wall and floor lining of 1/4-inch thick stainless steel.

The walls and the floor of the spentifuél pool.are appmmmately 6-ft thick. In:the northeast
¢omer of the SFP is acask-area‘of 10-8x .10-R. (see Figure:2- 1) The:general attributes of the

‘spent fuel pool, the BWR: fuel agsemblies, and. the spént : fuel’ ‘pool facks are.described in ‘Table' 1,

Table 2,.and Table 3, respectively..

The high density SFP racks provide speiit: fue Storage:at the. bottom:of thefuel :pool. The fuzl

storagé racks are: normally covered with-about 23 ft:of water for radiation shielding.. The SFP
racks are freestanding, full length, top entry and'are desigried 1o maintain the spent fuel i in-a

‘spaced geometry, which precludes:the possibility of criticality under any:condition.

The- high-density SFP ricks-are of the:"poison” type utilizing a neutron absorbing material to

.maintain a subcniwaI fuel array: The racks arerectilinear:in:shape ‘and:are of nine differént
:gizes. A total o

storage locations.are provided in the pool. The racks are: constricied of
stainléss stéel matenals and eachitack-module i5'composed of cell asseriiblies, a base plate, and
base support assemblies. Each cell is-composed of (a) a full-lerigth enclosure constructed of

0:075" thick stainless. steel, (b) séctions of Bisco Boraflex, which:i is‘a-neutron absorbing material,
:and (c) wrapper-plates. constucted of 0 :020" thick stainiless steel: "The inside: square diriension

of a cell énclosureis:6:07". The cell pitch.is 628",

The base platé is-a 0.5" thick:stainless steel plate with.3:8" chamfered thirough holes centered-at

‘each storage:location, which provides:a seating surface for the fuel assemblies. ' Fhese holés also:
‘provide passage for coolant flow.

Each-rack module has base.support assemblies (i:e., ‘rack feet’) located at the center, of the
corner cells within the:modhile-arid atinterior locahons ‘ta-distribiite the:poal floor loading

(e:g..:see Figure 2:2).. Each base assembly is composed of a level block assembly, & ‘leveling
'screw, and'a.support'pad. The top ‘of the leveling block assembly is welded to the bottom.of the

‘base plate:. SFP fuel.cells are’located above each rack foot. Four 1" holes are drilled into the

;side of the support pad: The: mtenor of the support pad.is hollow and- permits’ flow: o the-
‘opening in the base plate. .

3 Therc are. qeveral differemt rack sizesiin:he SFP. However, for:a 19x10:size rack; there are 18'base support

asscmbhes 14 on'the periméicr and 4 in thé imérior.
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Figure 2-1

Table 1

Y 4

Referénce BWR Spent Fugl Pool Rack Layout.

BWR Spent Fuel Pool.Data.

SFP Pool
Chacacteristics

‘Description or Ditensions

Dimensions ;

.. 480"x42¢"
10-ft x 10-fi square ¢ask drea-iri:NW cafner
39" high walls

_Concrete thickness |

=6 feet

SFP Volume:

_SEI50 T (399,000 gal)

Number of storage |
locations

AL I s

el G dns gy A B ST R LA S &



_Table2 BWR Fue¢l Assembly Data.

Assembly
Characterlstlcs Description or Dimensions
Fuel Type ‘Various, most recent
are GE 9x%9 design:
,Numb;erof?‘Fué,l Rods" 74
‘Fuel Pitch R 0:566"
' 0:44"-QD
Fuel Rod Dimensions 0:028" Cladding
. o e 146" ActiveLength .
‘Maximum Initial Enrichment, 4% 1J-235 by - weighit
“Number of Water Rods 2
. Water Rod Dirnensions. 0:38"0D
, Zircaloy
e ~5.276" 1D
Camster 'dimensions ~0:065 thxck" | ]

A Tbe thlckness is not-uniform and the inner dimension;varies

slightly over the length:of the canisier.

Table3. BWR Spent Fuel Pool Rack Data:

SFP Rack Characteristics Description-or D:mens:ons
‘Rack Height Above the Base. Plate _ 169"
.Baseplate Thickness _ 05" -
' Support Leg:Height 7.25"
. Poison Matenal Boraflex
L Céell'Pifch . 6.28-

Cell Construction

ID 075" (14 gage) 304 stainless steel walls

withi Bisco Boraflex. B;C; particles clad in a.

| non-metallic binder (0:081™) with 0.020"
' stamless wrapper

el R T AMEELRLL SAAD i Tt T e 2R fe




Empty
Fuel.Cell

— BWR Assembly

Boraflex panel.in

stéel Wrapper | e
~= JJi

‘Baseplate il
4% 1" flow'holes -

through:rack.
support footing

~3.8" tack inlet

Figure2-2: Typical Spent Fuel Pool Rack Cut-away Cross-Section Showing. the Fuel
Assembly.

2.2 Description of the'Reférence PWR Sp_l;nt {Fﬁgl Pool

_'90 2 m ) by 39-feet deep (see Flgure ?-3) The SFP is: located ‘in the-fue] storage: buxldmg
.adjacent to the:containment. The pool is. constructed of reinforced concrete with.a wall:and floor:
lining: of 1/4-inch thick stainléss steel. The walls and the: floor of the : spem fuel pool range from
;4 to 6' thxck ln the southwest comer ofthe SFP 15 a cask area. of’8 6" by 8 8' (sce Flgure 7-3)

racks are’ descnbed in.Table 4 Table 5, and Table 6 ‘Tespectively-.

Thehigh: densnty SEP racks providespent fuel storage at the botiom of the:fuel pool. The fuel
storage racks are-nérmally covéred with.at least 23 ﬂ of watér for radiation shielding: The:SFP
-racks are-fréesianding; full. Iength -and'top-entry. The racks:are am'mged mto two. FESIONS.
Ex.L fo)2High ‘
F’"“’H‘g" ' ' | Their rack
design: mcludcs a-flux gap trap'(1.¢., a:water channel as:showmin Figure 2-4) between'the rack
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cellsto prowde addirional pmtectxon agmnst cntxcahty ’(b)(z ---- .

{(b)(Z)Hign

fo)2)High ~ [There are-also two

Iix L

Jlocations for-the storage-of failed fuel.canisters. 1f Region II becomes full.of irradiated fuel,,
‘Region [ can also be useq to stgre irradiated fuel. Thg total number- of storage locations.for both
‘Regions I and' I 1} ' glls (i.e.,including the.two failed canister locations).

‘Both RegionI-and II rackaluulnze a neutron absorbing material’ (Bomﬂe\) to maiptain a.
subcritical fucl-array. The:racks are:constructed ‘of stainless steel'materials. A rack‘moduless:
-composed of cell assembliés, a base'plate;. -and base support assemiblies: Each. cell is.composed
.of (a) a full- length enclosure construcied of 0:075" thick stainless: steel,; (b) sections. of Boraflex;
which.is-a:neutron+absorbing:material, and (c)-stainless ste¢] wrapper plates. In-addition, Region
Irracks have 4 water. ‘gap betweeén cells foradditional criticality protéction. TheRegiori Iand I
cell geometry and dimensions are, summarized in Figure 2:4,

The base plate is 0.5" thick stainless steel with 6 diameter holes centered at each storage
location, which provides a seating surface:for the'fuel assemiblies. These hioles. dls6 provide
passage for coolant-flow.

The rack miodule is supported by base assemblies (ive., ‘rack feet”); which:are located atithe
.center of the'corner cellsiforsupport (e:g.. see Figure 2-5). ‘The base zassembly:is composed of'a
‘level block: assembly, ai levehng screw!, and a support; pad The'top.of the leveling block
‘assembly is -welded to the;bottom of the base plate. ‘SFPfuel cells are located above: cachTack
{foot. Four 1" holes:are drilled iito the side ofithe support pad. The'intéfior of the support pad is:
‘hollow-and permits flow to the opening'in the base plate.

—OFFICIA




A Figure2-3  Reference PWR Spent Fuel P66l Rack Layout.

Regiof'I SFP Rack Cell Region'lI'SFP-Rack Céll

Flux Trap Gap.
" 16" E-W Diroction
1.4 NS Dirsction

0.075"SS Box
_ 0.082° Borafiex g
0:035-58.Snearh S\

0.075" SS Box
0107 Boraliex,
0.0247'SS Sheath

C&ll Pitch-="10.765" E-W direction Cell Pitch =9,04°
10,545*N-8 Direttion.

Figure2-4  SFPRegion I'aiid Il Rack €éll Design and Dimensions:
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Table 4.

PWR:Spent Fuel Pool Data.

Description:or Dimensions

| " SFP Pool Characteristics
Dimensiohs . 3

‘See Fimire:2-3-

' Concrete. thicknéss

4‘6 ;f,éet

Number:of storage locations.

0L

fEXaiHah

Table 5

Assembly Data.

N As'"s"eitiblyf_
Characteristics

i

Description or Dimensions .

Fuel Typé

~ Various, all Weéstinghicuse :
Most recent is VANTAGE+design, .

Lattice

15x15;

Number-of Fuel Rods:

204,

Number of Guide Tubes (GT) ~ _

_:20‘

{ Number-of Instrimént Thiribles:(IT).

1

“Control tod

" Rod Control Cluster (RGC)

Bumable poison.rod design type

"Wt Anpular Bumable Absorbe
- {WABAY

Tniegral fucl burnable absorber.rods

[ Assernibly pitch (in rector)

21.5:cm.(8:46")

| Fuel Pitch

1.43 ¢ (0:363")

Euel Rod Dirensions

0.422" OD
0:0243" Cladding thickness
144" Active Length.

| Clad' Matérial

— ZIRLO™

| Rod Control Cluster (RCC)

Ag-In:Cd.

| Wet Annular Burnable, Absorber (WABA) Rods _

“Al:05-B;C

Fuel Enfichment (wt% 2"-3"5':.'09
|

Various
o 2%-5%
(most recent discharge) y

| GT and IT outer diameter

~ 1.354.cm (0.5337)

| GT and IT thickness

0.432 mm 0:0177)

GT and IT'material

ZIRLOT

R I I S e el PR




Table 6

PWR Spent Fuel Pool Rack Data. .

[ SFP Rack Characteristics

I

Description or Dimensions

| Rack Height Abové the Base Plite .

166" . .

‘Baseplate Thickness. A I
‘Support Leg Height' 6" _
Poison:Material ) ___Boraflex
CelliInside:Dimension ‘ Region 8.757
| _ RegionII' :8.80
- Cell:Pitch’ o Region 1 10.765" E-W ~
_' 10:545" N-§
‘:‘ Regnon . 9.04”
{ Cell Coristruction | Region [
. 0.075" (14'gage) 304 swainless steel walls |
o  0.102” x 75" x.144” Boraflex panels
(powdered B.C ifi a non-méallic polymer
‘binder ). _
. Q.02.4” stainless-wrapper. i
Region I :
. 0.075" (14-gage) 304 stainless steel walls -~
. 0.082” x 7.5 x.150” Boraflex.panels
) ) _ . 0.036" siainless wrapper

10
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Fuel Cell
1 | [t o 1;
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| [
N

h
|

‘ﬂlnll'ﬁl [l \g\ﬂ!‘h

Boraftex. pane| in
._steel wrapper s

*Mﬁ ”‘ ﬂ[M

i

T
i
1

b
i

i

L PR Assemoy

fe |

mt Hlu | ‘Air Flow

1]' il

Wl O «}

emm o o

s 1 ; il e :
Baseplatev l‘l‘ i llfﬁmihﬁ ‘ th IP H ”” fﬂ _
! 'mmmi - muwu A g i mm il
Flow holes (4). "
(Through the rack
.support footing) @3‘7
s
Figure:2-5 Typncal Region 3B Spent Fuel Pool Rack: Cut~away Cross-section Showmg the

Fuel Assemblv

2.3 SFP Accident Scenaries

From.a naturai circulation flow perspective, the: SFP accidents are:broken down into two

catégories; scenanos:with water above: the: base: plate. of the racks:and scenarios ‘with:a

completély drainéd: SFP. Each accident is described next.
2.3.1 Complete Loss-of-Coolant Inventory Accident

In'thie “4ir” Now €ase, the.accident is:inifiated-with.a complete loss-of-coolant inventory-accident
(see Figure ES-1:and’ ES-2 for pre-accident: building: «¢onfiguration and Figure 2-2-afid- Figure 23

for the BWR and PWR rack- conﬁguratxons respemvely) Due to:the removal of the water, a
heat-up of the fuel rods ensues. The fuel rods heat'the air'in the assemiblies, which créates a

natural cifculation pattern. Complex flow patterns develop above and around-the SFP.racks.and

in:the. refuehng room due fo.the interaction between the hot rising plume:and: descending coal
air. After the'hot pluiie’ exitsithe SFP,;the plume w il rise:to'the. cexlmg and spread radially

within the:hot gas layer at the top.of the refueling room. The degree of. heatmg in the fuel

storage building and behavior 6f the Hot: gaslayer dep.,nds on many: factors mcludme the rate of

11
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ventilation (e.g;, ventilation §ystem opération, openings of leakage; and/or structural failures);
thetheat loss t;hrough the bulldmg walls.and- cenlmg, and other accident thermal effects. (e.g, ﬁr..)

Thig/flow patterns of the gases under the racks-are also: comphcated Thé regions of down flow
include the space between the rack and walls, some of the empty rack slots, and the cask.region
orother'open areas: Tf a hxgh speed flow reglon.develops under thé'racks, then theére'tan'be a
Bemoulli Effect. For example, if the air to'the SFP cells is preférentially provided through the.
cask area, a high speed flow (i.;; 3 m/$).can develop undef the rack cells:adjacent:to the casgk
drea. The high speed flow reduces the upflow of gases into the affected assemblies, Which leads
to less:heat-removal and a faster heat-up (e:g., sec [Wagner; 2000] or [Wagner, 2005b]).

If inadequate cooling is provided, then the-fuel cladding will heat up and the zirconium-based.
-alloy ¢ladding will:rapidly ‘oxidize (i:€., bum) and to a lesser &xtént, nitride. (ie., combine with
nitrogen if no oxygen or stieam-are avallable which is not:modeled i, MELCOR) Sincethe
oxidation+and. nitride processes are‘exothermic, the fiel fods could heat'1o:melting -conditions and
stracturally. degrade. Meanwhnle the: steel racks.supporting: ‘the fuel ‘assemblies will-also hieat.
due to convection:and radiatign:from the-fuel assembliés. The timing:of the degradation of'the
specific fuel-assethblies and racks.are affected. by the decay heat level'(i.e., bum-up; power
'hlstory enrichment, and' time since discharge), the assembly inlet temperature, convective and
conduciive heat removal rates, and the heat transfer rate from/to adjacent assémbliés. Finally;
-and most :mporlantly, the degradanon of the fuel rods can lead to fission product réleases.

An accurare.anialysis of the SFP Tesporise requires consideration: of the aforementioned
‘phenomena. As evidenced by the accidenit-descriplion, there is a large range-of geometric length
scales and modeling réquirements. Thc lengthi scales range from details of the individual
-assembly heat peneration.and flow-pattems (e.g., also including multi-dimensional flow-within
an assembly, see [Ross, 2003]), intra-assembly’ hear transfer, large scale flow patteims above,
‘below, and- thridugh the racks, and the building response: (e 84 ventilation, heat loss, structural.
failures,etc.j. The relevant phys:cs and phenomena mcludeheat transfer(conveciion,.
conduction; and rad:ahon) fluid flow (small scale to-large scale) chemical reactions.

(ies; oxu:lahon) sgvere accident fuel degradation Behavior, and fission product release and
transport.

In a rélated program, Sandia. National Laboratoriés has. conducted:an experimental testing

program for-the NRC on the complete loss-of-coolantbehavior. The program has generated data.

to validate arid. improve. the MELCOR SFP models- using’ prototypucal BWR assembly

components from Global Nuclear Fuels (GNF). The:s¢opé of the testing program included (1)-a

detailed hydrodynamic, pressure drop characterization through the: asscmbly, ) charactcnzauon

.of the.natural convective flows in the assetnbly, water rods, and annolus between the:canister and

the rack wall, (3); ignition of full:length- Zircaloy assembly, (4) thermal radiation flux in a

stagnant 1x4 configuration, and (5) ignitiéh characteristics of 1x4 conﬁguratnon with natural

‘ &onvection. Ateach phase: ‘of thie. program, MELCOR was:used for. pre-test plannmg and post-

' test assessment: The:insights and findings from the experimental program:were continuously fed
into-the SEP-analysis toiassess their iripact. The MELCOR BWR calcilation surithary report

| [2006b) in¢lides: ume-evolvmg Imdmgs from the-experimental program.

e 2T I Ty T e L




-SE;X,I

2.3.2. Partia) Loss-of-Coolant Inventory: Accident

In the second type of actident, the SFP is: pamally drained: (i:8., due.to pamal dram or boul—oﬁ)
and does noi-include recirculation of hot; igases through the bottom ofracks. Consequently, the

gas in‘the fuél assemblies:above the pool 1evel is Telatively Stagnant (i.g., excépt-for steam flow
from bozlmg) In this condition, steam coolmg and/or a level swell from the.boiling w:ll keef the:

__fuel rods cool unless the pool.level drops-too far. However, once the level drops belowfBiiHigh
for2ikigh the top of the fuel rods will heat-up and degrade. ,

If the top of the fuielis uncovered; then several new phenomeria ocetr in a partial loss-of-Codlant

inventory accident. First, the convective flows are much:smaller-than-a complete loss- of-coolant
inventory accident.. In thc complcte loss-of-coolant invéntory:accident, there Was:ample:air flow:

s the: assembly heated. .However, ina pamal loss-of:coolant/inventory dccident, the'fluid in the

assembly is re latively:stagnant ‘because the. .pool-blocks the bottom of the racks.. The primary:
source of'codling comes from stearn flow due to.boiling bélow the watér level. Hence there aré’
‘competing effects of the lack of a sirong convective: flow versus: the benefits of some steam.

cooling and.axial condiction {0 the water. In'summiary, the scenarios-with water includé
(a). rwo-phase boiling; (b) an.assembly flow rate that:is strongly affected by the amiourit.of

‘boiling below the water surface,:and (c) gas inlet temperature that is limited to. the boiling point.

of waiter (i.e.; the air cases are not: snrmlarlv constrained).

‘The oxndatlon of the zirconiiim-based alloy cladding is the: sécond key difference: eéxpécted in. &

jpamal loss-of-coolant iventory accident. In pamcular the fluid next to the:cladding will be:

steam rather than air. Steam'also reacts exothermically with Zirconium-based alloy§but at-a:
slower rate than with dir. Furthénmiore; oxidation-in.steam aif produces less chemica) energy- per.
‘mole of reacted Zircaloy than oxidation'in air-owing to:the fact that thére is disassociation-energy-
invested'in the case of breaking H0 into: H.:and Oy. The byprodutt of the zirconium/steam
téaction is liydrogen. The: hydrogen -will replace the steam and retard or stop the
zirconium/$team reaction. Consequenﬂv, the réaction could become "steam:starved! 'and
conitrolled: by the.rate of.steam’ producnon by boiling below the'pool fevel, which is:expected to
be very low:for aged spent fuel. 1f thére is adequate steam -when the Zirconium-based cladding,
reaches high.tempeératures (1 €., >1500 K) thenthe power: from:metal water. reactions:can’ be:
much larger than.decay heat. Therefore, there are two competing effects on thie Tate. of fuel
degradation:relative to.the complete Toss- of-mventory accident scenario (ile.,-as described in.
Section 2:3.1), (1) a;lowe¥, controlléd oxidation éffect (i.e., due'té steam starvahon) and (2) a
miich lower. convective: coollng rate (i.e., because;the bottom of the racks are. plugaed" with
water).

Finally, a-third néw differencé.in the partial loss-6f-coolant inveritory accident i§ the behdvior of
the hydrogen. As hy drogen is produced during fuel degradanon, the hydrogen may:collect-and
mix with oxygen in thedir'dbove the pool. 'Giver the appropriate conditions, ttie-hydrogen could
ignité and possibly cause structural damage to'the.reactor building. Any damage or enhanced
leakage caused. by the pressirization from:thé liydrogen burn couldiincrease the rélédse of fission
products-and their associated: advnrse.consequencgs

As.will be:discusséd in- Sections 3.1 and 3:3, make-up or spray operation complicates: the
potential for water; pluggmo the inlet to the racks. For appropriateé combinations: of leakage and
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make-up/sprays rates and leakage locatmn, the water-addition can'maintain a water level above
the base plate of therracks Consequemly, the water addmon m some cxrcumstances will. stop ‘air
rely: cooled duerto pluggmg unless the
If the:source'of water is a spray:
flow, the effectweness of the coolmg film of 'water entenng ie-dssembly.relative:to air natural
circulation is: depéndent upon the:magnitde: ofthe spray. flow rate.




3. MITIGATION OF SFP LOSS:OF-COOLANT INVENTORY. ACCIDENTS

Niumerous analyses of: the loss-of-coolant;inventory accidenis have been. perforined using data
from .an operating BWR and an. .operating PWR. The studies analyzed a variety of scenario

variations and phcnomenologxca] uncertaiities to. 1dent1fy the:most important factors aﬁ'ecung
the accxdent progressnon and the assembly coolabxhty Based on the msxghts from the studles

“.fuel pool dCCldem The: top:cs and assoc:ated repon section'are,

‘Section 3.1

‘Section 3.3
‘Section 3.4
‘Section.3.5

Section 3.2.

‘Section 3.6

Make-up Water and Leak Repair
Well-Organized Fuel Configuratiors
Emergency Sprays

Building Ventilation
Pool:Configuration

15




Miseellaneous Other'Factors

Each topic will'be addréssed in the sited subsection with-some.remarks about the: apphcatlon to
‘otheér SFPs.

3.1 Make-up Water and Leak Repair

The most.obvious solution.to a loss-of-coolant inventory.accident consists of leak repdir and
riiake-up waler.. “The NRC; along with industry, has identified potential water sources 1o the:SFP:
Various size leaksiwere simulated in MEL'COR calculations, which permitted calculation:of the.
1€ével response anid water requiremeénts. While not directly-addressed.in: this stiidy, there- are.
obvious benefits from emergency leak repair.

Seétion 3.1 is'subdivided:into-three subsections, First, the:resulis of steady-stafe water level
calculations-are presented in Settion 3.1.1. ‘The steady-state results identify the'minimum water,
level that preventsescalation:to: ignition and fuel -degradation. Consequendly; if the make-up
flow-can maintain the: water lével above the: cited steddy state’conditions, thea the configuration
is stable until-additionial résources ¢an be: applned to refill the pool. Next, Section 3.2 shows
the level response 1o different:size leaks al a variety of elevations. The level. response results
yiéld some msnghl mto the txmmg to fuel uncovery and tumng to, the fuel heatup thhout any
flow to remove the fuel decay heat The make- up ﬂow calculauons do not accoum for leakaue
Henie, {they-areé applicable-for scenarios where the leak-is:above the minimum elevation
identifted in Section 3.1.1. If a-make-up source is:available, Section 3.1;4 show$ calculations for
the tiriie required to- make—up the level to a-coolable condition for & range of conditions. Finally;
the.results:are summarized.in Section 3.1.5, as well as:suggestions.to-extend the msnghts to other.
SFPs.

311 Minimum Level Cooling:

The separate:effects waler calculations weré performed using the reference PWR SEP MELCOR'
model asstiming a partially filled. water conﬁgurahon The. assembly décay heat'removal is
achieved by:steam-cooling and downward conduction above the water level-and by boiling below
the: water level. Thé collapscd water lével outside:the assemibly vwas:held at'a conistant position
The separate effects;waier calculations specified:various constint water1évelS:{or three levels of*
decav Heat power. Fhe'model was:initialized-with nearly- saturated waterat a ‘SpuC!f edrwater
level, with the remaining; height covered by-air. Theifuel, cladding, rack;-and other SruCtures
were also.ifitialized.at nearly sarurated conditions, The.initial and: boundary conditions were
specified to maintain‘a Spemfxed collapsed water level, which was:représentéd: as-a percentage of
the; hslght of the active fuel region of the agsembly-in'the racks. The calculaiions were run for:a

rangé of three décay heat powers FB)IZ)Hngh

B L

Figure 3-1 through Figure 3-3:show the peak claddmg temperatures for a: range of statxc ‘water
Ievels at the'high, medium, and low decay heat powers, respectively. At the hij
dition, thé swolle 1ével was.the highest of theithree casesfRi@Hah
BY2High |ag:the decay heav:and oxidation energy were balanced by the vanions heatremoval

Ex. 7
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Ex.2

Be- b

meéh' isms. At 4 |collapsed. liquid level, the tenmperature stabilized-at approximately

\if a-peak. cladding temperature offPX2High }vas chosén'as af upper bound, theriza
co apsed level:slightly: below toul I'be considered as.an upper bound for coolability for a
hlgh decay lieat power assembly. Dueto'the high decay heat powier; gnce the level dronned
: the heatup'to_high temperature conditions was very rapid (o Figh -

‘For the. medium and low-power cases, the swollen water’level was lower than the high-powered
case; Consequently, thé heatups occurréd achigher coltapsed liquid levels. The lowest caollapsed
water level that resulted in.a peak cladding temperature less thap™(2Hian - lforthe
medium power. case and for the low-powered case (see Figure 3-Z and Figuie.3-3;
~respecnvelv) Al u‘ h 2 higher collapsed waier level was required to prevent temperature.
excursions abovej ‘han for the high-powered case, the Tesultant hieatup'rate was slow:

Thi vater level TeachedD@High |for the medium-powered case and lhe]: I
‘water level re acheqé)‘?”‘"@’ | - '

‘The dependence of the peak-cladding temperature (PCT) for a given collapsed level.as a function
‘of specific power level aré hore cléarly shown i Figure 3-4 though Figure 3-6. Higher decay
levels cause more bmhng arid levél swell.. Hence; for'scenarios with a:slowly ‘falling level
(e.g.,@ boil-off' ‘transient), the top portion.of thie lowér-powered assemblies would be expected to
-start heatmg first. Due-to their lower decay heat level, the heatup rate would.be slow. However,
:as the level fell lower-and successively higher powered. assemblies started their heat-ups, the:
subsequent temperatire.escalation rates would be much hxghsr Table 7 summarizes the
‘inimum collapsed- water level/as a-fimction of-assembly. power to remain below a temperature
'sometimes .used for regulatory.analysis (565°C) and the current best-estimate coolability.limit in
a steam fxnv]ronment lb)ijlgh . !
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Table 7 Summary of the PCTs versus Collapsed Water Levél:

'(Q)(Q)High=

Figure31 Compirison ofithe PCT versiis a Fupction of thie Collapsed Liquid Level,

. Outside of the:Assembly:at®@Hion
‘ Dischaiiged.

pging Time Since the Assembly was




- feNZ)Figh

/

L

Figure 3-2:
Ex. 7

‘Comparison of the PCT Versus:
‘Outside of the Assembly-af™" 2)High

‘Discharged.

==

4 Egnction of the Collapsed Liquid Level
lAging Time Since.the Assembly was:

<

-

!

foNz)Hign

4

) .Figure3-3

‘Comparison.of _'tfhg:'.PCT‘iv,e. us.a Function of the:Collapsed Liqhid' Level

Outside of the Assemibly ging Time Since the Assembiy was:

"}

Discharged.
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Figure3-4  Comparison of the PCT versus:a Function of the Decay Power of the
s Assembly.a{  ollapsed Water Level.

(b}{2)High

{

Ex.T | i

1
i el . B -

__ Figure3-5 Comparison.of th ,:.,P_CT?vérsng:??"Fiiﬁﬁ'ﬁqé of.the Decay Power of the
B2 i ! Collapsed Water Level.

L - Assembly-at/
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312 Level R'eﬁjm’ti's‘é“’l?imingvf(ir-Néri—disbérSéd Fuel Configuration

Reference PWR:SFP calculations were: performed tosestimate draip-down.times as a funcnon of
leak size-and location. Two-aging configurations wére considered, B)(@)High

= . Io)2ign
Ex,

&
The: following sifnplifying assumiptions were used i the analysis;

o Thie lieat.capacitance of building walls, roof; and equipment wasniot included in‘the.
calculation. The ventilation:system wis assumed failed biit Building leakagé ws
inclided. ’

‘s Thepool heai removal system was:assumed fiiled..

» There-was-no:radial heat transfer from the: high-powered:to the low-powered'assemblies,
‘or between the assémblies and the empty-cells o the SFP walls: As will be.discissed in
Section:3:2, this results.in the fastest heatup of the’ freshly:discharged fuel.

» The MELCOR SFP model subdivided the fug] assembli€s into:4 rings and rmodeled the
empty Region 1 and 1 rack cells i other: rings. ng Lincluded all the fuel assemblies
from thelast discharge (i.., Batch.15). Ring: 2 had Batches.13 and 14; Rmv 3 had’
Batches 11 and 12;:and Ring 4'had Batches. 1. thiough 1.0

The following leikage conditions were considered,

‘»__Noleakage

BN 2)rign
Ex 2L

In’addition, different: ‘depthis.wers considered for the le'al\a'ge lacation. The lower leakage
locations are described relative (o the'location:of the fugl in the SER racks.. The following
leakage locauons were c0n51dered (all of which lead’ 10.a -partial draindown configurationas,

o DIFL T

“ ‘Ring’ 1 simulated the:agsembliesfrom the last dxscharge to the SFP-and had the highes: powered assemblies: The
- decay hear.of 1he asembhes was: modelcd using their av emgc chamctcrlsncs H0wcver the hi ghcsl powcred
) _,asscmbhesun ng 1 had: dr:cavh at'subs! nhally above the: 'vera' ¢ pOWE?. f
.2 - ¢valuated'for the most. limiting:caggP)2)High, ™

with those results,
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B) 21N, ‘ '
gmg calculations;

d columns in the fables summanze. ummgs to reach:specific: pool
&v-1  elevations oram " The first three of those colimns-are $pecific-collapsed witer:
levels:in the spent fue poo - They include the iop of the rack elevation (173"), the top:of the:
active fue] (153"); and the mid-plane of ‘the active fuel:  beight (817). 'For each hole leakage Size,
.the ummg to reachithose particular levels:are. summarized in hours:as.a function of the lcakage
Jocatien: For exampl\,, the values in a pamcular row show the timing$ 16 particular Jocations for
-a specific.léak locdtion whereas thie values. ifi a column: represent timings of: different 1sakisizes
"and locatnons to; reach 2 spec:ﬁc locauon . The final column shows the tumng for the; peak

Ex:t ‘Tabié 8.and Table 9 summanze the resultg.of the?t
raspectwely 'I'] “four right-h

‘Ring I simulitedithe assernblies from thieilastdischarge to. the SFP and had the hxghest powered,
assemblies. The decay heat of thc assembhcs was modeled:using the:average: charactenshcs

. However, the peak poweréd assembly in-Rin Ihadadecav Heat substantially abovg the'av
‘power:

Fe)2)High
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Fx 1 Table8

Sunimary of Timings:ta! Elevatn: iis a5/a:Function of Hole: Size! fora
'lNon-Dlspersed Conﬁgnranon ag® b)2)High - Smce Shutdown;_

Notes:

Légjwd :

Mldi

BAF

A.

Midway between thc normal water’ level and: the top of the:racks (31 7") ‘
“Top:of thé'a
‘Middle of the-active fugl levation (8!”)
Bottom of ‘active: fuel eleva_tlpn (9")(

\eiziHigh ) ' :
|
i
£ |
2

ive fuel elevation (1 53"

A non-dxspcrsed fuelconfiguration, placesmll the recently discharged fuel
assembhes in one locaiion. As will be dxscussed in:Section 3.2 "«' this:

results in the fastest hearup of the fuel;

* Thietimé is based upon the éollgﬁs‘eﬂjfl,cve! it theropen region.

bl a2
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unction-of ‘Hdle:s‘i’ze‘-for‘a‘-

=y.7, Fable9 ~  Summary of Timings toElevatiqns as:af
L T Since Shutiown.

‘Non-Dispersed Configuration at b)(ZjHign”

——

Legend: Mld Mldway between the normal waler lcve] and the top of lhe TacKs: (312")
"TAF: Top'of the:active fuelelevation (1537)
MAF ‘Middle of the active:fuel -elevation (817).
BAF Bottom ofactive fiiel elevation (9")

Notes: A. Anon-dispersed fuel configuration:places all the recently discharged fuel
assemblies in one location, As.will be discussed’in‘Section:3.2, this

results in‘the. fastest heatiipiof the:fuel. For example; se¢: Flg‘lll'ex.)-33 i

Ex.2 . ‘Section'3.2:2-for a comparison of the heatup- timing for-Case 3 (b)(2)High

Ex. . Figure 3-7 through Figure3-22. graphncally 1llustraies all.the drain:down results: for hd PG|
W gmg cases. For-each case, the collapsed liquiid and:peak cladding temperature response-
= sHow i Yreak location:  [fthe- leakage:location was:at the-lower two'elevations.
then:the fuel heatips éomminceé onceithé fuelisuncovered: ‘For'thé higher
~Teakage:elevations, the drain-down through the’leakage hole; stoPped ‘before the fuel was
uncovered. Subsequeéntly, the water heated to saturation conditions (~373 K) and boiled: AWaY :
Hence, the higher'break elevations benefited from the additional time to heat the waterto.
saturation conditions. The thange inithe level: ‘decrease rate is clearly evident ori:the lével
response figures-once. the water: level reaches the leakage €levation. -As shown by the résulis‘in

‘Case | (€:g.,.se¢ Figure 3- 15), :g-'[e! decrease rate dunng the boil-off. phase is- approxxmately

et '(b)(Z)ngh‘

‘Z£%.7 the same as the drainrate from- ole.

© The:time is based:upon the:collapsed level in the open régian.
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g, Figure3:7  Comparison of Posl Drain Rat
Function of Leak Locition {

g

bsa

b)(2High

E)2HGh -

. Figure3:8 Con
Ex. T8 Ble

2

sarison.of Peak Cladding Temperatyres”
Jas-a Funétion of Leak Location[ZF&"
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£x. Figure3-9  Comparison of Pool Drain Bate';: L
z Funetion ‘of Leak Location|[®/@Hs" |

[B)(Z)Figh

! ——

b)(2)H igh

£4%. Figure3- 10 _Comparison of Peak Cladding Temperatures
2 {b"z’”'gh ’ias a Function of Leak Locanon(”}‘z’mg“
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Ex.
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for2)High

% Figure 3-11

Comparison.of Pool Drain Rate
Function of Leak Locatior"

{ol(2)High
2

bi(2Hig

f;—s > |

[bX2)High

{o}2)HIgh

b(2)High

£y Figure3-12 Comparison ‘ort_f?l,’;’eak Cladding Temperatureg > 9"
: ‘ps:a Function of Leak Location
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{£'x.. Figure 3-19° Comparison of PoolﬁDtﬁb'Rﬁtc@(‘z’H““" ' _ | | |as a
2 Function of Leak Location®/@Han ] -
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£, Figure3-20 _Comparison of Peak Cladding Temperaty edN2High |
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€ v, Figure3-22 Péak Cladding Temperature for Lo
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3.13 Calculations for Minimum: Make-up Flow

.2 ‘dssuming only @-loss of heat rernoval or ‘the leakage site is above f'the active fuelheight -
(see-Section 3.1). The hand calculations represent.simple straigh ard energy balancesthat
-are useful-for estimating the minimtim flowrate for a make-up sy$tem. ‘Depending o the time of
‘the accident, the:decay-heat:varies. Close to the- most recent offload of‘fuel into. the SEP, the:
decay heatis highest (See whole pool.decay heat for the reference BWR and PWR.in' Figure 3-23:
and Figure 3-24, respectively). Figure 3-25 and anure 3:26 show the required flow raté to.
mdintain the SFP level'in the BWR and PWR:SFPs,.respectively.

o
-
2]

‘Hand caiculations were performed to éstimate the minimum watcﬁupmtp to the.SFP

‘The following calculations:illustrate the make-up flow.for one point on Figure 3-25. The
t « -1 -calculations ar¢ for-the heavremoval requirementy®N@Miah  4n the reference BWR SFP..

Assiiimiptions:

L. Reference.BWR SFP decay heat data
ExiZ 2. Last offload had(®@Han l= ging since reacior shutdown
3. 80°F makeé-up Wwater ‘
4, Decay heat removal is provided by boiling make-up water
5. Othér modes of heat transfer are'ignored.
. p =621 Ibm/R° = 996:kg/m”

b, =970.3 BTUNbm = 2.257x10% kg
‘Hgaeg_2r2or = 180.18 BTU/Ibm —48:13 BTU/Ibm =:132.05 BT = 3.072 x10% Iikg:

,&hzzrh;&* hgger2y3sr = 1102 BTU/bm =_2.'56x»1106,J/1§g'

fib)(2)High

.. 2 Reference BWR SFP whole pog decay heal

Ex Make-upFlowrate ~ ={"2n9" (996 kg/m® * 2:56x10° Vkg) * (60 sec/min)
e 364 T galim’). '
Ev. 2 {Eaan
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Reference BWR SFP Total Decay Heat
Dcay Hoat based on Utllity Data for ANSI/ANS:95-

107 ' —= -
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Figure3-23. Total Pool Decay Heat Power in the Referénce BWR SFP.:

Reéferénce PWR SFP Total Decay Heat
SCALE 5.Cafculations Porformiad at ORNL
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Figure 3.24 Total Pool Decay Heat Power in the Reference PWR SFP.
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( TeN2iFigh

Figure 3-25 'M'ake'—uplElowrat‘é for:the Reference BWR.SFP.

bi{2/Hign

Figure 326 Make-up Flowrate for the Référciice PWR SFP.

2 *For shoneror ;ldngeﬁdmagt_:_s, the step change in-make-up flov{

dccordingly.

(b)(2iHigh-

Bﬂmul,d-bc? moved




3.1.4 Calculations for Level Make-up Time

Hand calculatlon§ were performed to.estimate the time-to. make-up the water level]fb’(z’mgh I
E)("’lngh_‘ Lfollowmg a complete .draindown and. subsequent {eak mpaxr The hand ‘

calculations represent.simple calculations that-are useful for estimating the minimum:flowrate: for

a make-up systém: Depénding on the timeiof the accident, the decay heat varjes. Close to the

most recent offload of fuel into:the SEP, the decay heat i is hxghest (see whole pool decay heat for

EXT

the réference PWR ‘in Figure 3-24), Figure 3-27-and Fi 3-28 ; int of time:to
g+.2 _tefill the SEP level in the reference PWR[PX&Hs _
£ 7 [EN2)High; Irespectively. Once the level reachesil_blfz)*““gh there would be
&*~~ "sufficient cooling (1.€., see.Section 3.1.1). e
The.{ollowing calculations were performed to-estimate’the level response for various make-up
flows.
Assumptions:
L. ‘Reference PWR SFP décay heat data
2. The last offload had.
b)(2)High TN
Ex. 2 . .
3. 80°F make-up water T T
: q, A portion of the make-up flow was’ bmled away by the. fuel ‘decay heat based-on.
the amount of the active fuel covered by water
5. As the level is restored, the sensible heat:gained by the  porti f the.assemblies
Ene, L .above the water level is- ignored: As the level- approaches the effectivéness’
h of the'steam ,cool_mg.mm'eas,es and reduces the sensible heal gain.
6. Other modes of Keat transfer are ignoréd: '
p =62.1 Ibm/i* =996 kg/m’
hig, = 970.3 BTU/bm = 2.257x10° J/kg
gieraiz=r= 180,78 BTU/Ibm — 48.13 BTU/lbm = 132.05 BTU/Ibm = 3.072X10° kg
‘A= hig +hggg~m125 = 1102 BTU/lbm = 2,56x10° Jikg
The reference PWR SEP whole-pool decay ‘heat [P12HEh
fb)(Z)High' : x
fa O PO 996 kyg/m’ *2.56x10%kg)* (60 sée/min)
* = ¥ (2642 gdl/m®)
Ex. 2= JeI@Figh




ey.2 Lhereference PWR SFP whole pool decay heat [b)(2)High

b)(2)High'

4”"””” 1996 kg’m’ * 2.56x10° J/kg) * (60 sec/min)
=TT @64 galim?)

o Eb)mmgﬁ : .
IE“LL —

Lt =‘.L’ével'(1]'(1GPM = Qi * miax(0, min(L, (L(r) — BAF)/ AF))dr)
o o

2. Qsait

‘where,
Ly - SFP level response as a function of time
GPM Make-up flowrate
0,,,,;, Make-up rate'based onithe whole pool decay-heat.
BAF Elevation 6f'the bottom of thé: acnve fuel (0.23 m)
AF. Active fuel, helghr (3:66.m)

Level(Vol)  :SFP'pool level‘as a function of water volume

. Tabié 10
| " [oX2)FEH;

[b3(2)High-

Ex. L

" In contrast, smaller leaks and/or. leaks at’ hwher elevations have much lon ger response umes }

B)(Z)High -

Ex.

F mally, as- shown m Tab]e 10 the 1mpact of the pool decay heat dogs-iiot havea Significant
: , : / ithe inimum:make-up. ﬂow

e

B e S e - e A A
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vE.k ?-

Ex.

foi2)High dthle thié decay heat does not have a significant impact on the

Tefilling time, it.does have a significant impact on the heat-uprate and the amount of time

. _available for asuccess
Ex. T -

mitigativeiact AllbX2High ]

D)(2)High

( b)(2)High

The calculations presented.in this section-assume:a uniform-fuel storage: configyration. The
inclusion of radial heat transfer in-a well-configured SFP (e.g.. a 1x4:arrangement) is. not
straxght—forward In thé PWR SEP analysis repori [ Wagrier; 2006¢), Case P2 represented-d well-
configured SE pfBN2Fign bf the most recently discharged fuel assemblies. Case P2
simulated af>/Hion - The tithing of thé limiting fiel
assembly to heaf®@High }thhout an make-up flow. “The-estimated timing of
a peak fuel assembly in'a uniform configuration was see Table 9).' Both cases

‘simulated blockage of the'tack inlet by water. Consequently, a.well-configured SEP provides

significantly more time for mitigative.actions.

[EI2)igh

. - [BY2)High =
‘Figure 3-27 Level Response as a Function of Make-up Flow v'f_(‘)lhlowmg Reactor
Shutdown in the Reference PWR SFP..

®The heap: iaiming of: Case P2 from the detailed PWR whole.pool mode) analysis with a well-conﬁgured
‘(i:..dispersed)- assembly arrangement was; based on the I'ngh:st powered assembhe; from the last.offioad (i’e.,
Ring ] versus the lower powered'assemblies in Ring3; sec Figure 3:37) [Wagner 2006c]. In.contrast, the
smphﬁed whele; pool mode]. resuhs awitly 2 yniform or poorlv conﬁ gured assembly arrangemeny: thnx were
presenited jn 'l‘dble 8§ zmd Table 9 rcprcsentad the average decay.power of the last discharge’ batch Based on decay.
‘heatscaling_arguments, the estimated: uming' of the peak-powered ..ssemb}y in a uniform-configuration to heatio:
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E i.7 Figure:3-28 Level Response as a'Eunc_ti:on_-Qf;Make-'up‘;Flowfbxzmgh' - follo‘,wingReac‘tor
' Shutdown in the: Reference PWR SEP. = . '




3.1.5 Summary of Make-up Flow Requirements and Extension to Other.Sites

As stated previously: the most.obvious and effective solutnon to a loss-oiicoolant mventory
accident consists of leak repair-and miake-up. water. The ggési ; v

£+ .7 sectionsshow that (a) the water level must be:maintained b)(2)High: ' (b) the

time:available is dependent upon the leakage.size and’ location and the amount of aging: since
shutdovm; and (¢) relahvely modest:amounts of water. are.needed to remove the: SFP decay heat

By, ifthe leak lsi“’)‘z)“'gh ‘

d(’b)(zmsgh

Ex.% Ifthe leak isnot repdired and. lies then the addmonal make:up

flow is réquired to reestablish the level. For.example, Figure 3-29 shows'tl ¢ flowrate as a
function of pool elevation for-a leakat the bottom of the SFP. {°N@High
 fex2)igh. S—
Ex.T '
{0)2)High ) ‘ ] [As will be shown.in

“Section 3.3, a spray system would be more cfiective thana. make-up system for large l€ak rates:

‘For application t0.other SFPs; thé minimum.watér level analysis in' Section 3.1.1 ‘for the
‘reference PWR is applicable: The: timing:to:drain- the SFP is dependent on thepool-size, the.hole
size, and the decdy heat 10ad. The uming values in Sectlon 3:1.2 are applicable to the reference.
~_PWR SEP with its.size dimensions (260,000 gal, 970.m) and pool decay heat powergNafish

& [ol2nigh ‘Alternate draining-and heatup analyses would be required
10 prédict the drain rates in pools with substantially different charactéristics. However, the flow
rate versus;elevation shown in-Figure;3:29 would be valid for-any SFP-and:could be-used in a-
.calculation to estimate thé drain-rate for differeiit'sized pools.

7
o
‘Q

Alternate hand calciilations can bé performied for the maké-upiflo
Aising the:example in Section 3.1.3. v°)(2)H'9h

Ex. 2. rb)(z_)H[gh}:

[bl(2)High ' |:As the fuel ages, the relative.amount.of the decay heat power from
‘the last offloadsteadily.decreases. Afier two years (i.e., the.fuel.cycle duration for the BWR
reference;plant), the rélative.contribiition. frém the last dlscharge is;only 34% of the total pool
decay ‘heat, In the absence of SFP decay beat calculations, Figure 3-30:and Figure3- 31 can be
tised to estimate-the decay power of the’ various. offloads-in the- SEP as a function of: aging time.
The-reference BWR fucl cycle was2:-years: The burn-up.was not available but was: estimated to
be: approxunalely 50- GWA/MTU inthe most recent batch. The reference PWR fuel cycle length
‘varied considerably but the'most recent cyclés were'approximatély 2 yedrs. Theaverage burn-up,_
of the assemblies in the last batch was: ~50 GWd’MTU. The large variations-in-the decay heat
power within a fuél cycle, whichis pamcularly evident in the last fuel discharge, were whéther
tthe assemblies were burned at high.power.for twe cycles (ite., the high-values).or were burned
for three cycles with the last cycle being at lGw-power.

*Thie total, poo] decay-powers.cited atiove’ and used ‘in the calculations for Section3.1.2:do.not inchide-tic hiear load
from assemblics in the'SFP during refuelmg that wnll be retorned to the reactor. The 260,000 gallon'volume:
atcounits far the space.occupied by the-fuél and.racks.

INFORMATION 4!
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‘One final consideration should be'mentioned: If there was:a'leak that-completely drains the:SFP,
‘then adding make-up water could cover the bottom of the rack and. preclude natural circulation
flow. Depending-upon several factors (e.g., fuel age, storage-configuration; presence‘of a flow
downcomer,.adequate ventilation, étc.), the fuel could bé coolable with air ventilation. Orice the
air Convection is stopped with the: make-up flow,,the heat removal decreases and the fuel will
‘heat-more:quickly. Hence, with'heat removal due to aif ¢onvection, the make-up.flow must fill

€.z the poolEX2High before the fuel Reats to ignition'conditions, which

may require a very high capacity flow system:. As will be discuSsed later, a uniforti:spray flow
‘thit provides top-down ¢ooling could provide sufficient coolmg at a:muich lower flowrate:

i
b)(2)Figh

-

B

Lt it . O KPP i b | Do e

—7

Figure 3-29° Comparison of Leakage Rates vérsus Water'Level Height as.a Function of,

Leak.Size.
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Reference BWR.SFP ‘ASsembly Décay Heat:
as 2 Function of Time & Sorted By Decay Haat

900 :

Agsembly Dacay Heat (KW)

‘=3 month
1 year

01 : s A - s m—
0 500 1000 1500 2000 2500 3000

Figure3-30:

Assembly Number

Comparlson of the'Reference BWR SFP. Assembly Decav Heat Ratesas a
Function of Time and Sorted by Decay Power.

Referonce' PWR SEP.Assembly Decay Heat
asa Functlon of Time & Sortad By Decay Heat

100:

Assembly Power (kW)

Figure 3-31

200 400 600 80D “1000: 1200
Assembly Number:

Comparison of the Reference PWR SFP Assembly Decay Heat Rates as a
Fiinction-of Time-and Sorted by. Decay Power.
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£y, 1 fEiHigh
" 'nmprciv_ér‘nent‘mnfco‘olab\hty[EPJ\z)“'g“ 1t should be noted'thatather patternscan be

Ex 2

3.2 WeikOrganized Fuel Configurations

‘A:well-organized fuel'configuration in the:SFP'is the thost valuable passive improvement. The:
generdl p}u]osophy of a well-organized fugl configuration:consistsof: surrounding recently,
.dxscharged high decay heat power assemiblies with. low-powered assemblies: or erhpty rack cells..

The impact is beneficial to both conmplete and partial loss-of-coolant inventory dccidents. For
complete loss-of-coolant accidents, many separate:effectscalculations were performed. for both:
reference:plants to quantify the- effect of the-configuration on the assémbly coolability. The

'unpacl of a well-organized:configuration on partial. loss-of-coolant accidents was quantified

using;: -whole pool calculations rather than through. separate-effects calculations due to the
additional complications of tracking the level response. ‘The analysis of the BWR SFP reference
plant concentrated on the, -existing fuel-configuration (i.¢., circa 2002), which was.neither well
nor poorly canfigured. Calcilations. were performed wnth the base BWRSFP model, which
reflected the-actual configuration’ and: a sensitivity configuration where the radial coupling
between high- and low-powered:: assemblics was rédiced by @ factar:of 10: (i:€;,a poorly
configured. SFP) In.contrast, PWR SFP: whole: pool-analyses used:both well- conﬁgured

(i.e., dispersed) and poorly.configured (i:e., non-dispérsed) configurations. The configuration

analyses:for the reference plants for.the complete and partial loss-of-coolant inventory resiilts are

discussed in Sections 3.2.1,and 3,2.2, respectively. The application of these concepts to other
SFPsiis-discussed in' Section 3.2.3.

3.2.1 Summary of Well-Cunfigured Patterns in Complete Loss-of:Coolant Inventory
Accidents

Figuré 3:32'shows the fuel configuirations.conisideéred in-the MELCOR separate effects.analyses.
The least coolable configuration places all the.recently discharged assemblies together in a
uniform patiem. In‘a uniform patiém, there'isnd. radial heal transfer berween assémblies.
Consequently,all heat rerfioval must occur axially, which s limited by the convective flow rate

in-the assembly. ‘The most effective: pattem placed four empty cells around each high-powered

assembly.. This requires. thie most space in the SEP and consequently may- ot be’ practical.
‘Alternately,:a 1x4 pattern with four low-powercd assemblies surrounding one high-powered

assembly may'be achiévable at most sites..

Table 1} shows the.gdins from:a uniform:pattern of recently discharged assemblies to other |
better configured arrangements. If the most recently: dxscharged highest-powered- assemblies are
Surrounded by assemblies at or below the median assembly:decay: power, there.are substantial
gains:in the. minimum amount of aging for coolability for a chéckerboird or1%4. patierm:
Snmllarly, if the: hlghesx-powered assemblics.are surrounded with empty-cells, the improvements.
are also. sugmf cant. In surnrhary, spent fiiel assemblie; stored in a conligiious pattern »
(i.e., uniformly high- owered region).are not coolable} e)ZHigh " j
) 7’4 1x4 configuration, The checkerboard pattern provides a mioderate

postulated that would also give Denemns berween thosé cited (e.g., 1x2, 1%3):

The separate effect calculations cited in Table.11 includé:some key assumptxons that were
separately’investigated in sensitivity. stidies. The: Ley assumptions are'summarized below:

L




» The separaté effects configurations were ?init"iat’ed‘wi_thwé’ébmp_l_gte; loss-of-coolant inventory.
There:is no water-in-the SFP..

o The decay heat'power for the hlgh powered assembly ‘Wwas the peak value'from the reference.
.BWR orPWR SFP decay heat analysis.. The decay heat ‘power-for: the: low-powered
assembly was thie median valie in the reference BWR or PWR SFP inventory from the decay.
‘heat analysis. In both the BWR and PWR analysns there was considerable variability in the-
-decay heat power.of the last offload. Forexample, the:decay heat powers.of the:last .offioad
‘of the refererice BWR ranged: from 9:34 kW to 2.66 KW at one. -morith of aging (Figure 3-30).
Similarly, the reference PWR peak assembly decay power ranged from 21.6.kW to0 8.30 kW
a140 days. The pnmarv factor effécting the. shert-tenn (i-6.; <1 year) décay heal powers the
;asscmblv fission power in the last:fuel cycle (Fi igure3- 31) The total bum-up ‘Was a.
secondary Tactor affécting the short-term:decay power in the reference plant-decay-heat-
calculations.

s Theé inlet temperature was asSumed to be 300'K.. The importance of adequat° ventilation is
further discussed-in Section 3.4,

' Theassemblies are assumed to be in the centér of the:rack, away from edge €ffects and not
over axraclc foot (see Section.3:6).

e There is.an initial oxide layer thatiis: within the. -tange of values$ found in BWR-and PWR
spent fuel assemblies: ([Lannmg] and [O Donnell)):

Table 11 Summary of BWR and PWR Coolability Avmg Estimates for
Assemblies in Air.

)@ High

' T
I

L

Notes

A. The calculations assumed a complete and rapid loss- of—coolanl inventory from the
SFP. There are many other assumptions in these: calculations that are: carefully
outlined.in the prévious:studies but they illistrate the relitive: gains achievable: for
well-confi gured pools.

i B. The BWR resuits with adjacent empty cells aie based on a slightly oldér modéling
i approach but are’bélieved to be representative.
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Figure 3 -36:stiows an.example of the refererice BWR:SFP'ina, well'—coﬁﬁgﬁr'e'c_l_ arranggriefit
using repeating 1x4 patterns. The most recently discharged “ ‘orange’ » and “red” assemblies-are:
surréunded by the older ‘blue assemblles in the: SFPin 1x4 patterns: Pb)m”'gh .

Ex. [o@Hgh !

Ex |

<>~)

[b)(Z)ngh lHence 600 h\gh-powered asscmbhes (re., red and: orange) or:approximately two
c

“core offloads, can be accommodated in 1x4 patterns.'™ The 1200 lowest powered assermblies
were placed- around the most recent'offload (i:e., up to 300 red asserhblies in:a 1:4ratio). The
next 1200 lowest powered assemblies were placed arourid the nextmost recént 6ffload. This
represents a well-configured arrangement from-a thermal-hydraulic perspective, but does. not
‘décourt for criticality concéms (b‘r‘ othér '.COnstraihtS)_,

A similar example of ‘a-well-configured iayout for the réference PWR SFP is shown in

anure 3-37. In this'example;the most-recenlly dlsoharged fuel (e, identified as Batch 15a-and
1'Sb in Rings. 1 and 3)'is placed in a'1x4.patiern with the’ lowest. powered assemblies in the'SFP-
(Batchés L1 throtigh L7 in: Ring 2).. The next most récent: offload (i.e., ldennﬁed as‘Batch 14a
and 14b-in Rings-4 and 6)-are placed.in a 1x4 pattern with the next-oldest (Batches. L8 through
'L10:in'Ring 5). The whole _pool analyms which was based on the configurdtion shown in
'Flgure 3-37, actually. gave better-coolability-than'was eXpecled from the 1x4 separate effects,
-analyses for ‘three reasons. First, the'highest powered agseniblies'in Rings 1 and’3 were coupled
to the lowest powered assemblies in ng 2. The.averagedecay power: of the asseimblies in
Ring.2 was:0.37 kW versus;the 0.5’ kW' SEP median’value used in the comparable separate effect
-analyses. Second, thé resultant ratioof Ring1-and 3 assémblies 1o ng 2:was thé-equivalent of
5.1 low-powered assemblies.for every hi gh-powered assembly due:to. additional assemblies st
edges-and comefs: of tlie;repeating 1%4 confi iguration. Pteviois BWR separate &ffects
calculations show that additional cooling benefits:with additional. surroundmg assemblies

(e.g... 1x4x8x12 configuration-had betier cooling than the 1x4%8, which was bettér-than'the 1x4-
,conﬁguranons [Wagner, 2003]). Einally, asa related: benefit, the 1x4- conﬁgurahon with thé
highest powered assemblies in Ring | were placed in a “checkerboard:patiern” with.the 1x4
configurations with the- Ring 3 assemblies using-Ring 2:as the low-powered. assembliés!for both
sets-of 1x4 patterns.. The -average assembly decay power in-Ring 3 only had 46% ofithe decay
power in the Ring 1 assembliés. Hence, the heat load from Ring; | ligh-poweted assemblies into
'ng 2.would further expand.into:the- pomon of Ring 2 assemblies atiributed to.a 1'x4 pattern.
arqund the Ring 3-assembliés.

. {B)2)High
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Checkerboard  1x4 Pattém.with
Pattern with: Empties:
Empties

F'igU're?3r32 Fuel Configurations.Considered inthe MEL-COR'S‘(;'parat'e' Effects Models. -
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3.22 Sammary of Well-Configured Patterns in Partial Loss-of-CoolantInventory
Accldents

As dlscussed above the i xmpact afa w=1!-orgamzed conﬂguralzcu on-paitial Ioss-of—coolam
-accidents was quantified using whole pool calculations.rather-than through separate: effects
calculations:due to-the'additional comphcalmns of trackmg the lével response. In the complete
loss-of-coolant inventory accidents, some of the power fromthe. hxgh-powered assemblies was
transferred radiallyinto low-powered assemblies: A1 quasi-steady conditions, the-additional heat
load. or power from. the bxgh—powered assembly was convected out of the low-powered assembly.
At. hmmng conditions near the threshold of coolability, almost 80% of the.center assembly.
POWET was’ transférred to the four: penpheral assemblies in'a 1x4 configuration: -Consequently,
the decay power becomes: distributed-across the configuration. ‘In contrastfor a partial
loss-of-coolant inventory-accident, heat (or power) that is transferred from the high-powered
assembly-to'the low-powered assembly-can-not be convected away, once the water level has
dmpped below the point of effective steam cooling. Therefore; the benéfit of a well-configured.
‘patiern in a partxal loss-of-coolant inventory ‘accident.is temporal. “The Iow-powered dgsemblies:
initially act as an-additional heat sink that absorbs.energy:from the hi gh-powered assembly.
However, once'thé low-powered. assemblies fieat up, their benefitas a heat sink diminishes.
Nevertheless,:as will be showr below, the additional time for mitigative actions due to'a
well-configured pattémn.is:significant;

Thie analysis-of the BWR SFP reference plant concentrated ofi-the exiSting fuel configuration
(i-e., circa 2002), which was:néither well nor poorly configured. As shown in Figure 3-33, the
most recently discharged assemblies (i.e. lhex}ughest decay ‘heat) are distributed. somewhat
randomly but generally not concentrated in large contiguous regions. An analysis of the. existing
configuration was: performed and the highest powered assemblies, were grouped according to
their- couphnsz to other hlgh~powered assembhes Versus. low -powered assemblzes The base

(1 e.; ~4 sndes of hke a 14 pattem) ‘Hiedinm: (1 &, 1-3 sxdes or hke a checkerboard paucm) and
low: (1 e., <0 sides'or like a uniform: pattern). couphng to low-powered assemiblies, Additional.
sensitivity ‘€alculations were performed where the radial coupling betweéen high- and
low-powered assemblies was reduced by a factor of 10 (i.e.; a poorly conﬁgured SEP)."

A companson of the peak ¢ladding lemperature response. for the base case and degraded v1ew
factor casés is show ini Figiire 3:34.for the reference. BWR SFP; [foii2iFigh ]
(b)(2)High

P2 N ~ | Arcomparison of the

u Mechnmcaliy, ihe viewfactor bctween the high--and low-powered assemblies wasireduced by a factor0f10: The:
radial:viéw faciats, for a: ‘high-powered-assembly 10 the low-powered dssemblies:in 3 Fx4; chiéckerboard, and
‘unifor panerns are appro:umately 1, 0:25; and0: Cousequemly, a factor of ten reduciion in the view factor.
‘chaniges thiehigh-coupled régions to-much cluser. to 3 uniform configuration-(i.c.,.a view factoror 0.1). This wasa
‘simplified approach 10 éxamine a° non-dispersed:storage: conﬁgursuon without. hwmg to rebuild tie MELCOR
-iniput to reflect a giffereni fuel layout. However, it-should'be noted that even-a view factor of 0.1 can wansfer a

. significant:améurit bf power at-high temperatures. following ignition.due-to the fourth power ‘dependency on
thetmal radiation.:
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Ex 2
EX

Ring 3 peak temperature response shows both.configurations heated similarly-until high
‘tethperature‘radiation becarhe: effectwe at tra sfemng heataway: ft6m the high-powered: fuel.

“The poorly-configured case. heate (i.¢., temperature-of. claddmg failure and the gap
fission product release™(@Hish ersus Tauch: later in the digpersed configuration.. Ti fact,
‘the first-fission product failure location in the dispersedcase. changcd from Ring:3 to ng 7,
‘which had.fuel from the:second most recent ofﬂoad but was more uni formly configured. ‘Since
Ring 7 assemblies Had a lower decay: heat » ‘was much slower
than'Ring 3: A comparison of the results ")(2'”‘9"' for dispersed: and
non-dispersed casés.are summarized in Tablc 12:. Boﬁ?b)(z)”‘g" N ~kases show:
increased coolability from a-well-c 3 v'the increased timing to the
start of the fission product releas " .

[E)@High

Figure.3-33 Referénce BWR!Spent Fuel Decay-Heat-Level at 1 Month after Discharge to
the SFP (c:rca 2002).




"’fb)(Z}High' - - ' . ==

N

Figure 3-34  Comparison'of the Peak Cladding Temperature for a Partial Loss-of:Coolant
Accident in the Reference. BWR SFP for Partially Dispersed and
‘Nop-Dispersed Fuel Configurations. ** -
Next, a comparison of a-well-configured:and poorly.configured PWR SFP is preserited. The.
€x. 2 .mostrecently discharged fuel had age¢” which is a much:higher rélativie décay heat than
_'the previous réference BWR case, [PN2)High I
Ex. 2 fe)@)tigh | In the dispersed cas€, the:refererice PWR is.
‘arranged'in_a.checkerboard paftern of Tx4 configirati Lmns with the most recently dtscharged fuiel
-as shown in Figure 3-37:"

Toy2High
Ex.2 vﬁb)(z)ngh there;was essentially no.steam cooling ‘in this case versus some
" :steam.cooling:in the previous BWR casss. ‘A companson ‘of thé peak température response

shows both configurations heated similarly until;high iemperature radiation became:eff ectlve at

transfemno ligat away from the hlgh-powered fuel, fDI@IHigh”
By ,Lﬁb)(z)H.gh ‘_“.
‘Bzigh | Similaf to-the BWR zesilts the
showed a substantial tifhe benéfit even for the much more severe case| 9 , |

X '(b,(zmigh - S

 Both ng 3 and Tare: show—n in Fxgure 3-34'for comparison to Table 12,
The combined checkerboard-and [x4:paterns are perhaps more clearly illustrated Figure 3-36%in the
well:organized BWR SFPonfiguration.
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Ex.

|

Figure3-35. Comparison of the Peak Cladding Temperature for a Partial Loss-of-Coolant
Accident in the Referénce PWR SFP-for Dispersed and Non-Dispersed Fuel
Configurations.
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“Fable §2. Summary-of Reference BW

7 | IWR Since Discharge Partial Loss-of-Cool
with the Lesk Locatiogf® 24 '

i [&‘c’fi:che.\ne] Results,

[Tozrian

I L DL eIl mUIAmmem cmmewmmear w0 ¢ ST MR OUIRNL T UTI STITIIN Y T2V L L et e ek el e, A Gt ® i i = i i v S i o i et Al e el



ST IS L 4 MRt et 2 i o

3.23 Extension of Well-Configured Patterns to Other Sites

Thé following guidelifiés ate provided for the ‘extension ofithe well-configured patierns.to other
sites. '

e The following guidelines rank the unpact of.various: configurations.on the coslability, of the

:assemblies,

Configuration’] _- — Ranking __
1x4-emptics:

| | Best
1x4

f Checkerboard ‘Good'

{ with emplies k

-| Chieckerboard Moderate: |
| Uniform Worst:

| |

e A checkerboard. pattern with the 1x4 patterns:as shown'in Figure 3-36. fm‘thcr spreads out the
highest-powered assemblies.and enhances cool abxhty

«  Aswill be: dlscussed in Section 3.5, a contlguous opening on-di'least one corrieriof the SFP!
provides-a downflow region for cool air. Figure:3-36 and Figure 3:37 show contiguous: ‘open
regions on all foursides of the SFP.




i

i
i

u.’ém'czxérﬂ

‘Figure 3-36  Example of the Reference BWR SFP in a 'Well-Configured-Arrangenient using Repeéating. 1x4 Patteriis..

—OFFIGHAL-USE-ONLY-—SEGURITY-RELATED-INFORMATION—

54




SR

TN i A ST

Ak e e by Gt e TR, e X IR SR TR

R VIEX PR NI T

uﬁm(z)(q) :

TR N RERE

BT

Fiﬁju’:é:.3-37' Example of the Referénce PWR:SFP.in a Well-Configured Arrangement using Repeating 1x4 Patterns.

—OFFICIALYSE-ONEY=SECURITY:RELATED INFORMATION — 55




3.3 Emergency Sprays

A focused study was performed to estimate the emergency spray effectiveness in SFP
loss-of-coolant i inventory: ‘dccidents [Wagncr 2006a] Thie conditions corisidered in the study
were specified with guidance: from;the NRC: ‘The spray-analyses did ‘not seek to study
implementation feasibility; fuel geometry disruption, spray droplet size effects, or variations in
the pool.or building geometry. Nevertheless; the study provides some key xnsnghts into the
effectiveness of the sprays for-a range ‘of conditions.

Section 3.3'is subdivided into three subsections. First, Section'3.1.1 shows simple hand
calculations:thatwere. mmally performed to-estimate the spray-requirements. ‘The:hand
calculations do not-address complications such-as radial heat transfer for well configured
assembly arrangements, removal of'sensible heat and. coolmg outside thé.canistér for BWRs.
Nevertheless, they appear to-be a'conservative: stamng point. for sizing: spray:system
fequiremerits. Section 3.3.2 shows the results of thé spray éffectivéness study using MELCOR.
Finally, the results are summarized in Section 3:3.3 as.well as: suggestions to extend: the ﬁndmgs
to other SFPs.

33.1 Hund Caleulations for Minimuim Spray Flow

the’ requlred make-up flow rates can be very large if the leak is
and.can not be’ repaxred However, if the niake-up flow could be

"provided directly into the. individual assemblies viaia: spray system, then: adcquate assembly
cooling might:be provided with:a much srhaller flow rate. Hand calculations were performed to
&alculate'the heat removal capacity of the'spray flow by completely vaporizing the injected:
water. Based on the:peak decay heat assembly, the:amount of: spray required for the entire pool
was calculated as:described below. The peakipowered assemibly is usédibecause i ignition must: be
prevented in the limiting assembly to prevent possible propagation to the other assemblies. 1fthe
limiting assembly ignites, then the additional exothiérmiic power and: correspondmg ‘high
‘temperatires from the:ignition. oxidation reactions can substantxally increase:the heat-flux to.the
.surrounding assemblies.

The calculations made assumptions-about the spray nozzle overlap factor and that only flow

‘within theé canister'was.effective: It was: f’unhcr assumed: : $11\
be projected across. thie whole pool. [°)2High
bi2)High- The calculations were considered as potentially- Conservative simce radial heat

m
W

“Transfer for a well-configuréd pool was riotconsidéred nor was heat fernoval from spray flow in
'Lhe annulus betwcen the BWR camster and the rack. The-MELCOR calculations presented:in

Assumptions: nons

1 ence BWR:SFP daj

3: 80°F spray water

4, 33%. spray coverage: inefficiency/overlap
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Only flow within the:canister cross-séction is.effective
Make-up:based on'peak assembly decay heat pro;ecled across:entire pool
7. No radial heat transfer t0.4djacent assemblies:(i.¢., a uniform configuration)

oV

p =62.1 Ibm/ft® = 996 kg/m’
by =970.3 BTU/bm = 2:257x10%.T/kg
h sorpzizor = 180,18 BTUAbm - 48.13 BTW/lbimi = 132,05 BTU/Mbm = 3.072x10° kg

Ah =y + hygonier = 1102 BTU/Gm = 2.56 x10° Jkg

Kb)(2)High

Ex.L

BWR.SFP Assembly Pitch =6.28”
BWR SFP-Canister ID = 5.4 *

Inside canisier area to cell-pitch ratio = (3:4” x 5.4")./(6.28" x 6:28").=0.739
Whole:Pool Size = 480" x 424"= 203,520.in = 131.3 m* (Cross-sectional area)

Equivalent mirber 6f SFP rack c»lls in entire'SFP cross-section
=7203,520in’ /(6.28" x 6.28”") = 5160 €quivalent cells

Ev.2 SprayFlownate jb)_mmgh } (996 ke/m® * 2 56.x10° .ng) (60 sec/min)
o *+264:2:gallm) * 1233 overiapy * 135 cnsiirutiop * 5160 €quiv. célls:

' PR —
Ex .2 E Nreh

The results for a range of decay heat levels for the reference’ BWR and PWR SFPs-are shown in
Figure 3-38and Figure 3- 39; respectively. The correspondmg assumptions for the' miniminm.
‘spray flow-i in.the reference PWR. SFP-were,

L. Reference PWR datia(see Figure 3-24 for the reference PWR SFP decay heat power)
2. 80°F.spray watér
3. 3% Spray cov..rage mefﬁcxency/overlap _
Ex. L >
Ex 2 fm(z.wrgh

" Fhis is;an approximate- valuc for lhc BWR canister 1D. More:accurate GNF 'GE:11:daa.from the SNL-SFP'
program show variable: thxckness across lhc ]enoth of the canister wn.h aniDin’ the: acuve fuel region of 5. 28"
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Figure3-38  Hand Calculitions to Estiinate Spray Heat Removal Requirements for the
Reference BWR SKP.
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3.32 MELCOR Ciléulations for Minimum Spray Flow"

‘The MELCOR spray calculations weré: performed in'tvo. -steps. - First,-whole pool calculations
were performed to get the overall response in the'SFP. The results from the whole pool
calculations were then used as- ‘boundary conditions for & separate effects modél that included a
detailed nodalization to track the. Spray flow as it penetrated into the assembly The basic'spray’
flow modeling assumptions that weré-prescribed for the analysis-are Summarized in
Section 3.3.2.1. The results;of the whole: pool calculations are saimmarized in Section 3.3:2
Finally, the:results of the detailed 'separate effects spray model are: ‘given in Section 3.3.2.3.
3.3.2.1 Basic Assumptions in the MELCO%)&)Hrah ‘Analyses
i
Ex.2. Based on.input from the NRC,a delay-time of_ i as assumed for spriy. initiation. - Also:
€x.7 basedon input from the NRC, & spray flow rate offo)@Hihi |vas selected for-the
‘miajority of caleulations. Note that the flow fatesreferenced 11 these analyses refér to the spray
flow rate entering the pool, not the spray:flow raie that the system is capable of provxdmg
(i-e., thiey do not-include a spray ovetlap.factor or a delivery inefficiency). Thespray flow
enteringithe SFP. was assumed to.be evenly-distributed over the cross-sectioi of the spent fuel

, ~ pool’; The réference BWR SFP-has.a ¢ross_§ectional:area.of 40 i (12.2'm) by 35.3:ft (10.8 m),
£x.72  Thisresultsiina.spray flow rate'of roughlyf""z)”'gh Iper rackcell.
3:3.22 SFP Water Level Respome with. Spravs '

separate effects calcnlauons Fxgure 3-40 and Fxgure 3—41 show typlcal resul'f

Ex. 1 fo)@High The most. : of.

resultant water level (se& summary in Table [3)! [p)aigh . o

Ex. 1 [ENEHGh o ]
o)2)High |For the range of hole sizés-and Spray flow rates consxdered in lhe study, the

long-term water level spanned conditions that w : e thé it

£x.7. Vversus.cases where the inlet would be plugged, ! had 8 relatwely hngb

level that would cover the inlét.to the racks and partially cover the Gotlom of the-fuel (a water

Ex.z level'of >16”). In contrast, thef®X@Hiah ad a very low water level and would be-ensured
Eyd to. have air natitral circulation flowfbl(2)High- ' |
EXS [El(2)High [As:discussed in Section 2.3,/the phienomena and

thermal response for'nOn-spray cases. with'the inlet plugged by. the water level is' much different

.than the tespense when there.is air flow in.the assembly. "Most mportantly, air natural

conveclivé heat removal is prevented when thie‘inlet is.blockéd. Howéver, thé spray. calculations:

‘with a plugged inlet showed a much less.significant impact afier the spray. mmahon The: spray

flow source-provided an‘active heat removal mechanism that reduced the fiecéssity of convective.
- air flow.

LTI 4 e T L cee e e e e hm e A e S ek & sl e i+ e
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Table'13 Summary ‘of the Steady-State' Water Levels.as'a Function of Leakage Hole
Size and Spray Flow Rate, N g
fol@High T T

x. | A
T £
| g

a n

;, .

!

Figure 3-40 __Level 'Rcsponsgb}(z’,’ Hon
£x.2 BiZHigh
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Figure. 3—41 Companson of the Leak Rate and Spray. Flowrate Responserb)(z)mgh‘
Jo)NHigh

33.2.3: Separate Effects Spray Calculations
Table 14 summarizés the highlights of separate effects spray.calculations. Calculations were
performed:for theuriform, checkerbodrd, and. 1%4; conﬁguratmns Foreach configuration,

parametric calculations:were perforined with varjations in.one:or more of the:scenario or
modehnc altnbut”s The vanatlons in the' calculauons mcluded fuel conﬁgumtmn ‘unifo

expected to. have -air flow also'had a sensitivity- calculatlon where the mlet was plucrged wuth
water).

Jf the fue'lywas

provxded adequate coolmo for the fuel assem‘ohes\
‘ut; onlv if the inlet is not

configured-in a checkerboard pattern, it is also’ cocﬂabl; bN?lHrgh

plugged. Undeérthe same conditions, fuel’ which is not favora y-bonngured (i, uniform fuel

loading).is not coolablet®X2Hish | The uniform fuel configuration becomes

‘coolable atfPEHigh . following shutdown|[fP)i21High ,-kseg‘

Fig‘ur..‘ 3-42) andfbi@High (sce. Figure 3-43). If the spray How rate is.
creased]["?w”‘g“ ]the uniform configuration lS_AC,DOlabler)—é)H‘Qh - jand

b)(2)High’

fluctuating near.coolability llmItSF (sce Figure 3-34).
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Table'l4  Summary of Separate Effects:Spray Calculation Results.

‘J‘F}(Z)Higp‘
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EXx.

Figure 342 Comparison of the Peak Cladding Temperatures for the Uniform

Ex 2 __Conficuration with Varipus Aging Periods and a Whole Poo) Spray, Flow
T (5)(2)High l___?___] = St P

@ Figh

Ex. |

Figure 3-43  Comparison;of the Peak Cladding Temperatures for the Uniform L
s Confipuration 'with Various Aging Periods and.2 Whole Pool Spray Flov
Ex.2 ot ging Periads and.& Whole Pool Spray Flow, |
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Ex,; 2 into therackcell'shouldbe. used
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Figuré 3-44 -Comparison of the Peak Cladding Temperatures for the Uniform

_Configuration with Various: Aging Periods and a-Whole Pool Spray. FlowD
fe)2mHigh "

do provide benéfit in that they can either

delay orF preclude an o:udanon transient for-a Tange of conditions. The exiént of this benefit s

dependenton the conditions.of intergst. For fiel which has been.favorably configured in a.1x4
attern, a spray-flow ratef2(2High rovided adequate coolmg for the fuel.assemblies at

FoolablefBX2ah_ Jbut only if the-inlet is not plugged. Urider the same condition

b)2HIgh | If the Tue)' was configured in a checkerboard patter, itisialso

‘not favorably-configured (i.e:, uiniform fugl loading) becomes coolable ayl > 2o"

;WZ)H‘Q" “For shoner decay limes, sprays will:delay the onset of rapid cladding

oxidafion and subsequent fuel damage

There are several important factors to be considered. when applying these results. First, the
‘réported flowrate'in the MELCOR ‘calculations could be considered as the:minimurn fluk at thie:
elevation of the racks. The reported flowratesdo not include: spray nozzle: overlap 1nefficiencies.
The spray-flows do,however, assumeé-the ¢ntire pool'is covered.(e.g., the cask: reg and gaps’
betweenthe racks and walls are al; S0: bcmg Sprayed) -Although there are onl ~ Fack cells in
the reference BWR SFP andl _ispent assemblies, the specified: spray flow:was Turther
assumedto be ‘evenly spread. across the entire SFP cross-sectional aréa (i.e.,:an equivalent size of
5160 cells). Consequemly, the effectivenessof the spray-flowrate is affected by:the overallsize

«of the SFP. For. apphcanon of: :r% (re)aer:nce BWR résuits to other configurations, the pet flux
Kb)(2}Hig )




‘The hand calculations, in-Section 3.3 1'included-a 33%inefficiency factor:for spray:overlap and
rieglected any benefit from spray. entering the anmilus’bétivgen: the canister.and the rack. If thése

&¥2 inefficiencies are removed and {he decay power is adjusted [®)(2Hish. then the

Ex. % calculated minimum.flowrate ig®NaHeh i(see Figure'3-45), or approxxmately the same value-as
calculated by MELCOR for cooling (see Figure 3-47) The MELCOR calculations showed a
sharp thermal profile where: the top of the fuel rods were cooled by the liquid spray but the fuel
rods. below the spray penetration"depth were hot. The radial ‘heat transfer from the hot:rods:
heated the canister and rack wall. The'spray flow*in thé annulus also boiled away, thereby also
‘removing heat from the lower portion of the assembly:

£x.7 -In contrast, the. MELCOR calculation.showed! thaﬂb)(zm'gh in & uniform,
:or non-favorable configuration, The: comparable hand calculation: that included heat transfer to
the annulus.and neglected the smal_nefﬁcxencnes prédicted[e)2High- -

Ex - 2 [E2Hign see'lower Iine in Figure 3-45). 1t might e

Ex. 2 arguedthaf®dHigh ]MELCOR résult.was somewhat £golable, although. judged ‘
umstable. The modilied hand calculation-that included heat transfer to.the anmilus and neglected

&x.. "L the spray inefficiencies reqmrecﬂ@(_f’”jgh Jor somewhat-cleser fo:the MELCOR resuilt

Ex 2L Nevertheless ‘the modified-hand calculations were judged as non-conservative at
..thns ‘high power high-flow condition and:therefore-should: only be used-as;a scoping aid.. For-
exaniple, the:MELCOR ‘calculations providé moré realistic’ fepresentation-of radial heat transfer,
‘counter-current flow hmltmg, liquid pass:through'in the annulus, film boiling heat transfer- rates,
etc., that refine the simplisti¢ hand-calculation assumption 6'100% toiling efficiency. In

‘summary; the MELCOR :calculations provide a more ‘Tiechanistic: fepresentation:of the:phiysics
and therefore are the best guidance for.coolability thresholds.

. — ,——1
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Figare2 3-45 Base and Modified Hand Calculations to: Estimate Sprav Heat Removal
Requnrements for the Reference BWR SFP.
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Ne PWR:spra_y;»_cal._cd‘la’tivoxiS';wert:: madé in_rt‘his. study: Bz__z_s_edf(m a comparison of the results from.
the BWR and PWR hand calculations. in, Section 3.:3.1, the required-spray-flux per rack-cell or per
‘wriit aréa can be calculitéd. '

[BzHigh

Ex. 2. ‘Forthe B (from Section'3.3.1 per umit area but.no spray inefficiencies and-no-
tadial heat trausfer tothe arinulus between the:canister and rack cell wall),

Ex.Z BWR Spray Flow: y (996 kg/m® * 256 x10%1/kg) * (60 sec/min)

‘;(_ 642ga]/m)/(5 4" x 5:4° )

Ex. 7. “P:)('Z)H:gh. ]

& =\

Ex- L )fu)(_z)mgh — o
€». 7 Forthe PWR.[P')'@High | ith fio spray. inefficiencies, .

Ex:2 PWR Spray Flow  49@H8h — hi9961a/m® * 2.56 x10° J/ke) * (60 sec/min):

: * (26472 gallm) 7 (9:04"x.9. 04")

Ex 7

Ex: 2o
£x. 7  Consequently, from a flux per unit area perspective; the reference PWR requires ess spray

z¢. flowthan'the reference BWRF""Z‘”'Q" (see Figure 3-47). Althiough this relatively small

€x. 1. difference.in fluxes:seems contradictory 1o the overall results cited in. Section 3.3, 1
the reference BWR: pool dimeiisions - were 48%. larger than the référénce PWR. Consequenﬂy,
smaller flowrate was required to.cover the PWR SEP.

Flgure 3-46 shows a.comparison of the. BWR hand-calculauon results from-above:and those from
Section 3.3,1 to the MELCOR spray calculauon results: Thethand calculations assumea uniform
storage. conﬁg1 ration whereas MELCOR results are:shown. for: umform checkerboard. ah‘d-,slvxtil
‘{€x.7 configurations: lrb)m High. khe. MELCOR uniform configuratic sfoi2High
Ea.0 [EN2GR ~Jverecoolabld®@High | which. agrees well with the hand
calculations presented in thxs section (i.e., the lower blue ‘curve in Figure 3-46). To be coola
fo@iah i 4.uniform configuration, the MELCOR calculations required: '
'wh1ch compares best with the hiand-calculations presented in Section 3.3.1 that havé miore
‘conservative assumptions. The correlation of the MELCOR results to:the- _tw_oldnfferent hand
.caléulations: suggest that, more complex physics are; present thaniis treated in.eithér of the hand.
calculations, Consequently, the best conclusion that can bé made from'these comparisons is that
the:Section 3.3.1 caleulations; which have several coniservative assumptions; bound the
MELCOR uniform.configuration results. 'However, when well-configured arrangements-are
considered (i.e;, suchradial hieat transfer effects were notincluded in the hand caltulations), the:
‘MELCOR. results for 1x4 and unplugged checkerboard arrangements require significantly less
spray flow for coolability than the uniform configurationsi(i.e., see the MELICOR: 1x4 and:
unplugged checkerboard results’in thure 3-46). .

Evx
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For éxtension of results to otlier SFPs, the following findings to imprové coolability, were:
identified,

1. Thé;MELCOR calculations showed the:spray system would improve the‘coolability.of
the checkerboard and uniform configurations-and also improved-the. coolability of the 1x4
configuration, even'if the'inlét was:blocked by water.

2. The_ spray injection system beng fits froma well:configured:layout. The 1x4:assemblies
Tx. - were coolable“”‘z)“"gh vith thespecified flowrate:as was the checkerboard
configurdtion 1T THE rack it was not phigged by water. The uniform configuration was
not coolable, lhough additional time for'mitigative action was gamed

3. Only BWR SFP spray calculanons were performed using MELCOR. Hawever, simple
. scalis ents show-thar-the required PWR spray flux (i.e. gpm/ﬂ‘) was:similar
see Figure 3-47),"

EX-T

4, The: deployment of the spray systém requires consideration of spray overlap and pool.
size, The.effectivé flow to an‘individual:assembly for the: same total spray flowrate could
vary significantly-based on the pool:size and'spray: overlap For-example, the reference
PWR SFP was.48% smailer than 1he reference BWR.SFP, "

5. . The MELCOR restilts offer the best guidance for other SFPs.whén scaled per unit cell
Ex. 2o [y2)Figh K

ipared well.to.the MELCOR result

&x.? 6. _Lhe hand

Ex.2 b)(2)High: However, the hand.
B, __calculatior{o)2iHigh [was non-conservative relative to.the MELCOR résult
Bx. L {b)tZ)High

“Consequently;, the MELCOR “calculations: provide a more -mechanistic Tepresentation of
the. physics.and therefore-are the best:guidance foricoolabilityithresholds.. For the two
Ex. 1 conditions examined®@lLtow thé Section3.3.1 hand ¢talculations had:
additional conservatisms that:bounded the: MELCOR results.

¥ The BWR: spray hand calcula.mns uscd'the canister:1D a8 theeffective cross—seclwnal aréa faropray flow. The
MELCOR calculations:show#d heat rémoval benéfit from the. spmy water énteting the anbular region betweti: the
.canister and the rack wall: Conscquemly, the BWR:spray. flow is €xpéotcd-tobe: more cf‘fccuve Lhan shown in this
“hand’calcitlation. ‘If the-enitiré rack pitch cross-scctional aréa’is used-in the' B C; 1
. . _canister and th.gap between the:canister and the! rack-wallye)(2)High °
Ex. L Kb)@)High. | Howeter, these differences are small felativei1o othier vanialions and uncerainties (e, see
“discussion above incontext with Figure- 3-46):
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Flgure 3246 ' Base and Modified Hand Calculations to Estimate Spray 'Heat Removal
'‘Requirements for the Reference BWR SFP (Uniform Configuration).

: . As shown in Secuon 3.0.1, the fucl will remain coplable with-a water levcll(b N2jHigh j|

Ex-T [)2High Consequenlly, the:spray:will initially. remove the:sensible:
heatifrom that: rchon ‘However, the detiied MELCOR spray calculauons sho“ed the sprays could be effecuve al
«cooling: the fuel even'if all'the water-had completcly drained-away and their had bcen some:heatup’ ‘of ikie top of the:
fuel’ [Wagner -2006a])-
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Figure;3-47 Minimum BWRand PWR Spray Flux (Uniform Configuration).
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3.4 Building Ventilation

In complete loss-of:coolant inventory scenarios, air circulation patterns develop: that circulate air
into-the SFP and through the: spent’ fuel assemblies.. If the building heat removal is inadequate,
the.room will heat as well as the air circulating through the:spent fuel: pool racks. Atsteady
:conditions, the decay hieat  power of the SFP-must be reroyed by the: ventilation, _systern.and/or
buudmg leakage. In the:reference.plant SEPs, the total pool decay heat:fanges, from~3 MW at
20 days to <1 MW at one year. Inthe absence-of in addition to a forced ventilation system, the
ideal-ventilation conﬁgurahon ‘woiild-siipply cool-air it {lie bottom of the room with thé SFP and

exhaust air from.above the SEP. F'”(z’“‘g"

I

’rbxz)ﬂngn
[

Fb){Z)ngh ' Uln both the reference

Ex: T

plants, nomimal leakage and-heat loss through the walls and'ceiling provided-a sxgmﬁcant amount

‘of heat removal, [P)2High — —
F)(Z)H!gb_ N I

In pértial l6ss-0f-coolant inveiitory conditions where there is-no air flow through the dssembliés,
‘the role of ventilation isinot.2 swmﬁcant facior for coolability. The assemblyheat removal
occurs by boiling below water level:and steam cooling above. Sustainéd coolability:is much
more difficult:to achieve:i An pamal loss-of:coolant.inventory accidenis without” make-up water or._

sprays. F’)(Z)H'Q"

E. 1 (B2 ]

f)2)High _ llt might seem mtumve to- lnhlblt ventllanonlfor g pamal

Fb)(z)Hngh

Ioss-of-coolanhmventory accident to retainany- released fission producis. . However, the
‘byproduct of steam oxidation with zitconium-based cladding and stainless:steel racks in the SFP

is hydrogen: [PI@Figh o o : }

]Th‘erc’forc the benefits of

preventing hydrogen bumns and potenhal building damage needs to be weighed againstincreased
tétenition of released fission products. The potential benefit:of increased fission product retention
with:reduced ventilation only applics:to aniaccident which is:mitigated prior:to-a hydrogen bum.

To demonstrate:the importance of vennlatxon ‘ori.thé complete loss-of‘coolant inventory
résponse, Section 3.4.1 shows the r-sults of the computational fluid dynamlcs (CFD) analysis of
the reference PWR fuel-storage: ‘building. The amount 6f ventilation was variedb)eiHigh

y specified-amounts. The CFD results show the impacyf®I2High’ lon the
n

nartura venulanon rate, the building femperatire; and the peak- temperarure in the spent fuel
racks. Asthe venulanon rate decrﬂases, the building temperature rises:as well as;the temperature
under the tacks. Section"3.4.2 shows:the results from separate.effects.calculations that assessed
ihe impact of the inlet temperature on the peak cladding temperature and amount of aging for:
coolability: . Arsummary of an analysis: ‘of-the. .govemiing equations for convective heat rémoval
illustrates that.a'50 K increase in the-inlet temperature results in a much higher increase in-the
peak cladding temperature; thereby emphasizing the impoitance: of the adcquate building
‘ventilation.
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3.4.1 FlowiPatterns in.the Reference PWR Fuel Stbragg’Build‘ihg

The FLUENT CFD code was used to perform the simulations’of complete loss- of—coolant
inventory:accidents in:the reference, PWR SFP [Khaltl] ‘FLUENT is a state-of:the-art
commercial CFD code that solves the: furidainenial Navier-Stokes equations for. mass,
momentum, and energy through a finite volume, approach "The:FLUENT madéls of thé:spent
fuel pool and the fuel storage building consisted of over 490,000 finite volume cells.. The,
individual fuel raéks were:modéled ds anisotropic porous media. The: pnnc:pal objective of the
FLUENT calculauons was to study the steady state:flow patterns.above; below and around the-

The CFD calculations simulated the: steady state profiles that would develop.after.a complete.

loss-of=coolant mventory bi2Hish.

&

! [b)(Z)HIgh
Ex, 2 ,

The CFD results.shiow a flow-pattemn of hot air exiting. ﬁoh the. assemblies-at the top.of the racks.
(seé Figure 3-48). Thethot gases form:a plume which: ‘then rises 10-the building: ceiling: Once the:

plume-hits'the celimg, it spreads radially and mixes within the hot. ‘gas:layerat; the top:of the:
‘toom. The room remains;thérmally stratified as-hot pases préferéntially leak-out i€ large, open
ceiling ventilation units. Meanwhile, cool air. cntcrsi‘b’fz)"‘@“ 16 replace;the exiting
hot gases. The cool air fills the lower regions of the building, overflows to the SFP floor
elevation, and sinks into. the SFP 1o replace exiting hat gases. The ¢aol dir flow flows
underncath the racks through the:cask area and open-rack; cells and then ‘spreads. radially-under
the:racks. The hydrostatic' pressure difference between the-cold £ases ‘outside thé racksand the
hot: gases ‘inside the:assemblies drives the airflow through the racks.

Table® | S 'summarizes the results for the air mass, flow into the bulldmgrb"z)mg" l

ex. T FDNZ)HIQ‘W HThe cool air, was drawn into the main-roon

“and down 1nto the SFP. Some of the-air.dropped below: the racks and was heated in te
assemblles whlle a pomon swept acro>s the top of the racks and mlxed wnth the hot plume
:formed a hot gas layer The hot gases near the cellmg subsequem.ly Ieakcd through the
ventilation units.on-the roof of the fuel storage: buddmg “The FLUENT calculations achj

quasi-steady condifions when the flow. thiroiagh the fuel storage building becanie sieady B)2) H‘Q“'

FB)2)High.
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Ex.

FW?‘.")Hiuh.

5 Table15  Key Calculated Results Using FLUENT. 1

| o

In:the nexttwo columns of Table LS, 1h

the SFP for each.case arc-showii.,

Foj(2High

ZFGh
Thcrease n the Tuel response and can be: explmned by lookmg atthe tempemmre d
sorit of the torms- affcctmg ‘the convective heat removal capability [Wagner, 2005b].fbii2IHigh

A k) {(2)High

As the SFP heated to quiasi- sleady conditions, & hot plumc rose- out of the.SFPand formed a Hot.
gas layer nex! fo the refuéling room ceiling.. Below the hot gas layer; the-gas temperature
remaificd.cool.. A-counter-current flow. devek»ped ‘where-hot gasés leaked outof the refuelmg

100m and ¢cool gases entered. The cool gasin the lower pomon' of the refueling room
{ially.sank into:the SEP to. replace the pas d:scharged in: the hot air plume




[TocHgs

Figure3:48 Flow Patterns ioto the SFP.From FLUENT Calculations With Open Roll
fDOOr.
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3.4.2 Separate Effect Sensitivity-Analysis of lilet Témperature

The Separate analysis also.showed a'strorig dependence of the: peak claddmg lemperature. asa
function of the inlet temperature: The base case calculations assume that the inlet temperature
] remained at'300°K." Using an inler:teraperature of 300 K, the uniform configiiration for the’
Ex.1 reference PWR was coolablcﬁ""’”‘"gh H As, shown in Figure 3:49, a change in inlet
temperature had.a dramatic efféct onithe PCT response: |[PI@IHEH
Ex. T [PEFeh |

MELCOR:calculations’ were:thien; pérformed to evaluate the coolability 6f the assembly for

350 K :and 400 K inlet temperature cases. Figure 3-50 and Figure:3-51.show-variable aging/
responses for 350K and-400 K inlét temperatures; tespectively. Fb‘)(z)H'Q“ |
W)High To understand the Teasons:for this
Targe 1mpact, It 1S Worlh examining the governmg equations 1 Ior the convective heat removal rate
as‘a-function-of temperature.

The-convective heat' removal rate is.lin¢arly dependent on pgysice; the'oyérall dengity-differencé:
(Peiiside = Pinside)s. e ovcrall enthalpy differénce and (hegi~ ‘heyisigs),-and other constants. With
some sxmpluymg assumpuons and power fi ‘fits:10. the thermophysncal properties, it can be shown.
that the convective heat remoyal varies with témperature as follows,

G tow % Tinsise ™ Y0 Touaside = 1 Tinsige) *(T i~ Toutside). (Eqn.3-1)
Equdtion 3-1 i§.somewhat awkward.10:assess the sensitivity of the convective heat removal rate

without specific data. However, if the-300 K and 350 K inlet cases:have similar temperature:
_profilés through-the assembly; the- followmg paramelers canbeé set,

(b)(Z)Hqgh !

Ex.2

Using Eqn 3-1, the ratio of the convective heat removal rates for the two cases is

- b){2)High B )

Ex. 2 | (Eqn. 3:2)

‘&%, 2. Hence; this:simple: analysxs suggests that the 300°K. inlet case rémoves or¢‘heat'than the
350 K inlét case.. T :

In reality;-due to non:linear temperature proﬁles inertial flow losses, and:oxidation effects, the:
comparisons.are more complicated than shown in:thé évaluation. of the.govering équations.
MELCOR pefformis: 2'méchanistic’ solution .of the governing’equations with'these. effects.and‘can

i The MELCOR: calculanons mcluded in"this Section were peiformed with‘an earlier version of theicode that does,
not includé Breakaway oxidation kinetics; The MELCOR calculations are representative of the-impact of higher
inlet ismjeritare on thé coolability. Hawever, the inclusion of breakaway kinétics;and o steam oxidation layer
“woiild slightly impdct the gitantuative values.
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Ex. 2
Ex.2

Cx T

‘be used to assess the impact ofithe inletitemperature on the PCT."® Usmg an. example from some.

MELCOR calculatlons the results fmm two 300 Kinlet tempera ¥

[The peak -
exit gas temperamres ['Tom the two 300 K cases brackefed the result. from the 350 K mlet cise.
The 350K temperature-inlet-case required a 242 K higher exit temperature to achieve the. same
amount of heat:rémoval from the- asscmbly, which s qualitatively. consiStent with the:trenids:
observed in the: -analysis of the governing-equations. Sxmllarly, the ratio:of powers to achievethe
same exit.conditions were,

'@’b)«:_z)mgh ’(qu.j3-3)

which, is in good agreement withPraHan from Equation.3-2.

Similar to thequmiform configuration; increasing the inlet temperature to 350 K.also'had a
significant effecton the 1x4 configuration. As shown in Figure 3-53f00@Hh 1300 K inlet
temperature-is.compared to-various results with a:350 K-inlet. temperature. b)(2)High

Jbit2)High

15 addmon to. the convettive heat removal ;MELCOR alsoicalculates oxidation of the asscmbiy cladding, the
' canister; and the steel componesits. OXidation'introduces a-transient power source'that i§ not inclided i ' the hand
-calculistions:
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€x.% Figure3-49 Comparison of the PCT versus the Assemblv Inlet 'l‘emperaturd@‘zwg”

Aging Time Since the 'Assembly was Discharged for the Uniform
Configuration.
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anure 3.50 Comparison of the PCT versus the Aging Time at.an Assembly Inlet
Temperatiire of 350 K.
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Flgure 3- 51 Comparison of the PCT versus:the Aging Tnme at.an Assembly Inlet
Temperature of 400 K for the Uniform Configuration.

B)2Hign — — — )

Ex

W

p— - ‘ ' =T
‘Figure 3-52 Comparison of thé Convective Heat Rermoval Rates at:300 K versus 350K
Inlet Tempera(ures as a Funciionof Exit Temperature..
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iF igure 3-33 Companson of the PCT versus theAging Time at an Assembly Inlet
Témperature of 350K in a 1x4 Confi; guration.

343. 'lmpact of Ventilation:on Integral Whole Pool Calculations.

A series-of three compléte loss-of-coolant inventory caleuldtions were pérforriied for. the
- reference PWR SFP using MELCOR [Wagner, 2006¢].f>#"s"

| pone . S
'Ex'?’ |

shown in Figure 3-37 with the I igheési-powered assemblies.in 1x4-pattemns with the
lowest-powered assemblies.. The 1x4 patterns of the ~highest-powered assemblies were further
distribuited.in a:checkerboard arrdngement with the lx4 patterns’of the' |owest-powered
assemblies:from the last offload (e.g., cledrly shown in.Figure 3-36). The:threg'cases are:Similar
16 the ones discussed in Section 3:4.1 but.included (a) a ‘high-decay heat. level@ﬂ’*vgh ]

fe)2High, =](b) the nominal building leakage, {c)the full-accident progression and drain
down ummg, ‘and. (d) better-calculations of the fuel response (i.¢., detailed assembly geomeiry

- models and physics-modéls for- radiation; oxidation, and radial dSSembly-w assembly heat
transfer). Henice, theyare.also included for reference.

Ex.Z.

BX2Hgh JThe spent fuel was well-configured as

€v. 7 The wateglevel fell very rapid! AD)2)High _ ' ’ | The water
€. o level feliffo the top of the SFP. rackgo)2)High ]
< i fb){2)Figh 'A§ a result of the loss S water coolmg, the fuel rods began {o heatupin.ali regions

"of the SEPO)ZIFGh

(B)(2)High |
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The:reference PWR fuel storage building has.a few key features tha;_wxll promote- convecnve

heat removal diiring a. campleé-1osi-of-coolant mventory acc:dent b)(2)High
{BN2Hah '
I N . .
o)(2)High |In.
b){2High ' the nominal: buxldmg ledkage ‘was estimated:from.a

National [nstitule of Standards and [ esiing paper to b¢ ~1 m [Persily]#Consequently, all cases_
) —Were supplémented by other sources-of leakage that were estimated to be: cquwalent_
& % fo)aiHign __| The othiersources of leakage include the wall joints, doors, pipe:chases, and
' othcr penetrauons {~1.m%). Siricé the’ building is.well insulated, the leakage paths are'the
primary.mechanisms for heat:removal.

£y 2. Itis-important to note that’ the locam:;m‘r (2)High’
@)ngh are ideally situated for natuml circulation-flow. Hoti air exmng the

ev v SEP will isedg ilingke ]Sxmultaneously, cool outside
Ee.q air will’ entet"”‘z’High " . and other leakage:locations to eplace the hot air leakage.. As
" shown.in Fxgurc 348, the oo air remains at the:bottom of the SFP room and- smks int¢ the SFP:.
“The: cool air ravels.under the racks and is subsequemly heated m the spent fuel assemblm If
the only leakage pathways were at a low-glevation, ,
less effective.. The room would fill wuh hot gases.
](b?(l‘)H‘gh -

(b)(Z)ngh

Ex .2

. Cases C5; C7 dlld Cé paramétrically: mvestlgatctf bX2Ih. |building
' leakage configurations. The resultant total building ventilation flow is shown in Figure.3-54. As
Ex. . poiited.outin Section 3.4.1, the buildifig ventilation flow was limited- by o

\S
}md by leakagc thmuoh the roof ventilation units when{bi(2)High ]
d(uazz)ﬂtgﬁ [_ ;

The:resultant gas temperature entering the SFP was the most imiportant impact 6f the ventilation
fate. Figure3- 55-shows the temperature: of the ‘gas entenng the:SFP. Asdiscussed:in
Section3.4:2, the inlet gas tempemture has a'strong, non:linear impact. on the peak ‘cladding:

(B)2)Fign (b)(P)High
. 2 |
[ Eb){'“z Figh - ]
The nommal bux!dmg lcakage was distributed unlfornﬂy by the’ bunldmg -wall and. roof surfacc area. The .'
- doorl d by, wilati ; .
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CrpI2)High
z

€x.7 Theimpactofthe higher SFP gas inlet temperature between th
-higher peak cladding témperatures throughout the-SFP. Thé impact onthe King

ex. ||
7|
|

|

)(Z)ngh

cases resulted in

1 assemblies

(i.e., the'highest powered-assemblies and-most suscepuble to 1gmtmg) was mitigated: by

coa

(b)c@)High

crt;a§ed radial heat transfer to-Ring 2 and reduced radial heal transfer from Ring 3 to Ring 2

-,' !b‘v

BY(2IHigh,

AL

3
i
§

:heat removal-due to radia) radiative exchange:par
€x . 2 ‘increased gas inlét température. Nevertheless;

ltxgated the adverse impact:of .an
‘the ventilation conditiopileft the SEP
EX.iT -assemblies-at:a hxgh r temperature and more susceptible:to- ngnmon than thg

Tablé16.
(b)(2)Hi_gh<

i Hence', it-was concluded-that the incicased

case.

Summary-of Ventilation Sensitivity Study Spécifications. and Results.
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Figﬁre"'3.-‘54 Comparison of the SFP Building: Ventilation Flowgt@High

)2)High;

foiiziHigh

Jel2)High:

—
. N A e TR o g el e b)(2)High
Figure 3-55 Comparison of the Gas Temperatures Flowinginto the SFP; (2!
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Figure 3-56 Companson of the Peak Cladding Tempemmre Reponsesfw'z)mgh'

E;" . [b)(Z)ngh
14

3.44 Summary of Ventilation Findings-and Extension to. Qther Sites |

In summary,.a robust ventilation flow: is needed in complete loss-of-coolant ifiventory accidents
to-remove;the SFP decay heat. Without adequate heat removal,.the room will heat-up causing:
the kot gas layerto drop-1ntoithe SFP.- The separate effect calculations in Section 3.4:2 showed
the: strong, nonlinear impact of the: inlet temperature on the: assembly claddmg temperature
response. Inithe CFD calculations in:Séction 3.4.1, it was:shown that'a‘robust, natural
circulation flow could be: dcvcloped by opening doors In pamcular, the natural flow patierns 1in:
the reference plants were enhanced diie to the: Supply flow from below: the SFP and an.exhaust'
location above the SFP.

‘As.discussed in Section 3.4, the role of ventilation is nota:significant facter for coolability in the:
pamal losszof-coolant inventory.conditions. However,.if the'accident: procéeds t6fuel damage,
very large-amounts-of hydrogen can be:génerated, which will result'in hydrogen burms and
building damage. It mighi'seem intuitive to inkibit ventilation: for a partial loss-of-céolant
inventory accident to retain any.released fission products. However, the by-product.of steam
oxidation:with mrcomum~based alloy claddmgand stamless steel racks in’ ‘the SEP s5 hydrégen.
()(2)Hign
Ex.
z
'[b)(f?!‘!igh l The potential benefit of incréased: fission produét rétention with-reduced ‘ventilation

1
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Ev. L

-only: applies to-an accidént which is rmtlgatcd prior to-ahydrogen burn. In.contrast, intentionally
enhanced leakage could; preclude hydrogen:burns, permit reisolation at:a-later tifne, ‘anid

generically. benefits the complete loss-0f-coglant co_nﬁgu:anon if the:water level:in the pool is

‘unknown:

The application of the ventilation fmdmgs to.enhiance spent-fuel coolability should-be guided by
the following insights fromthe: SEP analyses.

# Indn Stherwiseunmitigated cotnplete. loss-of:coolant” ihventory accident, @ well-configured

pool can' be au' coolable if there:is:adequate-ventilation. As showp-in‘Section 3.4.3, the

: :SFP ‘was-air coolable with-adequale ventilition and 2 well-configured layout
1If the ventilation was inadequate; thea the room- gradually heated, which
Caused heatup of the'spent fuel 16 failure:conditions.

' b)(Zlngh

e The specification of the: required amount of ventilation is: comphcaled by many factors. Is.

'the vcntllatxon flow due to a mechamcal system or open doors” What are the nommal flow

‘elevation and locatlon? What is the ﬂow resnslance through the passwe leakage sites? What
are the buildinig heat loss characteristics? What is the'temperature of the supply and éxhaust
air?

These issues-were:addressed in ihe reference plants;through CED.and MELCOR code
.calculations. .However, somé first-order lieat'réembval requirements can be estimated as
“follows, "

o____ 0
Pin pi f: S dh(T)

V., =

exit

(Eqn34)

where,,  Ver  Volumetric flow
" Ventilation riass. flow through the fuel'storage building;
Pein Ventilation exhaost: ‘gas density.
Q  Pool:decay heat power
h(T)- Gas enthalpy, which-is.a function of t temperamre
Tm  Ventilation supply témperature
Toir  Ventilation exhaust temperature

UsingEqn. 3-4.for thereference PWR (which: has:approximately 10% lower SFP decay
power thari the reference BWRY); thé lieat-rémoval Veritilation requnremcnts werg calculated

(see Figure 3-57 andl Figure 3-58). It was:assumed:that thev flow:r Abe
decay heat from the SFP (i.¢.. theréis'no building heat loss) [P2HE"
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A spray.flowrate
temperature in'th

i

If €émergency make-up. flow or:sprays are-activated, then.the importance-of the ventilatiofi for-
spent fuel heat removalis diminished. The emergency make-up flow could plugthe:inlet of
the'SFP racks with water, thereby preventing air natural_circilation. Furthermore, the: sprays,
if umformly applied ata reasonable-flovirate?, will keép the gas temperature in the SFP
relatively low (e.g., see [Wagner 2006a]). Enhanced ventiiation'is usefil'to ‘provide:cooling
prior to spray activition and hydrogen €ontrol fqllowmg spray initiation:

If a partial loss-of-coolant inventory accident occurs, lhen ventilation is: ot important for the
spent fuel' heatrémoval. Additional ventilation’ will:limit the buildup of combustible.gases
but also enhances fission‘product release to the environrient. {0)(2High

[b)z)High ] —
b){2)High.

1€ potential benefit of increased fission product retention with réduced

“ventilation only applies'to an accidént which is mitigated prior to.a hydrooen bum. In
.contrast mtennonally enhanced leakage could preclude hydrogen burns perm:t re-lsolatxon

water level i in the pool 18 unknown

Jox2)High” as used in;a mferzncc BWR SFP analwsns [Wagncr 2006a], which kept the gas
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Figure 3-57 Hand Calculation of Ventilation Requirements for the'Referénce PWR SFT
: (SI Units): ‘

[b)(2)High

—

T

Figure3-58 Hand Calculation of Ventilation Requirements. for the.Reference PWR SFP
‘ (British Units).
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3.5 Podl Configuration

‘Supporting computational fluid dynamic (CFD) calculations weré performed.to shidy the:air
flow patterns in the reference BWR:and PWR spent fuel storage buildings during a complete
loss-of-coolant inventory acsideiit. The €FD calculations showed the impottance.of an 6pen
‘downcomer” reglon to permit air flow to-underthe racks. In theireference’ plants, there'was a.
large open'region‘in; ‘the SFP for the dry.storage cask.. In‘a.complete’loss-of-coplant inveritory
accident, the:air prefercntlally flowed intothe cask: region, under the racks, and upward’ through
the assemblies. The large ‘open cask spice region in.one comer of the SFP allowed the;
downward flow of cool.air-to reach the bottom of theracks-with minimal thermal miXing with
the hot:plume leaving the assemblies, Parametric calculations were performed, which:showed
substantxally decreasing.or: elumnaung ail open downcomer region-as an'inlet path to under. the
tacks.inhibited the: natural circulation-flow through the racks. Both the reference plams had'a:
large cask region and coricéntration's of empty.cells, which permitted 3 robust, natural circulation’
flow pattern' with mxmmal thermal mixing with the exiting hot-plume ?l%“_z)“‘Q“

‘fb)(2jHigh!

.m

The previous insi ights were’ developed prirharily from:a thré¢-dirensional compuitational fluid
dynamics:(CED) studythat examined the flow-patterns:above; through, and around the spent fuel
racks during accident conditions {Wagner, 2005a]. The srudy examined the response of the spent
fuel pool and surrounding refueling room in the reactor bmldmg of the reference BWR t6a
complete loss:of-coolant mventory accident. All the water from the spent: fuel pool is assurmed
to be lost, thereby leavmg only‘air:cooling; of the“fuel assemiblies. ‘The purpose ‘of the'study was-
to evaluate the:role of the open:regions:in-the SER to:promote better circulation and therefore

bettér cooling, [[PFANER
Ex. forn2High.

ol

The specifications and results for a few- of the cases perfoined are: summairized ia Table 17. The
‘basé case used thé referencé BWR fiiel distribution in' thé SFP racks. The reference BWR SEP
‘has relanvely largc 12" gaps between:the racks-and.the SFP wall on threesides: (scc Furure 2-1).
The remaining sidé had-variable spacing but includss: regions with 30” 16 80”. -gaps between the
=racks and the walls In addluon to the gaps between the racks and the SI‘P walls there 1s a 120”
‘refcrencc plant:fo load older fuel lnto dry storage casks The cask area and- ‘open spaces wxlhm or
‘arotind the.racks were: previously JUdECd important to promote natural circulation during a
.complete:loss-of-water inventory accident [Chiffelle, 2003]. As shown Table 17;.thenewer CFD
calculations varied the sizés of the.open regions to-See théirimpact on. the natural cifculation
‘cooling.effectiveness.

_‘ermmed a namml\cuculnnon flow pattern. In-the alculations, cool air: NoWOH2:
;l_across the refuéling room:-floor, and down mto the:SFP.. The hot gases from the SFP rose-inio
uth and- exitedb)(2}High

Ex. 2
Ev.2.
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Figure 3:59_ ‘Schematic of the Reference BWR Reactor Building Showing the.CFD Model
Mesh:

The températire résponses for the casesisummarized in Table 17 are:shown in Figure 3-61 and
Figure 3-62, The various. supplemema] air flow cases.showed the sensitivity of the temperature:
fesponse in the.racks to réductions.in- opei flow- area relative to the reference BWR SFP
conﬁguranon (i.e., Case 1): The layout.of the reference plant left large areas fgr downflow
d-the racks.on all four sides. The peak temperature rise in.the racks was{22Hish: |
Ex . for thé. referénce plant conifiguration and:assunied ventilation:boundary conditions. The
‘various sensitivity cases-decreased the amount.of’ open areas.around the'racks. and filled:the open
rack ceélls with additional assemblies. In Cases 6:and 10; the total dumber of. 'open rack cells
from the base case was preserved'as well as the'layout of the assemblies. Atthe reference BWR
plant, thiese opén Tack cells were spread out ifi a few large ¢ontiguous pacterns. Additional fuel
assemblies and flow restrictions were ‘added to limit the. flow area through open gaps around ithe
racks. In Case 10, all open gaps around the racks were eliminated. However, the fowaréa of.
the open cells was still. sngmﬂcant and represented the equivalent of 200% of the nominal cask
area. The average temperature response in Gascs 6 and 10 was essentially the. same as the base
case:(Case 1). Consequently, it was: concluded that the pattern of open-cells in the reference
v -plam SEP provided adequate:cooling without the requirement for gaps around the racks-or-an’
open cask area.
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Due to the:effective coolmg in ¢ases with open rack cells,.a number 6f other: configurations were
exammed where there were no open cells, ‘the 8aps adjacent to-the.walls were removed, and the
size.6f downcomer was parametrically’ reduced. Two geometry shapes were considered:in the:
sensitivity.cases (i.e;, square' and L-shaped), which gave generally conﬁrmmg results {see
3 Figuré 3-62 for:L-shaped area resuits)[9@Hah |
Ex  [Ei2Fgh il ]

- foHan | The natural circulation flow pattern was:effective and steady, which: resulted mn.
B relatively lower peak témperatures: {P)(2Hgh ~ J
{o)@Figh ./ The smaller open
Tx.2. cask-area flow cases{le@)H'Qh were most suscepuble to éntraininig hot gas

under thie racks.-whicl resnlted in-non-steady cooling:patterns and higher peak temperatures. The
results from' these calciilations showeéd that:a smgle small dpen flow area could have unsteady
‘threshold behavior that resuits in temperature increases.

|GlEEr . ' ) ]
byZHgh. J[TheTack of an open‘area
‘mieant all airflow to:under-the racks-went downward through the low-powered dssemblies’in the.
.peripheral of the SFP. Consequently, the/air flow'was heated by the.low-powered assemblies
-and a'ls‘o’-éh‘ad.a higher flow resistance than an. opén région oran émpty:cell,

Ey. 1

Finally, sofne plants may use a.weir wall'to isolate'the cask region from the SEP. The weir wall
-would effectivély isolate the: cask region. from the.rest of the SFP. The.results from Casés 6.

-and 10 show that a weir wall would not effect the cooling of the reference BWR: SFP if there are
sufficient. oped:fegions. The.empty rack cells;provided an effective-open flow area for-air
downflow., Hence, empty cells:or some:Gther-open area is-needed if there:is.a weir wall,
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. Table 17 Summary of BWR GED Cases:with Variable SEP Open Flow Aréa Configurations.
Jbl2iHigh S ) ’ ,
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Figure3-60  CFD Model Cross-Section of the SFP Racks for the Reference BWR SFP.
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Figure 3-61 Peak-Assembly Gas Temperatures for the Various Shaped Open Area

Configurations.

[BYRIan

1
i

‘Figure 3-62 Peak Asséribly Gas Témperatures for the Shaped Cask Area Configurations.
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Ex.2

3.51 Summary of Pool C_pnﬁgura'tio_.n Findings and Extension to Other Sites

In summaary, parametric CFD céleulations were uséd to- assess the:requirements for'‘open area for

‘the reference BWR plam The reference BWR SFP had'a relatwely large number of open spaces

that allowed coolair flow to-undet theiracks in-a compléte loss-of-coolant inventory accident.
The gaps between the racks and the SFP walls varied from 12" .0n'3 sides.to 30” to 80™op the
remaining §ide. In:addition, there was a large 120" x 120" cask-area and/®)2Hian rack
cells were empty Ouly.58%of the cioss-sectiona! flow area of the: SFP was filled with rack
cells with:spent fuel assembhes ‘Consequently, the reference plant:may have more: ‘open area
than other SFPs. The followmg insights were gained from the CFD sensitiviry studies‘that were.
identified to improve spent fuel coolability,

SFPs.with-a large gap between' the.racks'and the SFP wallsallow rooim for- downﬂow under.
the racks. ‘In the reference- BWR SFP, the.gap was ~127,-or approximately the- dimension of
two SFP rack célls. CFD'Case 6-showed this conﬁgurauon provided sufficient downflow
area alone without a cask region. A uniform gap around the SFP provided redundant
downiflow regions for cool-air. Plants with-an‘open-cask area already benéfit'from a large
open space.in ‘one corner-of the: SFP. Figure 3-36'and Fxgure 3-37 illustrate examples of
well-configured SFP with:-open regions around the periphery of the:SFP,

The reference plants had maintained'sufficient extra'space for.a complete offload ofithe:
reactor core irito the SFP. The results from CFD Case 10 showed the emptyrack cells act as,
an: open-area for downflow under the racks. The greatest benefit accurs.if the- -empty-cells aré
‘placed in:a coherent pattern on the periphery. of the SFP (i.e., like a:gap'between the racks
-and'the SFP wall), Case 10 is; eqmvalent to 19% of thie: avallable modified ¢ross-sectional
‘area of the SFP. Open to. downﬂow (ie:, through open, empty cell locatlons)

Ex. T

A modified cénfiguratioi of the reference BWR: SFP-with only ‘a.small region for-downflow

[m(zm.gh )showed a

TPigher suscepribility to overheating. The flow-was Festricted. and. -o5¢illating 1 thennal pattertis:

‘developed that intermittently drew hot air under the racks. Furthermore; very high speed

‘flows (~3-4.m/s) developed:near ihe small-open downtomer, which:caused-a Bemoulli Effect
that further decreased the assembly coolability near the open downflow location.

At the limit of no-open flow area, the air was:drawn-under the racks through' the low-powered
-assembly cells and much higher assémbly temperature resulted.

"Some plants-use a weir wall to isolate the cask region from the SFP. Theweir wall would

effectively isolate the cask region from the rest of the SFP. The results from!CFD Cases 6.

'.iand 10 show that & wéir wall. would not affect thé cooling of'the reference BWR/SFP:if there

icient:open: regnonsfa“z‘”"?"

| The empty rack cells and spaces between the racks and walls-can act'as an
effective opén flow afea forair downiflow.

‘Some multi-unit plants'have a gate between the spentfuel pools. If the gate:remained:closed,
then.a loss-of-coolant accident would not spread 16 the“adjacent pool.. 1 applicable and
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possible, strategies could be employed using the tWo, pools to-distribute the fiel assemblies.
For example, if the: outages are’ sufﬁcnently staggered {e.g., .26 months), the last.offtoad could
be diswibuted across both pools. Sumlarly. the agsembiles. could'be balanced bétween the:
two pools to provxde equal, open‘downcomers.

[As:a common sense récommendation, the storage of other:materials (failed fuel, control rod:
‘blades) should be performed in.a.manper ithat promotes a coherent:downcomet.

The reference PWR'SFP had several ricks with open flux iraps.adjacent to each’rack cell for
criticality control, The ‘benefit of the open flux waps: contributing to:down. flow-was not
quanuﬁed Since the:flux traps.are dispersed’ throughout the rack cells, they would not
provide:a contiguous flow path near the SFP -wall. Consequently, their benefiiis expected to
bé less beneficial than the aforémentioned configuration. Nevertheless, the assemblies
adjacem to open ﬂu\c channels were quantmed to enhancc the coolabnhty of the reference

checkerboaxd conﬁgurancn
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3.6 Miscellancous Other Factors
The following factors were identified as affecting.the assembly coolability.

e ‘Most rack: desngn:. allow assemblies to be-placed over rack feet. The rack.foot'is hollow and
has holes on the sides:to permit flow. Pdrucularly in the reference: PWR rack dnsxgn the
additional resistance-through the flow'holes increased the aging time 'for: coolablhty Since
the BWR ‘assemiblies-are alreadv restricted at the assembly nose-piece, ‘the impact was ot as'
substantial.

» ThePWR reference SFP had.3 racks withan-open flux“¢hannel. design-to Store low or

un-irradiated fuel. ‘The flux chafinel.enhanced heat removal by providing.an empt flow

L ) channel, for additional corivective. heat removal (sée Figure 3-63).foi2iHigh -

| fer@)Figh .. |While.notas;pood-asa 1x4
B)(2Figh

I conﬁgurano:fbi(z)ﬁ‘gh Pr the'checkerboard conﬁgmatno it was much bétter:
! than a.uniformi configuration in the rack design without flux trap: (bJ(Z)ngh l

i

f?’-‘.%‘

> Neither'ofth° refereﬁce planit rack désign's had drain: holes in the sidesf me fack cells.
‘bottom of the racks The dram h'd'l.es enhanced ﬂow into. the annulus between the BWR
‘canister and the rack wall, which enhanced:the assembly-cooling.

. The.CFD analysés showed a hi gh speed gir flow adjacent to the cask regxon as aif flowed
‘under the racks. Since'the air flow is'tangential to the rack inlet holes, it creates a Jow'
pressure region or Bernoulli Effect, which retards’air: flow int6:the racks. Regions of empty
rack cells can be used.to-form a buffer zone adjacent.to'the cask. reg:on and provxde altemate
downﬂow regions along the walls: For example, see'the ¢ openrack cell patterns used in the:
improved” BWR and PWR SFP: conﬁgumnons (see Figure 3-36 and Figure 3-37,
-Tespectively).

o The reference-PWR: plant stored assemblies with;différent control matenals inthe guidenibe
Jocations. If the control materiils and'the.end plugs: «<ould be’removed, the additional flow:
'through the guide tubes was shown to be beneficiali(see case with flow through open- guide
tubes.in Figire 3-65). Snmlarly, removing the BWR ‘¢anister énhariced the coolablhw of the.
-assemblies. Itis recognized that these. suggesnons may not be practical.

e ‘Thereference PWR uses Zirlo.cladding and the reference:BWR uses. Zr-2 cladding. Most
mgdérn BWR fuel assemblies.use Zr-2 cladding wheréas. PWR asserblies use Zirlo, MS, and
‘Zr-4-cladding. ANL characterized the oxidation kinetics for:a vanety of Zr-based alloys,

i ‘which'were used in the MELCOR SFP analyses: [Natesan] The various oxidatién

: ‘correlations:showed some smalldifferences between the various:alloys. However, ail. alloys.

‘had large differences betweer the pre-breakaway tate versus the post-breakaway rate.,
Consequently, thie inclusion of breakaway kinetics.was the most. significant aspect that
1 should be considered (andwas in the NRC SFP.analyses).




Ex.
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‘Within the correlations for pre-breakaway or: postibreaka\'.'ay, Zirloalloy was'most reactive
followed by Zr-4. ‘Hence; the oxidation rate in the reference PWR: SFP calculations will
‘bound the other PWR assemblies using. ‘MS.and Zr-4. ANL did.not tést Zr-2 but it i§

expected that'Zr-2 will react similarly, 10 Zr-4.(i.e.,’ANL used.Zr-4 as a surrogate for Zr-2)
Herice, the BWR SFP calculanons are expected 16 be; pmtotypxcal of BWR fuel.

Thé reference PWR'used Westmghouse 15x15. fuel. However, the assembly types.range
from 14x14 to 1:7x!7 and two vendors, Areva:and Westirighouse, supply PWR:fuél to.United:

‘States plarits. The number of rods-and the grid spacer design is expected.to affect the
lhydmdynamlcs In particular, the larninar hydriulic chatacteristics of 1 7x17 fugl are
-expected 1o be slightly more resistive than the 15x 15 based-on insights from the BWR

asseémbly pressure drop expefimerits ifi the. SNL SFP experimental program.. However, the

scope of the test program only examined 9x9:BWR fuel, Similarly, the BWR plants are
movirig 16:10x10 fuel from Arevia.or Global Nutlear Fuels (GNF) whereas all'the MELCOR
calculations were-based on 9x9'fuel. :

A key ﬁndmg of the hydrauhc testing in a low flow- lammar reglme were (a) h:gher Viscous.
flow losses than traditional laminar textbook correlations (e,g., see [Fodreas)).and

(b) sxgmﬁcant and riiéasiirable viscous, rather than inertia, flow losses through the gnd
spacers. The.extension of the'BWR data to 15x15 PWR fuel was estiinated-using bydraulic
diameter.squared scalmg ‘based on-a raview: of the: govemmg -equations. The flow resistance-
an ‘the experimental BWR ‘was characterized in-both the fully and pamally populated rod
regions of a BWR 9x9assembly. Hence, there were two data:points (0 permii.extension.to
other hydraulic configurations. .

Sensitivity calculationis:were performed that-atiempted to- apply:the scaled BWR: assembly.-
laminar hydraulic flow results from the SNL SFP-experimental program.to PWR fuel. The:

‘estimated hydrauli¢ results for 15% 15 fuél yielded a lower. coolability thas ‘the-base:

‘calculations using a bundle corrélation from [Todreas}P2)High |
E2High: [tis

'believed that PWR hydraulic-testing :would reveal'a lower overall hydraulicTesistance when'

the multi-dimensional velocity- profile between: inside thié assémbly versus the gap between
the-assembly: and the rack'wall is considered.

Finally, mostof the BWRs are-now-using 10x10 fuel-designs:(i.e., either the. GNF design-or

the-Areva. des:gn) ‘There is 1o impac: to the: qualitative findings cnted in thi§ report. The
10x10 fuel design. hasa slightly ; smaller fluid hydraulic diameter in the fully populated region

-of the assembly. but: very. similar hydraulic.characteristics in the: -partially populated rod
region, The F0x10 fuel will have'slightly more cladding Surface area, which. can enhance the
‘amountof oxidation. However; 1twas judged thatthe quanmanve impact of these:
-differences is éxpected to be:small.
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Complete Loss-ol-Coolant Inventory Accident:

9%

e o e e —em .2 DD TLD T TN I e I T g = -




Y OEEED
]

Fi_’gﬂre"l-@S Comiparison of the PCT versus the Ringe of Assémbi_v Configu rations in the
' Reference PWR SFP.,
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4. SUMMARYOF MITIGATION OPTIONS

Table 18 summarizes the vadrious-mitigation options cited in Section:3. The 1mpact of each
mitigation option is; quahlamely ranked. Asmoted: inthe comments;, some. options are. only
effective for complete loss-of-coolant inventory-accidents where a ‘nawral.convection air. flow
can be.establishied. Dependmg on the available instrumenitation and an ability to diagnose:the
accident, it may be difficult to know where. the leak is located:and whether the accident-will,
_progress likea complete or partial loss-of-coolant inventory.accident, Nevertheless; the fi TSt
three options are ranked as-having-very high to high:impact on:the-assembly coolabnhly
régardless of the accident type. Préparation and ap
provide a compoundmg beneficial; effect [oN@MEh

slication of multiple mitigation options.can

(D)(2)High,

b)(2)High Selected measures.aré being incorporated in to the

procedures of NKC Ticensee’s asa- part of the.NRC 'and indusuy’s:SFP mifigative srategies
study:

98




r-

.E"L;

Table 18

Impact of Mitigation Options on Assembly Coolability.
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