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- AllSTRACT
I

'lhis report presents the results of a literature review on spent fuel tack scismic analysis methods and |
rnodeling procedures. 'the analysis of the current generation of free standing high density spent fuel racks

,

requires careful consideration of complex phenomena such as rigid lody sliding and tilting motions; impacts i

between adjacent racks, between fuel assemblies and racks, and between racks and pool walls and floor; fluid
coupling and frictional effects. 'lhe complexity of the potential seismic response of these systems raises questions
regarding the levels of uncertainty and ranges of validity of the analytical results.

I

IINI. has undertaken a program to investigate and assess the strengths and weaknesses of current fuel I

rack seisude analysis methods. ~1he first phase of this progran. !cvolved a review of technical literature to identify
the extent of experimental and analytical verification of the analysis tuethods and assumptions.- Numerous papers
describing analysis methods for free standing fuel racks were reviewed. Ilowever, the extent of experimental |

verification of these methods was found to be limited. liased on the information obtained from the literature '

review, the report provides an assesstnent of the significance of the issues of conecta and makes recommendations
for additional studies.

.
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INi:CUI'lV1; SUMMAlW

'lhis report presents a summary of a llNI. literature review on current analysis metinids used to predict
the seismic respimse of high density spent fuel ratLs. Ilased on the findings, it provides an assessment of the
strengths and weaknesses of the analytical incthoJs, nmdeling procedures and assumptions, and makes
recommendations for additional studies.

Spent fuel storage imols were originally designed to proside temporary storage of spent fuel until it could
be shipped to a reprocessing plant. 'lhe f uel was stored in steel racks with large center to-center spacing to
ensure suberiticality. 'lhe racks were typically anchored to pool floor embedments and braced to the pot walls.
Ilowever, with the suspension of reprocessing und delays in the availability of a permanent storage repository,
plant owners have been storing all of their spent fuel on site. In order to acconunodate the increasing inventory
of spent fuel, the original spent fuel racks have been replaced with high density fuel racks. In the high density
rack design, fuel storage cells are arranged in a tight array and neutron almrbing materials are used to inaintain
suberiticality, l'or case of installation and radiological safety considerations, high density racks have been
designed as free standing modular structures which are not anchored to the pool ihnt or walls.

'lhe scracking of a spent fuel pool requires a seismic evaluathm of the new racks as well as a reevaluation
of the existing pool to acconunodate the increased loads. Due to the free standing nature of the racks, their
seismic analysis requires careful consideration of mmplex phenomena such as rigid lody ratk sliding and tilting
motions, impacts between adjacent racks, fluid coupling effects and frictional c!Icets. 'ihe complesity of the
analysis raises questions regarding the level of uncertainty and range of validity of the results. 'these uncertaimies
coupled with the higher loads, have been a source of conecru to the NI(C sta!! members responsible for teviewing
the structural adequacy of a spent fuel pool scracking license arnendment. 1 uel rack vendors have developed
their own nonlinear time history ana.ysis methods w predict fuel rack seismic response. Ilowever, the analysis
procedures, modeling methods and simplifying assumptions have varied significantly between the different
vendors. 'the current NitC Standard Iteview Plan does not provide uniform acceptance criteria or guidelines for
assessing the adequacy of these methods.

In order to provide the NltC staff with better guidance in this area, llNI. has undettaken a program to
investigate the strengths and potential weaknesse of current fuel rack seismic analysis methods. 'lhe first phase
of the program involved a scanh and review of the technicalliterature to identify the extent of exper_ nental and
analytical verification of the analysis methods and assumptions. 'the primary goal of this phase was to identify
potentially weak areas where turther analytical and experimental studies are needed.

_

The literature search identified numerous technical papers on the subject of free-standing spent fuel rack
scismic analysis. Several investigators presented detailed descriptions of analytical models and methods to
simulate the nonlinear dynamic behavior of the racks. liighlights of the methodologies are presented in Section 6
of this report. '1he analysis methods were based on fundamental principles of structural mechanies and dynamics.
In most cases, experimental verification of the results was not provided. Some dynamic tests on scale model fuel
tacks and their supports had been performed in 1 rance and Japan. Ilowever, the tests were limited in scope and
primarily geared toward the development of seismic base isolation fuel rack support designs.

llecent ilNI. technical evaluations of vendor analyses supporting rcracking license annendment
applications had identified a number of areas of concern. 'lhese concerns are tr. lated to the adequacy of current
analy ticai methods in properly considering multiple rack interactions, fluid effects, friction, impact stiffness, three
dimensional effects, damping, load cases, and fuel assembly representation. 'the literature review revealed that
some of these concerns had been investigated by others through analytical studies. A significant concern that was
investigated by several authois was the adequacy of current analytical methods to simulate fluid effects. potential
theory is used to develop hydrodynamic mass terms in a mathematical model of a fuel rack system. 'ihe theory is
based on incompressible, inviscid flow with small deflections relative to si/c of the flow paths (gaps between
adjacent tacks). Ilowever, in the case of fuel racks, the deflections are often large with gaps between adjacent
ratks opening and closing under seismic excitation. 'the literature review identified various studies which
analytically demonstrated that potential theory provides conservative estimates of hydrodynamic mass and

vii

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ ____ ._____ _ ..
_ _ _



_ .._._-_-___.___.._._-._._._._____.m . _ _ . _ _ = - - _ _ _ . _ _ _ . . _ _ _ . _ . . . _ _ _ _ . _ _

f

coupling force. In addition, sonne of the Fremh experinnental work indicated that the theory provides reasonably
good agrectneut with test measure:nents. ~1herefore, further analytical studies in this area do not appear :
necessary. t

'the literature review found that analytical studies into the significance of snultiple rack interaction efkets
suggest that current single rack analytical ruodels inay underpredict sciunic response. Analytical studies into the
treattneut of friction have indicated that the current practice of perfortning analysis for only upper and lower
bound values of friction coefficient ruay not provide bounding responses. !!NL reconnuends that further
analytical studies be carried out to investigate the safety significance of these rnodeling snethods and deterinine
whether revised inethods are needed. IINL also reconunends that parannetric studies be performed to test the
sensitivity of response to variations in other inodeling parameters and assumptions (e.g., impact stiffness, damping,
fuel assembly representation, etc.), 'ihese studies will provide additional information to define appropriate
inodeling practices and willidentify sensitive areas for which additional testing is needed. It is anticipated that
these studies will help identify and quantify conservatisms as well as potential weaknesses in currer t analysis -

methods.
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to INTRODUCTION and requires consideration'of hydrodynamic ruass
and coupling effects.

Spent l'uct Storage Pools were originally
designed to provide ternporary storage for fuel until As utility needs for additional spent fuel
it could be sent to a reprocessing plant. Most pools pml storage have increased with projected delays in
were built to accoturnodate 11/3 core of spent fuel the availability of permanent storage repositories,
in steel storage racks.1he racks were typically of soine plants have already undergone a second -'

_

open lattice construction with large center to-center generation of rcracking. Spent fuel pmts which
spacing between storage cells to ensure subcriticality were originally designed to store a few hundred fuel
of fuel. ~lhe racks were tyoically anchored to assemblies are being rcracked to store several i

embedruents in the pml famr and often braced to thousand fuel assernblics. Some utilities are
the pool walls. planning to consolidate their fuel by using special

containers which can store twice the fuelin the same r

in the late 197Ws the U.S. government volume as that of a single fuel assembly.1he <

announced tha indefinite suspension of spent fuct inercased loads on the fuel pools can be expected to i

reprocessing. Utilities were required to proside for reduce the original design snargins.
interim storage of their spent fuel until facilities to
permanently store nuclear waste material became lhe uncertainties associated with the
available. One of the most cost effective ways to complex nonlinear seismic fuel rack analysis has
provide for additional fuel storage was by increasing been a source of concern to NitC reviewers for
the capacity of existing fuel pools.1his could be some time, in 1987, intervenor groups challenged
accomplished by replacing the original storage racks the adequaq of the seismic analysis of the DiaNo
with high density fuel racks.1hese racks were Canyon high density fuel racks. To address the
designed to provide umximum storage capacity by concerns, the licensee had to perform addhional
minimizing the spacing between storage cells, in studies to confirm the original analysis. In recent
order to maintain subcriticaliiy, neutron absorbing years, NitC staff reviewers have been evaluating high
materials were built into the storage cell wa'.ls. density fuel teracking license amendments in more
Since high density fuel racks were designed as detail to ensure ample safety margins. In many
replacements to existing racks, case of installation cases, licensees were asked to perform additional
was a critical design requirement. Radiological analyses to verify the design calculations.
safety considerations, the need for rack installation
in water, and the difficulties of matching rack in order to assist the NitC staff in
supports with existing fuel pool embedments led to eva'uating future high density fuel rack license
the development and use of the modular free amendments, llNI. has undertaken a review and
standing fuel rack design. evaluation of seismic analysis methods to assess the

technical basis, ranges of validity and sensitivity of
1he use of high density fuel racks placed the analytical methods used to predict the behavior

additional demands on the structural capacity of the of spent fuel racks under seismic loads, the first
existing fuel pools. Iloth the pool and the storage phase of this effort has involved a literature resiew
racks are seismic Category I structures which are on fuel rack analysis methods whh emphasis on
required to temain functional during operating basis identifying the extent of experimental and analytical .

and safe shutdown carthquake conditions.1his vedfication of methods and assumptions. The goal
means that the fuel racks and the fuel pool shall of this review is to identify potentially weak areas
maintain structural integrity so that fuel separation that need further investigation and to propose
and leak 'ight integrity of the pool is ensured. 'the analytical studies to assess the uncertainties in
seismic analysis of free standing fuel rack modules current methods and the need for additional
requires careful consideration of several complex experknental work.1hc outemne of this program is
phenomena. A free standing rack module is a highly expected to provide better guidelines for future staff
nonlinear structure. During an earthquake, the fuel review of fuel tack license amendments and a higher
assemblies can " rattle" inside their storage locations. level of confidence in the safety of spent fuel storage
lhe modules can slide on the pool floor and systems.

potentially impact adjacent modules or pool walls.
'Ihe racks can tilt and lift off at one or more support 'lhis report presents the results of the
pads with resuhing pool floor impacts. The rack literature review and proposes analytical sensitivity
submergence in water further complicates its motion studies. 'lhe following three sections describe

i NURPG/CRJ912
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Tethnical liasis

current fuel rack designs, segulatory requirements forces between rack modules and adjacent
and analysis inethods. Section 5.0 discusses the str uct ures.
current issues of concern regarding seismic analysis
of the racks. Section 6.0 evaluates the technical 3. El;GUlXI'OltY lti;QUlitD11:NTS

k basis and verification of analytical methods based on
/ the findings of the literature review. Section 7.0 Federal regulations covering design

reconunends specific analytical sensitivity studies for requirenwm for spent fuel storage systems are given
the next phase of this program. in Appendix A of 10CFR50, General Design Criteria

61 and 62. 'lhese regulations requite fuel storage
2. SPENT FUl:L ltACI' Dl: SIGN IT.ATL)RES systems to be designed to assure adequate safety

under normal and postulated accident conditions
A typical high density spent fuel tack and to assure that criticality is prevented. Is 1979,

module consists of stainless steel storage cells the NitC staff issued the *OT Poshion for lleview
arranged into a welded honeycomb structure as and Acceptance of Spent Fuel Storage and llandling
simwn in Figure 1. liach cell is designed to store a Applications." 'lhis document provided guidance for
single fuel assembly. Itack modules caa be made in the type and extent of information needed by the
different s!/es to fill the space available in an NitC staff to perform the review of licensee
existing storage pool. A typical module snay have a proposed inodifications of an operating reactor speat
storage capacoy of a hundred or more fuel fuel storage pool and the acceptance criteria to be
assemblies. 'lhe modules are arranged in tiose used by the NitC staff in authorizing such
proximity to each other and to the pool walls as modifications. 'lhe "OT Position" covered the
shown in Figure 2. With the installation of high nudear and thermal.hydraulie aqw cts of the review;
density f uel ratLs, the total storage capacity of a the mechanical, anaterial, and situetural aspects of
spent fuel pool can be increased from a few hundred the review; and the env!:onniental aspects of the
to several thousand fuel assemblies. review. In 1981, a similar version of the mechanical,

material, and structural requirements was
Fuel rack design and fabrication details vary incorporated into the NitC Standard Review Plan

between different vendors. Storage cells may be (SRP) as "Appendit D to SitP Section 3.8.4,
welded directly to adjacent cells at their corners or Technical Position on Spent Fuel Pool Racks." 'this
walls or through intermediate spacer elements. I uel is the most recent NRC document which provides
assembly vertical support may be provided by a the minimum acquirements and criteria fe seview of
single baseplate welded to the honeycomb structure spent fuel racks and associated structures. A
or by individual plates welded to the bottom of each sununary of the "Appcodix D" requirements is given
storage cell. Lateral fuel assembly restraint is below,
provided by the cell walls but relatively large gaps
exist between the fuel and cell walls (1/4" to 1/2"). A Licensees are required to provide descriptive

'

fuel rack module is typically supported on four or infortnation of the spent fuel pool and rack. 'lhis
more adjustable support feet which rest on the pool includes the general arrangernents and principal
lhor. Differences in design and fabrication details features of the horizontal and vertical rack supports.
can result in significant differences in rack module Methods of trnnsferring loads bctween the racks and
stiffnes? and natural frequency. pool walls and floor should be identified. Gaps and

sliding contacts should be indicated. interface laads
in order to maximize the storage capacity of should be provided. Sketches of the fuel handling

the spent fuel pool, the rack inodules are installed as system should be provided.
close as possible to each other and to the pool walls.
Gaps between adjacent rack modules in the pool Construction materials should conform to
typically range between zero and two inches (See Section 111, Subsection NF of the ASME Doller and
Figure 2). 'the clearances between the peripheral Pressure Vessel Code and should be compatible with
tack modules and the pool walls are generally larger, the fuel pool environment to minimize corrosion and
typically ranging from two inches to twelve inches or galvanie effects. Design, fabrication and installation
more as shown in Figure 2, 'the sizes of the gaps of stainless steel fuel racks may be performed based
are important design parameters because they affect upon Subsection NF requirements for Class 3
luth hydrodynamic coupling forces and impact component supports.

NUREG/CR 5912 2
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Technical Basis

For plants in which seismic response spectra and relative motion between pool floor and walls is
are not available, the necessary dynamic analyses considered. |
may be perfmtned using the criteria of SitP Section
3.7 with ground spectra and damping values based Structural accsptance criteria for each
on llegulatory Guides 1.60 and 1.61. For plants in specified load combination are given in " Appendix
which the seismic response spectra are amilable, the D." Acceptance lim ts for clastic analysis and limiti

new rack system may be designed using either the analyses are based on the ASMii Code Section Ill.
existing spectra and damping values or new spectra For impact loading, the ductility ratios to al sorb
'md damping based on llegulatory Guides mig and kinetic energy should be provided by the licensee. :

1.61 respectively. 'the use of existing spectra with Minimum factors of safety against sliding and
llegulatory Guide 1.61 damping is not acceptable. overturning of racks must be 1.5 for the OllE load

combination and 1.1 for the SS!! load combination.
Seismic excitation should be imposed llowever, the safety factors need not be met if

simultaneously along three orthogonal directiont either: (a) sliding is shown to be minimal and
Peak responses from each direction may be impacts between adjacent tacks and between racks
combined by the SitSS rnethod in accordance with and walls are prevented and sninimum safety factors
llegulatory Guide 1.92. If only one horizontal against tihing are met, or (b) any sliding and tilting
spectrum is available, the same horizontal spectrum motion is contained within suitable geometric
may be applied along each horizontal direction. constraints and impacts are incorporated.

'lhe effects of rack submergence in water 'lhe fuel pool structures must be reevaluated
may be taken into acmunt and will be considered on for the increased loads due to the new or expanded
a case-by-case basis. fut! racks.1hc pool liner leak tight imegrity should

be maintained or the functional capability of the fuel
inads generated by the impact of fuel [mol should be demonstrated.

assemblies against the storage cell walls should be
considered for local as well as overall effects on the 'the materials, quality control procedures,
rack walls and supports as well as for potential and special construction techniques should be
damage to the fuel assemblies.1hese loads may be described. The sequence of installation of the new
determined from an estimate of the kinetic energy of racks should be provided including a description of
the fuel assembly at maximum vehicity. For loads precautions taken to prevent damage to stored fuel
generated by other postulated impae5 events, the during construction. If any welded connections are
licensee should provide the significant parameters made between racks and pool liner, the welder and
including mass, vehicity, and ductility ratio. welding procedure must be qualified in accordance

with the applicable code,
loads resulting from changes in temperature

distributions on the pool and rack structures must be .l . CUltitENT ANA1XSIS METilODS
considered. Maximum crane uplif t forces must be
considered. Accident load combinations must in recent years, all spent fuel rack vendors
include drops of the heaviest postulated load have been demonstrating seismic adequaq of spent
including a spent fuel cask and fuel assembly. fuel racks by performing nonlinear dynamic time
Functional capability and structural integrity must be history analysis. Detailed methods and modeling
maintained. Specific load emnbinations including practices vary between different vendors, but the

,

leadweight, live weight, norma' and accident general approach is similar and cim be described as
temperature,01111 and SSE and other accident loads follon:
ure provided.

A simplified mathematical model of a single
'lhe licensee is required to provide a fuel rack module is developed using either a speciali

- detailed description of the mathematical model purpose or general purpose finite element computer
| including the methods to incorporate the effects of program. 'the simplified dynamic model would

gaps, submergence, and sloshing. When pool walls lyically represent the rack arul fuel assemblics as
are flexible, a response spectrum analysis is two beams with appropriate stiffnesses and mass
permisible if the highest elevation spectrum is used distributions. Nonlinear compression-only spring

3 NUllEG/CR 5912
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Tedmical liasis

elements with gaps are used to represent the gaps stillness into the simplified model vary. Testing or
and impact stillnesses at the interfaces of fuel to detailed analysis may be used. Arbitrary high
rack cell, support icet to ;xml floor and, if necessary, stiffness values may be used il they can be shown to
rack to adjacent ra(L or pool wall. I'riction elements b wnservative.
are used at the support foot to pool flom intulace if
rat. aliding is anticipated. llydrodynamic effects are Synthetically generated acceleration time
included through the use of either generali/cd mass histories based on pool floor response spectra are
or fluid coupling elements which account for adJed generally applied to the dynamic model. One
mass and inertial coupling between the futt and rack vertical and two horienntal statistically independent
cells and between the rack and adjacuit structures. floor motions are usually generated and applied

simuhaneously to the three dimensional dynamic
'the linear properties of the simplified model. In the past, however, tuost vendors used two

dynamic model are often determined from a more dimensional planar models and applied the three
detailed linear finite element model of the fuel rack. directional seismic input loads in separate load
'the detailed model may indude a finite element cases. 'the resulting co. directional responses wete
representation of the storage cells, base plate and combined by the SitSS method. "-

support feet, liffeetwe structural properties for the
dynamic tuodel can be 0:termined from the natural Several load cases are run to cover the
frequencies and mode shapes of the detailed model. variations in fuel tack geometry, fuel loading,
'lhe sarne detailed model is of ten used to calculate location in pool and friction coefficient. Vendors
component stresses based on loads determined from make various judgements to define a li'nited aumber
the dynamic analysis of the simplified inodel. of lounding load eases,

llydrodynamie effects are based on flow 'lhe results of the nonline:.r time history
models which assume incompressible, inviscid flow analyses provide fuel rack loads and deflections.
(potential theory) and small deflections. 'lhe mass Stresses in critical rack eumponents are determined
matrix of the dynamic model is modified by the by applying the controlling loads to a detailed finite
adJition of adJed mass (diagonal) terms and inertial element model or by hand calculations when
coupling (oif-diagonal) terms. 'lhis accounts for the feasible. 'lhe seismic stresses are included in the
inertial effects of water on vibrating structures. appropriate load combinations and evaluated in
Fluid damping effects are usually neglected. Since accordance with the acceptance limits of SitP 3A4
the water couples the motion of adjacent structures, Appendix D. Impact loads on the fuel assemblies
a single rack analysis must make assumptions are evaluated to ensure that fuel structural integrity
regarding the motion of adjacent racks. 'lhey are is maintained. Potential sliding and overturning
generally assumed to move either in. phase or ouvof- safety factors are determined if necessary. ~

phase with the rack being analyzed. Maximum loads on the spent fuel pool are checked
to reevaluate the pool structure integrity,

Special nonlinear elements representing
Coulomb friction interfaces are used to transfer 5. SEISMIC ANALYSIS ISSUES
horizontal loads from the rack feet to the pool floor.
'lhese elements behave like stiff springs until the Cu rent NitC requirements documented in
spring force reaches a limiting value equal to the SitP 3X4 Appendix D provide no guidance to the
friction coef ficient times the normal force. Upper NI(C staff for assessing the acceptability of a
and lower limits of friction coefficient are usually nonlinear analysis of spent fuel racks. Guidelines on
considered. Differences between static and dynamic design and analysis procedures discuss response
friction coefficients are generally ignored. spectrum methods, simplified energy methods for 4

determining impact loads, and factors of safety
Coupression only gap spring elements are against rack sliding and overturning. 'lhis suggests

used at the fuel to storage cell and rack to pool that the authors of this document envisioned the use
floor interfaces. ~1hese elements are also used at of simplified linear analysis procedures to evaluate
rack to rack and rack to pool wall imerfaces if the seismic adequacy of high density fuel racks.
significant deflections and impacts are anticipated. Ilowever, the complexities of the free standing high
Methods for defining and incorporating impact density rack systems und the higher loads associated
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with the storage of lange numbers of fuel assemblics system combined with the significance of rack
in existing pools have required the development and submersion require detailed mathematical inodels
application of more sophisticated nonlinear analysis with accurate definitions of physical parameters to
techniques, predict scisnde response with a reasonable leval of

confidence. Ilowever, computer costs associated
A primary issue of concern to NRC staff with nonlinear dynamic time history analysis of large

members responsible for the technical resiew and finite element models are much higher than costs
approval of spent fuel pool expansion license associated with linear analysis of similar size models.
amendments is the high level of uncertainty As a result, the analyst is forced to make simplifying
associated with current nonlinear seismic analysis assumptions to teduce the size of the model. In
methods. Iteal margins of safety are difficult to addition, the modeling parameters may be difficult
predict in any nonlinear system because the respome to define accurately. Recent NRC and llNL
is not directly proportional to the input. In a technical evaluations of high density fuel rcracking
nonlinear system, a small change in seismic inpt license applications identified a number of areas
level can result in a pMentially large increase in where analysis methmis, simplifying assumptions or
seismic respoure. For example, a free standing fuel parameter variability contributed to the overall
rack module may respond linearly to a low level of uncertainty in seismic analysis results. 'these areas
scismic excitation. Ilowever, at higher excitation of concern were documented by DeGrassi (1989) in
levels, the rack displacement willincrease au NRC-sponsored study of fuel rack analysis
dramatically when rigid body motions are induced. methods. ~1 hey are sununarized bekiw:
A free standing fuel rack can undergo a variety of
rigid body motions in response to seisnde excitation. Multiple rack interaction: liven though a
A rack can slide along the pool Moor when lateral spent fuel storage pool may contain ten to twenty
forces are large enough to overcome frictional free standing rack modules, single rack mathematical
resistance at the pool floor inteiface. Overturning models have generally been used in seismic analysis
moments can cause a rack to tilt and momentarily (DeGrassi 1989). Ilowever, the seismic response of
lift off ( w ar n ore supports and then fall back onto any single rack in the pool 15 not independent of
the pan Soar. Significant seismic motion can force surrounding racks. Fluid coupling and potential
a rack module to tilt about two horizontal axes and impact with adjacent racks and pool walls is an
pivot around one corner support (torsional motion). important consideration. Simplifying assumptions
Combined sliding, tilting and torsion may occur rega: ding the motion of adjacent tacks rnust be
simultaneously. During an carthquake the spent fuel made in a single rack mathematical model. The
pool assemblies will rattle within their storage cells. analyst generally assumes that adjacent fuel racks
Since the fuel mass is significant, the fuel to cell move either in. phase or out-of phase with the rack
impacts will affect the overall response of the rack, being analyzed. To justify the assumption, the
Since the rack modules are in close proxindty, they analyst may argue that in. phase motion is _
may impact adjacent racks or pool walls as they appropriate because fluid coupling will force all
undergo rigid body motion. 'Ihese impact forces will racks to move together or he may argue that out-of-
further affect the seismic response. phase motion is conservative because impact forces

between adjacent racks would be maximized. The
'1he submersion of fuel racks in water true seismic response probably lies somewhere

further adds to the complexity of the seismic between these extremes. In. phase rack motkm may
analysis. Whenever a bocly vibrates in water, the be more realistic when all racks in the pool are
surrounding fluid is accelerated.1his generates Huid identical and equally loaded with fuel but this is
pressures on the body and adjacent structures. rarely the case. Some limited multiple rack studies
'lhese pressures develop forces which have a by Singh and Soler (1991) have wggested that single
significant effect on the dynamic response of the rack seismic analysis results may be unconservative,
vibrating body, in a fuel rack system, hydrodynamic
forces will couple the motion of fuel assemblies with Fluid Fffects: Fuel rack seismic analyses
their storage cells as well as the motion of a fuel will generally cemider the inertial effects of water,
rack with adjacent fuel racks and pool walls. Finite element n, 'cis may include hydrodynamic

mass coupling elements which provide added mass
lhe multiple nonlinearities of the fuel rack (diagonal) terms and inertial coupling (off diagonal)

I
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terms te she ,ystem mass matrix. 'the effect of these squares (SRSS) method. 'lhe adequag of this
terms is to kmer the frequency and couple the roethod for predicting three dimensional response in
motion of the fuel assemblies, rack inodules and a nonlinear system is questionable. Itack sliding and
;ml walls. The hydrodynamic anass terms are tilting snay be underpredicted unless all directional
generally calculated based on the assumptioa that loads use applied simultaneously. Torsional
the water is incompressible and inviscid and that response of a fuel rack about its vertical axis would
deflections are small compared to the flow paths not be simulated in a two dimensional planar model.
(gaps). In the case of fuel racks, the deflections are
ofttu large relative to the gaps. Fuel to rack cell lhrg@g; '1he damping valuu used in
gaps open and close as the fuel rattles. Itack to rack seismic analysis are generally based on FSAlt or
and rack to pool wall gaps often close under seismic NitC Regulatory Guide 1.61 values for welded steel
excitation. lixperiments on concentric glinders with structures. Iluid damping is usually neglected as
small vibration amplitudes have shown good reconunended by NitC guidelines, in recent years,
agreement with theory. Ilowever, the application of fuel rack analysts have been claiming that fluid drag
the same theory to fuel ruk systems with complex effects may add significant anwunts of damping to

"

multibody geometries, small gaps and potentially the system. Ilowever, further experimental studies
large vibration amplitudes is questionable without are needed to better quantify this effect.
experimental verification.

I nad ra_scs,; 'lhere are various possible r$ck
Friction: Finite element mo&ls employ configurations that must be considered in a scismic

Coulomb friction elements at the rack support f*t evaluation. 'lhey include size of ra k, location in
to pool floor interface. 'lhes" elements transfer the pool, and number and location of fuel assemblies
full horizontal inertial rack loads to the pool floor within a rack. 'lhe analyst must setect a limited
until a limiting value equal to the coefGeient of number of bounding load cases for analysis.
friction times the normal vertical load is exceeded. Ilowever, the system nonlinearities make the
'lhe rack then slides against this frictional resistance selection of bounding load cases difficult and subject
force. The coefficient of friction is subject to to uncertainty.
significant variability depending upon local surface
conditions. Static and dynamic coefficients of Fuel Assembly itenresentation: In a fuel
friction may dif ter. Normal pressure, temperature rack mathematical model, the fuel assemblics are
and speed of sliding may also affect the friction usually represented as a single beam connected to
coef ficient. 'the choice of friction coefficient can the rack model by gap elements. 'lhe model
have a significant impact on the seismic response, incorporates the composite structural properties of

all stored fuel assemblies which are assumed to -

Impact Stiffnest Nonlinear compression. move in unison. llowever, some analysts have
only springs are used at finite element model gap argued that since the fuel assemblies ennnot move
interfaces. 'lhese areas may include fuel to storage exactly in phase with each other, the model should
cell, support foot to pool floor, rack to rack, and include only a fraction of the total f uel mass. While '

rack to pool wall interface locations. Accurate the assumption that the full fuel mass moves in
repesentation of the impact stiffnesses of these unison is clearly conservative, variations from this
spring elements in n simplified fuel rack model is assumption are difficult to jestify.
difficult. 'lhe level of effort that goes into defining
these properties may vary significantly between 6. ASSESSMENT OF Titr. TECilNICAL
different fuel rack analpts. Seismic response may llASIS AND VE!tlFICATION OF
be very sensitive to variations in impact stiffnesses. ANAIXSIS METilODS

't hree 1)imensional Ff fecte In the past, 'lhe seismic analysis issues desuibed in
most fuel rack systems have been analped using two Section 5.0 were identified as concerns during
dimensional planar finite element models. To satisfy tec!mh J reviews of spent fuel pool expausion
NitC guidelines, three directional seismic input loads license muendment submittats conducted by NRC
would be applied as separate load cases and the and ilNI. in recent years. In order to compensate
resulting co-directional responses would be for the uncertaintieu in the analyses, the reviewers in
combined by the square root of the sum of the most cases asked licensees to perform additional
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studies to provide a higher level of confidence in the qualitative description of the seismic analysis of a
results or demonstrate substantial design margint,. free standing fuel rack which is not anchored to the
lhese studies included both single rack model and pool floor or walls.1his rack is prevented from
simplified multiple rack model analyses to sliding by guide pins at the pool floor but is free to
investigate the effects of variations in modeling till and lift up vertically off the floor. Nonliocar
assumptions and input parameters on the results. dynamic analysis of simplified 2-D and 3-D
llowever, since this process increased both the time mathematical models was performed using the
and expense required to license the new racks for ANSYS finite element program.1he authors
both licensees and NitC staff, the need to establish considered only single rack models because they

: clearer NitC guidelines and acceptance criteria in assumed that_ if racks cf a given type are equally
this area was identified. In order to establish these filled with fuel assemblics, their dynamic response

guidelines, a thorough and systematic investigation will be comparable and the influence of neighboring
into the validity and strengths and weaknenes of structures will be the same for all.1 hey stated that
current analytical methods is needed. 'lhc effort model tests with several racks vibrating in water in
must identify the extent to which the methods are close proximity to each other and in the vicinity of
supported by analytical and experimental data, solid boundaries had shown this assurnption to be
Areas found to be potentially weak can be studied approximately valid. A number of different models
further by petforming analytical studies to assess were developed.1he racks were represented either
their sensitivity. Finally, experimental work can be by beam elements or by ANSYS * super-c!cments."
performed to verify the more sensitive parameters as in some models fuel assemblics were modeled as a
well as the analytical methods, separate structure but luel to rack impact was

apparently not considered. The supports were
in order to assess the technical basis and treated as frictionless gap elements with spring

verification of current analysis methods, an extensive constants representing the local flexibility of the rack
literature review was performed. 'the review feet.1he effect of water submersion was considered
concentrated on papers published in technical by increasing the structural mass by the amount of-
journals and conference proceedinJs in the last added mass due to water, With the added mars, the

,

fificen years.1he papers were identified through a fundamental frequency was shown to be just above
computer database search. Databases queried that of the peak of the response spectrum'. lhe
included the NTIS, Compendex plus (lingineering authors presented sample results in terms of
Index), and Doli linergy Dialog Systems.1he displacement, uplift, support bending moments'and
papers were collected and compued and reviewed axial force transmitted to the pool lloor it was
with specific emphasis on identifying the extent of noicd that maximum forces transmitted to the racks
experimental and ana'ytical verification of the and fhior occur during the impact and rebound
methodologies.1hc majority of papers presented phsse following support foot uplift.
seismic analysis methods and modeling procedures
for free-standing fuel racks. Some papers discussed in 1979, Jteed et al published a paper which
alternate fuel rack designs and their seismic analysis. discussed the relative merits of alternate fuel rack
A few p.esented experimental data and compared systems. 'ihey included a stiff system anchored and
analysis results to test resuhr. Some of the braced to the pool, two flexible systems, one of '
references to the papers were also obtained and which utilized pendul un supports and the other, ball
reviewed. The references included analytical and and disk supports, and a force limiting system which
experimental studies on hydrodynamic effects and an was free to slide and tilt. In the force lirtiting -
experimental study on friction. A list of all papers system, special materials were used at the rack -
included in the review is provided !a Section 8. support pads to ensure that.the coefficient of friction
liighlights ol the more significant papers c.re given dii not exceed a pre-establisKd value.1he authors*

below, stated that laboratory tests were performed to -
establish friction coefficients. A simple nonlinear

6.1 Summary of Literature Iteview two dimensional model of a single rack was -
developed.1hc model utilized beam and truss

One of the earliest papers on the subject of elements to represent the rack and friction and gap'
t

nonlinear dvnamic analysis of spent fuel racks was elements to represeniihe rack support pads. Fuel
published by liabedank et al in 1979. It pnwides a assemblics were not modeled separately, llorizontal - '
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time history floor motions were input to the model. was determined for various rack stiffnesses, fuel to
Peak ver6cti aceclerations were induded as s:atic rack mau ratios, and maximum input accelerations,
forces and were both added und subtracted to the 'lhe resuhs were compared to the responw of
rack weight. Itunges of friction coefficients between comparabic linear models in which the fuel assembly
(M imd 0.33 were considered. %ese values mass was lumped with the rack mau. In all cases,
remsent the mean plus or minus two standard the ratio ut nonlinea; model to linear model'

, . deviations from the test results. Typical results were re ponse exceeded one. Preliminary results of a
! presented in terms of sliding and uplift similar study on sliding .acks indicated that the

dimlaccierets For the lowest coefficient of friction, ratios are smaller, Further study in this area was
there was no upCit but the sliding displacement was recoinmended to reduce the conservatisms in the
hightst. A r W highest coefficient of friction, the nonlinear model especially the assumption that au,

sibling di41acement was a ininimum and the uplift fuel assemblies rattle in. phase.
Was a Inavignugu,

Durlofsky and Sun (1981) further exainined
'Ir lWO,llossain published a paper which the effects of impacts between fuel bundles and

previdul detailed qualitative discussions of special storage tubes in Idgh density fuel tacks for both r

analytical problems that are encountered in fixed and sliding base systems. Hey developed two
performing dynatnic analysis of high density spem simplified mathematical models of a single fuel
fuel racks and presented some analytical results. lie us ruldy and storage teSc. One model considered -
discussed both anchored and free standing racks of the stiffness of the r".a and fuel, the hydrodynamic
the space frame type (storage tube, connected to a and impact effects octween the fuel and rack, and
top a.-d bottom grid) and the shear panel type potential base sFJing. De other model neglected
(storage tubes welded together to form a honeycomb the impact and aydrodynamic cifects and lumped
structure). For the shear panel type, he discussed the mass of ti e fuel to the storage tube which was,

the merits of equivalent stick models versus detailed current industry practice n! that time. Two sets of
hnite elemerit models with dynande degrees of analyses were perfortned on the models. In the first
freedom reduced by condensation techniques. lie analysis, three friction coefficients weic considered:
concluded that both types of models provide similar 0.132, 0.2, and infinite (fixed base). He two models
results but the equivalent stick model may resuh in a were subjected to the same base accelerations and
savings in cost. Ilossain rectmunended that the maximum loads on the fuel rack were
nonlinear models should use the lowest vWues of determined and compaied. In the second analysis,
frictiou coefficient to predict conservative values of the ratio of fuel mass to rack mass was varied for a
suding Estance and velocity. He experimental work fixed base rack and the maximum rack loads were
of Rabinuwicz (1976) which provided upper and c4mipared. %c results of the first set of analyses
lowei oound values of 0.8 and 0 2 was referenced. indicated that for the sliding rack cases, the
llossain emphasized the importance of matimum load in the impacting fuel model is less
hydrodynamic mass effects by pointing out that than the load predicted by the lumped model.
inaccuracies or uncertainties in estimating the added llowever, for the fixed base case the impacting fuel
mass can affect the predicted response significantly. model predicted higher loads. For the second set of
Ilowever, he stated that rigorous computation of analyses, the impacting fuel model predicted higher
added mass is impractical because of complex loads in all cases. He ratio of maximum loads
multiple structure-water interaction. According to predicted by the two models increased with the fuel
Dong (1978), the methods connuonly used rely on to tack mass ratio.
engineeri"g judgment derived from analytical and
experim.utal work on single structures in an infinite Gilmore (1982) presented a comprehensive
medium. To avoid underestimating response, description of a nonlinear scismic analysis of free-
llossain recommended that the added man be standing fuel racks. A time history analysis of a
varied within the limits of various approximate detailed two dimensional single rack model was
methods such as those discussed by Dong. Finally, performed using the modal superposition methods of
Ilossain discussed the importance of fuel assembly the WECAN finite element analysis program. He
" rattling" within the s;orage cells. Using a simplified fuel rack model consisted of three-dimensional
fixed base nonlinear modelin which the fuel was beams, two-dimensional rotary springs, general
modeled as a gapped mass element, rack response matrix elements, gap clements and friction elements.
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it included 99 linear elements and 20 nonlinear total fuel mass was assumed to rattle and the other
elements with 60 unique nodes. Gap clements, hat;was assumed to move with the rack base. Pour
consisting of springs and dampers in parallel gap elements were used to simulate the vertical
connected to a grp in series, were use l to model the behavior of the support legs at the base plate

- fuel to cell knpact behavior. Friction elements were corners. I'riction elements and rotational elements
used to rnodel the friction interface between the represented tFe sliding potential and resisting
rack support pads and pool floor. Fluid effects were moments of the support legs. Fluid added mass and
considered by assuming incan.pressible potential coupling effects were determined in accordance with
flow. 'the finite element method uiscussed by Yu the methodology described by Fritz (1972). 'three
(1980) was used to determine the fuct assembly orthogonal seismic time history excitations were
hydrodynamic mass. 'this method considered now applied simultaneously. Six load cases were analyzed
through the 15x15 array of fuel rods. A general with variations in seismic input level, friction
mass matrix element was used to incorporate the coefficient (0.1 and 0.8), and fuel load (fully loaded
hydrodynamic mass into the fuel rack system model. and half loaded ruk). Structural damping of 2%
'the technique modeled the hydrodynamic mass was used in all cases. llesults for two typical rack

3' cflect on luth trequency and force response of fluid designs (honeycmnb vs. end connected tube
coupied hCes as discussed by Fritz (1972) and car s'ruction) were presented in terms of stresses,
Stokey and Scaniu (1077).. llydrodynamic mass displacements and fhior loads. In discussing the
coupling of the fuel rack with the pool wall followed results, the authors stressed the importance of
the same methodology. 'lhe fucl rack sptem model performing a 3 D analysis. "they pointed out that
was analyzed for different fuel assembly loading large horizontal displacements can occur during the
configurations including full, half-full, and empty, instant when the rack is supported by only one foor
Since the model was a two cell representation of a and the seismic loads cause the rack to pivot alout -
fully loaded rack, the half full and empty that contact point. 'lhis was particularly significant
configurations were represented by removing one for the half full rack. Maximum fuel rask
and two fuel assemblies, respectively. 'lhe analysis displacements were seen when the high friction
also considered variations in friction coefficient coefficient was used. 'lhis was explained by the
between minimum and maximum values of 01 and rack's greater tendency to stick and pivot about one
0.8. Typical dynamic responses were presented in foot.
terms of pool fhior loads, fuel to cell impact loads,
and rock displacements. 'lhe maximum fkior loads Soler and Singh (1982) also studied the
and poolimpact loads resulted from the full fuel effects of large displacements on the hydrodynamic
assembly loading configuration with maximum forces which develop during seismic excitation of
friction coefficient. ~lhe maximum sliding fuel rack systems. 'the methods described by Fritz
displacement resulted from the same configuration (1972) and Dong (1978) shich are generally applied
with minimum coefficient of friction. Sample plots in fuel rack analysis are bcsed on the assumption
of the results demonstialm' that the fuel tack system that the vibrations are infinitesimal telative to the
response is significantly imuenced by the structural gaps. 'this is often not the case in fuel rack
interaction between fuel assembly and cell. applications. *lhe authors developed a simple two

dimensional model of a channeled llWR fuel
ln 1983 Soler and Singh published a assembly in a fuel storage cell.12 granges equations i

detailed description of a nonlinear time history of motion were used to characterize the fluid forces
analysis method for determining seismic response of for inviscid flow under large amplitude motion.
a free standing spent fuel tack module. 'Ihe authors F.xpressions for equivalent damping due to drag
developed a simplified fourteen degrees-of freedom were also developed. Using typical fuel rack
model of a rack system, instead of using finite parameters and sinusoidal input, it model was
element analysis, the governing equations of motion analyzed for five conditions: (1) no fluid mass or
were developed and solved using the " component damping, (2) small dcHection model and damping,
element method * of Levy and Wilkins m (1976). (3) large deflection inodel, no iluid damping, (4)
'the model represented the rack structure as an large denection model with fluid damping, and (5)
elastic beam. A single lumped mass connected to large deflection model with reduced Guid damping.
the top of the rack beam through gap c!cments Results were presented in terms of rack spring force,
represented the " rattling" fuel mass. Italf of the local impact force and fluid damping force. .'lhe !
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authors concluded that large displacement effect* also lowest for the aseismic support design. Two
coupleo with fluid damping decrease ratk forces ad series of tests to verify the aseismie design were
may eliminate fuel to cell impacts. 'lhey also s. d described. 'the first was a 1/4 scale rack model
that experimental work was planned to verify tio. tested in air on a triaxial shaker table, 'lhe tests
analysis. Ilowever, no further information on demonstrated the dynamic characteristics of the
experimental verification or further development of design and their capability to attenuate horizontal
the metimdology has been found in the literature. vibrations. 'lhey were atso used to verify the finise

element model. 'lhe second series of tests were on a
liaistead et al (1981) described a simplified 1/10 scale pool model. 'the results confirmed the

fuel rack analysis procedure using a special purpose possibility of applying the 17:itz iheory to this kind of
computer program, IMAK. 'the structural moJcl structure. Pool sloshing was shown to have no
had tluce degrees of freetkun. 'lhe hydrodynamic major c!!ect on the resimnse. Asynunetric rack
effects were computed according to die methods loading induced a yawing nmtion onto the
desesibed by I'ritt. A seismic time history analysis translational motion, but generated only snudl
was performed for a proposed system of twrive ratks additional trnnslations in the direction perpendicular -

which were tied together at their bases. 'the racks to the excitation. l'inally, viscous fluid effetts were
were free to slide but the ties ensured uniform found to be important and added approximately
translational motion. 'the system was analyzed with 15% damping to the system.
cotificients of triction of 0.1,0.2,0.4, and OA
Sliding occurred for all cases. 'ihe resulting Wright (1985) presented a nonlinear seismic
ruasimum base inoments and displacements showed analysis of a fu;l rack system using the ANSYS
no clear pattern, however, 'the authors attribute the finite element piogram. 'the paper concentrated on
lack of a predictable pattern of remonse to the the use of substructuring as an efficient method for
dominance of fuel to rack impact effetts. 'they modeling the f uel rack structure. 'lhe tuodel was
point out that it is customarily awumed that if a comprised of two rack substructures and two fuel
system works for a very high and very low coellicient substr uctur es. It included gap and friction interfaces
of friction, the design is satisiactory, llowever, and hydrodynamic element so that fuel impact, ,

impacts do not allow one to make this assumption. rack-to-rack impact, uplift, sliding, and fluid
they reconnuend that analyses be carried out for interaction could be assessed. Since substructuring
several coefficients of friction. was used, a relatively small number of degrees of

freedom were needed to characterite the res[xmse,
llouche Pillon et al (1983) 1"esented a study liach rack substructure contained substructures along

on the seismic behavior of fuel racks with tlace Qh other ANSYS clements. 'lhe priinary building
dillerent support configurations: rigidly supported. block was a 2x3 storage cavity snodel of plate -

free-standing (sliding and iocking), and supported by elements. 'the fuel element substructures were
an ascismic device consisting of horizontal roller formed from beam elements with all fuel bundles
bearings. A two dimensional nonlinear time history assumed to vibrate in phase, Ily using
analysis of a finite element model was performed for substructuring, the equivalent of 10WO plate
each design. 'the models considered fuel to cell elements and 40000 degrees of freedom went into
impact and fluid damping, Coulomb friction between each rack model. Stresses in the model could be
bottom of fuel assembly and cell, and hydrodynamic recovered by performing two levels of stress pass
coupling effects in acsordance < ith 17 itt. 'lhe f rec- ru ns.t

standing rack model considered triction and gaps at
the support pad to pool floor interface. Typical Alliot (19M) presented additional
forces 'ud displacements were presented for each experimental and analytical qualification of the
rack support design. 'lhe results indicated that 1;tamatome aseismic bearing devices (llouche-Pillon
sof tening of tue connection between racks and poni et al). 'the device consists of two orthogonal layers
reduces the loads on structures. lhe roller bearing of rollers and three support plates. 'lhe rollers
useismic support design had a horizontal reaction consist of cylindrical portions with offset centers of
force of nemly 7ero. 'the vertica' eaction force was curvature. llecause of the offset, a horizontal
.significan0y 1,wer than the face-standing rack which displacement forces the rack module to rise
experienced liftoff and vertical impact forces. l'uct producing a gravity-induced restoring force. A 1/4
assembly impact loads and hydrodynamic loads were scale model of 4 bearing devices supporting a lead
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block was tested on a shaker table. Iloth sine sweep 'lhe inodel was subjected to three components of
| tests and scaled down carthquake retuids were seismic displacement time history at the pml fhor,

applied. Two sets of rollers were tested: one with a Maxi.num forces from the 3 D super module were
small value of offset and one with a larger offset. applied to the detai!ed model to obtain stress results
Tests indicated natural frequencies of 0.5611z for in various components for evaluation. 'lhe resultsi

the ..nall offset rollers and 1.1811z for the large indicated super module uplift and impact on the
offset rollers. 'lhe tests showed the devices highly pool Door, pressing and disengagement against
effective in reducing acceleraticus, especially with lateral restraints, and impact of fo l canisters on the
the small offset. blaxial tests showed that vertical cell walls.
seismic acecleration had little effect on horizontal
response. Slight tilling of the system did not alter Champomier et al(1989) performed studies .

the system response. A test of a full size 5x9 spent to investigate the possible cut.of. phase motion of
fuel module in a test pool was also performed. A adjacent rack modules during an carthquake. A >

sine displacement was im1msed on the upper end of simplified two dimensional linear model of a row of
the rack at various frequencies.1his test provided five modules was developed.1hree models were
information on damping and hydrodynamic coupling. fully loaded and two were half full. Each module

7

Damping was found to be 4% for a fully loaded rack was assumed to be connected to the pool (kor by i

and 7% for an empty tack. Ilydrodynantic coupling rotational springs. Ilydrodynamic coupling between
masses were calculated based on potential now modules based on potential theory was included. A
theory and from test results. A comparison showed modal analysis showed that the frequencies and
that the two values differed by less than 10% displacements of each module are very similar

because of the hydrodynamic coupling. The authors
Kabir et al (1987) described the seismic concluded that the modules can be expected to

analysis of existing fuel racks at Millstone I to vibrate in phase with very limited amplitude and that
acconunodate a 2:1 fuel consolidation.1he fuel the possibility of impact between adjacent tacks can
pool contains 32 racks arranged into six '' super be ruled out. The simplified study, however,
modules." Each super module contains 6 or 4 tacks neglected various nonlinear effects including rack
welded together by tie plates.1he super modules sliding and tilting and fuel assembly to rack impacts.
are hee-standing on the pool Door but braced 9 1hc effects on global response have been shown
inches above the base against the pool walls. lhey significant by others. A nonlinear analysis would
are only 1 inch apart at the top and may impact probably have indicated that impacts between racks
against each other, lhe ADINA finite element can occur.
program was used to develop two mathematical
models. A nonlinear 3 D model was developed to Fujita et al(1989) presented the results of
obtain global responses. A detailed 3-D model was scismic testing and nonlinear seismic analysis of a
developed to determine stresses and forces for Japanese base isolated spent fuel storage rack. The
structural evaluation. The global model included base isolation system consists of sliding support pads
four super modules. The heaviest super module was which rest on the pool floor liner.1hc support pads
a corner module and was modeled as three utilize graphite pellets to minimize the friction at the
dimensional. Two adj; cent supermodules were interface. A scale model (1/2.92 scale) aluminum -
nmdeled in 2.D for interaction in the cast west tack was fabricated for the test. 'the scaling ratio
direction. One adjacent module was also was based on the ratio of clastic modulus of stainlessI

represented in 2 D for north-south interaction. ~lhe steel and aluminum. Lead weights were installed in
fuel racks and fuel canisters were represented by the rack cells to simulate the added mass of the fuel.
beams. Coupled mass matrices letween adjacent 'lhe test model was placed in a water tank fabricated
modales and between modules and pool walls on a 6m x 6m three dimensional shaker table. 'lhe
represented hydrodynamic coupling. Nonlinear gap tank was 3 meters long and 1.8 meters high. The ,

elements were used between super modules and dynamic characteristics of the rack model were
between fuel and storage cells. Ilydrodynamic investigated by a detailed Guite element analysis,
coupling between fuel and cell was determined by llased en these characteristics, a simpler beam
the method of Soler and Shgh (1982). Contact model was developed for performing nonlinear

| friction elements were used to model possible sliding seismic response analysis. Equations of motion for
and uplift at the support leg to pool Coor interfaces. the analytical model were developed for translational
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and rotational motion 1hc equations considered Pop et al(1990) presented another description of a
hydrodynarnie effects and friction, lloth static and three-dimensional nonlinear dynamic analysis of a
dynamic friction coefficients were considered, single free-st.mding fuel tack for three orthogonal
Dynamic friction coefficient was specified as a components at carthquake motion.1he authors i

function of sliding veh> city. 'the seismic response state that a rigorous analysis should involve the
time history was calculated by the Itunge Kutta-Gill simultaneous solution of M coupled motions of a i
method. Tests included sine sweep tests to group of neigt boring racks f fuel asseir:'ies I
determine frequencies and mode shapes of the rack. vibrating as individual components. Since this is ]

Test results compared reasonably well with analytical tedious and cornputationally impractical, they
sesults. A series of simulated earthquake tests were reconunend that several separate analyses be
also performed, lloth single direction and three performed. These may include a 3 D single rack
directional tests were performed. Friction analysis to evaluate 3 D cffects and a 2 D multirack
coefficients were mea:ared and typical values were analysis to evaluate multirack effects such a sliding
0.14 for dynamic friction and 0.15 for static friction. of two or umre racks towards the pool wall and .

Fluid added mass and darnping effects were also momentarily piling up against the wall 'their paper
measured and incorporated into the analytical describes the 3 D model but notes that a 2-D model
model A comparison of calculated to measured would be similar. Using the ADINA finite element
response time histories showed reasonably good analysis program, they develop a simplified stick
agreement.1he authors concluded that the snodel with the rack and fuel assemblics represented
adequacy of the analytical snethod was verified by by linear stiffness elements. Gap elements are used
the test. For the sliding base rack design, they to model:mpact between fuel and rack, between
concluded that the acceleration ratio of rack adjacent racks, and between racks and gxml wall
response to input decreases as excitation level lhree dimensional contact elements are used at the
increases, and that the combination of horizontal support legs to model uplift, sticking and sliding
and vertical excitation and fuel cecentricity does not using Coulornb friction. All fuel assernblics are
have a significant effect on the seismic response, assumed to vibrate in phase.11ydrodynamic

coupling effects between fuel assernblics and rack
Ellingson et al (lW9) investigated the effects cells are modeled in accordance with the method

of fuel rack wall ficxibility on hydrodynamic mass described by Fritz (1972) l(ack to rack and rack to
and coupling. 'lhey performed experirnents with two pool fluid coupling is calculated on the assumption
full-scale welded box sections submerged in a water that the rack being analyzed oscillates while adjacent
tank. 'Ihe test apparatus consisted of a plexiglass racks remain stationary. 'lhe hydrodynamic mass
water test tank with two short sections of thin- matrix was calculated by potential theory usirg an .
waller' three-cell, fuel rack assemblics mounted in a ADINA finite element model. Potential-based fluid
horizontal position. One assembly was connected to finite elements were t. sed to model the fluid in the
a Tinnius Test Machine through a water seal at the gaps.1he hydrodynamle masses were calculated
bottom of the tank.1he other assembly was based on initial gaps and the effects of gap reduction
supported from above by a mechanical spring. A were neglected. Structural damping of 4% was used.
sinusoidal input motion was applied. Frequency, Fluid damping was neglected. 'lhe rack model was
amplitude, and surface-to surface gap were varied. subjected to the simultaneous action of dead load
Measurements taken included force, gap size, and three statistically independent orthogonal
acceleration and water gap pressure. 'lhe authors components of seismic acceleration time histories,
concluded that preliminary resuhs indicated (a) a De solution was obtained by direct integration using
reduction in hydrodynamic mass due to box wall the Newmark method. Typical results were
flexibility (compared to predicted values based on presented for a corner fuel rack which was judged to
the methods 'tescribed by Fritz and Dong), (b) a have maximum impact loads because of its location,
lack of impacting of lox wall to box wall over the lhe large gaps adjacent to the pool walls will
entire frequency range, and (c)large hydrodynamic provide the least resistance from hydrodynamic _
coupling forces under all test conditions. They also effects. A half loaded rack and fully loaded rack

.

hypothesized that the coupling forces are sufficiently were analyzed. Coefficients of friction of 0.2 and 0.8
strong to prevent rotational motion of one rack were conridered. Results for the half loaded rack
when surrounded by adjacent tacks.- with friction coefficient of 0.2 were presented. They

indicated that the rack supports uplifted and
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impacted the iloot many timer, during the seismic by a 2.D seismic model.1hc DYNARAG
motion, liigh impact forces were produced after computer program which uses the component
each uplif t and fallback. Sliding of the rack was also relement method discussed by Soler and Singh (1983)
observed. The fuel assemblics oscillated back and was used to perform a nonlinear seismic analysis of
forth between the opposite walls of the cell. A the entire assemblage of racks (14 modules) in the
comparison of maximum horizontal displacements pool with due consideration of fluid coupling effects.
between the full rack and the half full rack showed 1he authors stated that the analysis results indicated

j that the full rack experienced larger displacements. that the presence of water injected a certain
1he authors concluded that this indicates that the symmetry into the motion of adjacent tacks,
ratk horizontal motion results primarily from fuel to ahhough a certain amount of out of. phase motion
rack impact. occurs. Comparison with single tack 3 D analysis,

however, showed that the single rack results did not
S. Singh et al (1990) provided a description lound the results of the whole pool simulations. la

of the same analytical methodology presented by the Chin Shun analysis which used a friction
Pop et al (1990) and presented results of additional coefficient of 0.2, the whole pool model
studies which investigated the effects of gap displacements were 8.5 times those predicted by the
variation on hydrodynamic mass. Using the ADINA single rack model. Impact loads between the rac),
fluid finite element model of Pop et al. support pedestals and pool floor decreased slightly
hydrodynamic mass of a fuel rack was determined from the values obtained from the single rack
and plotted as a function of normalized cecentricity. analysis. A similar analysis was perfortned for the
lhe normali/ed eccentricity was defined as the rask Oyster Creek spent fuel pool using frictimi
offset from the initial equal gap position divided by coefficients of 0.2 and 0.8. In that ense, the WPMR

the sum of the gaps. 'the plot showed that . analysis predicted ruaximum displacements of 1.4
hydrodynamic mass increases with increasing times the single rack analysis prediction. 'the impact
eccentricity but the increase is not large until the loads predicted by the WPMR analysis were slightly
gap on one side becomes very small, l'or a higher than the values predicted by the single rack
normalized eccentricity of 0.8, the increase is alout analysis, lhe authors concluded that these studies
501 To determine the effect on seismic response, suggest the potential unconscrsatism of smgle rack
a nonlinear scismic analysis was performed in which 3.D analyses and indicated the need for whole pool
hydrodynamic mass was increased by 50% A multiple fuel rack analysis despite its high cost.
comparison of impact forces between fuel and rack
and in the support legs showed an average 6.2 Reglew of Ilydrodynamle Mass References

.

?difference of alout 15% between the two cases.
'the authors concluded that this shows that the in the seismic analysis of spent luel racks,

the work of I? itz (1972) is most frequently cited aspractice of using a constant hydrodynamic mass t
.

based on initial gaps is reasonable.1 hey also the basis for computing hydrodynamic effects. The
li itz paper developed the fluid coupling equationspointed out that in the analysis, damping due to r

fluid interaction was conservatively neelected for the classical case of tw.- Iceng crmcentric cylinders

although studies by Chen et al (1976) showed that separated by a liquid annuius. 'the Guid was
damping for a system with small gaps could be 5% assumed incompressible, frictionless, and
or more, irrotational. Potential theory was applied to solve

for fluid vehicity and kinetic energy, lagrange's
Singh and Soler (1991) performed analyses equation was applied to determine the fluid reaction

to investigate the adequacy of singic rack analysis forces on the inner and outer glinders, in applying
versus multiple rack analysis. 'they discussed the Lagrange's equation, a simplification was introduced
intrinsie inadequacy of a dynamic simulation of only by assuming the motion of the solid bodies to be
one rack to predict the motion of an entire pool of small with respect to the fluid channel thickness.
rack modules with any quantifiable level of accuracy 1he fluid forces were shown to be dependent on the
because of hydrodynamic coupling cifcets between acceleration of the solid lodies multiplied by
all racks in a pool. In order to quantify these hydrodynamic mass terms. A generalized procedure
effects, .they performed a whole pool multi rack for determining hydrodynamic forces in systems with

(WPMR) analysis of the Chin Shan spent fuel pool two or more lodies immersed in a liquid was
in Taiwan. These racks had initially been analyzed presented. Tables of hydrodynamic mass relations

.
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for single body motions for different geometries and 6.3 Iteview of Friction Coefficient Reference
motions were given. Using the procedure, the data
can be transformed into hydrodynarnie mass 'Ile work of Rabinowicz (1976) has most
relations for multiple body ruotions. Additional frequently -n cited as the basis for considering -
restrictions on the proecdure require fluid vehicities lower and t.,w lound friction coefficients of 0.2
I be less than 10% of the speed of sound in fluid and 0.8.1hc friction coefficients were determined
and the flow channellength to be less than 10% of from a series of experiments perf( tmed for lloston
the wave length for popagating vibratory Edison Company to support their design of new
diubances in order to avoid the possibility of spent fuel racks at the Pilgrim Nuclear Plant. A pin-
standing wave effects. Fritz also provided some on disk friction tester was used in these experiments,
addithmal guidance to judge when a fluid may be in this apparatus, the top specimen, the pin,is held
considered frictionless. Test data was presented for stationary in a dynamometer while it is pressed
various concentric cylinder vibration tests. against the rotating disk by a dead weight load. The
Comparisons indicated favorable agreement. Fritz angular speed of ;he disk is adjusted to produce the
noted that more confirmation is desirable but since desired sliding speed.1he friction force is measured
the information of the paper was based on basic using a strain gage ring. In these tests, the pin was
principles, the equations should be accurate for the 304 stainless steel of 1/4" diameter and 1" in length,
specified conditions. Two configurations were tested.' In one case, the

'
end of the pin was 1/4" diameter hemisphere to

Dong (1978) is another frequently cited produce point contact. In the other case, the pin
reference for hydrodynamic effects in spent fuel rack had a .09 inch diameter flat. When loaded by a
seismic analysis. lhe author presented information dead load of 2 Kg, this configuration produced the
based on the results of a su vey of the literature und same surface stress as that of a fuel rack pad of 6"
of design rnethods that were used by industrial firms diameter loaded by 22,000 lb.1he flat specimen was
at the time. Structures of concern were spent fuel a 304 stainless steel plate of dimensions 2" x 2" x
storage racks, main steam relief valve lines, and 1/4". Two different surface finishes were tested. In
reactor internals. 'lhe paper presented a sununary these tests the flat specimen was mounted in a cup
of different methods and assumptions used to and in inersed in 2 cm of distilled water. Two water
calculate added mass and damping due to fluid temperatures were used, namely room temperature

I submersion. Dong found that the methods used and an elevated temperature of 160".180*F. In some
were largely based on engineering judgment. 'lhe of the tests fine iron oxide particles were introduced
paper provides an extensive compilation of analytical into the water to simulate the effect of corrosiont.
and experimental data on added mass and added products in the spent fuel pool. Two sliding speeds
damping for single isolated members and for were used. A speed of 4 inches'second
multiple members. For single isolated members, corresponded to the maximum sliding speed of a
Dong concluded that potential theory is adequate fuel rack. 'The other speed, .04 inches'second was
for describing the added mass phenomenon. Added chosen to be two orders of magnitude slower than
damping for single isolated structures decreases with the top speed. A total of ten sliding friction tests
increasing structural size and is generally small. For were carried out. Nearly all tests were of one hour
multiple members, he found that fluid dynamic duration. During each test, ten friction coefficient -
effects are more complex. Experimental data was values were obtained at roughly uniform time
limited. Dong believed that the concept of added intervals. In addition, a series of static friction tests
mass and added damping still applies although the were carried out on surfaces which had been
formulation is more complicated. *lheuretical added statiorary for times of 1,10,100,1000,10,000, and,

I mass coefficients for arrays of ; abe bundles 50,000 seconds. For these tests, the speed applied to
compared well with experimental data. Diunping induce sliding was .0004 in/sec.
tends to be higher than for single isolated members
and tight spaces between members can increase the A total of 199 values of friction coefficient

L damping measurably. Dong e<mcluded that, in- were measured in these tests. Rabinowicz
general, additional experimental validation is needed perfortned statistical analyses of the data. ~ lie first

| and the range of various analytical Icchniques needs separated the results of friction runs which gave high
|- to be established. values from those which gave low values. For the

139 high friction coefficient values, he determined a
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mean value of .563 and a standard deviation of .046. solved using a special purpose computer program.
For the 65 low friction coefficient values, he All methods required a seismic time history analysis
deterinined a mean value of .300 and a standard with simultaneous application of gravity, vertical
deviation of .080. J. umping all values together, he reismic, and one or two horimntal seistnie input

; determined a mean of .503 and a standard deviation accelerations or displacemcets at the pool Ikior.
| of.125. liased on limits of plus and minus two llecause of the nanlinearities, the direct integration

standard deviatinas, the upper limit is .753 and the snethod is generally used to determine the dynamic - I
,

lower lindt is .253. Rabinowicz noted that response. Gihnore, however, reported the use of the I

temperatute and contact pressure had little effect as nonlinear modal superposition method of the
]did the introduction of iron oxide particles. Surface WECAN program. Seism c analysis results j

rougimess had some influence in that very rough presented by the authors also showed a similarity of
surfaces gave somewhat lower friction. Sliding speed response. Fuel assemblies were shown to nattle and
had a major effect, with distinctly higher friction at impact the rack cell walls, the racks had a tendency
lower sliding speeds. Time of stick, however, had to slide and uplift, and high impact loads were
little effect. For fuel rack design, Rabinowicz transmitted to the pool fhior when a rack uplifted
recommended that the design be based on friction and fell back.
coefficient values between 0.20 and 0E0. ,

Differences between the analysis methods
6.4 Assument of Methodology include the degree of detail in the model, methods

for determining the linear and nonlinear properties,
6.4.1 Analytical Stu lies methods of calculating hydrodynamic mass terms,

etc. Some of the more obvious differences reflect an
A reew of the literature revealed that evolution of the methoJology. 'lhe Gihnore model

several papers have been written on the subject of was very detailed but was two-dimensional. 'lhe
free. standing spent fuel rack seismic analysis. A Soler and Singh model had less detail but was three-
number of ink.tigators have presented descriptions dimensional. 'Ihe Kabir model was a detailed three-
of analytical models and analysis methods used to dimensional model of a single rack with adjacent 2-
sirnulate fuel rack dynamic behavior. 'lhe most D models included to account for multiple rack
detailed descriptions have been provided by Gilmore interaction effects. Pop recommended development
(1982), Soler and Singh (1983), Kabir et al (1987), of both a single rack 3 D model to evaluate 3.D
and Pop et al(1990). While details of the analyses effoits and a 2.D multirack model to evaluate
varied, the analytical models described by the multirack effects,
different authors had many eummon features which
are representative of the current analysis methods 'Ihe analysis methods are based on
described in Section 4.0 of this report. 'lhe fundamental principles of structural mechanics and
mathematical models include linear and nonlinear dynamics. 'the authors did not present experimental
elements. Fuct tack and fuel assembly stiffnesses data to verify the analytical methods or their range
and mass distributions are generally represented by of validity.
linear beam type elements. Nonliner.r gap spring
and Coulomb friction elements are used to represent 6.4.2 uperimental Verification
interface locations such as fuel to rack cell, support
pad to pool fkior, and rack to adjacent rack or pool Some limited experimental work to verify
wall. liydrodynamic mass and coupling effects are the scismic response of fuel racks has been
represented by incorporating added nNs terms into performed in France and Japan. In both cases, the
the mass matrix of the system. Flow models used to tests were performed in conjunction with the
determine the hydrodynamic mass terms assume development of seismic base isolation fuci rack
incompressible, inviscid flow (potential theory) and supports. Framatome has developed a roller bearing
small deflections. Finite element programs with aseismic support which significantly reduces the
nonlinear capability (ADINA, ANSYS, WECAN) horizontal scismic forces. Mill has developed a
have generally been used to develop and analpe the sliding support pad design which utilizes graphite
fuel rack models. 'lhe S+r and Singh paper pelle's to minimize the horimutal friction and thus
describes an analytical method in which the reduce horizontal seismic forces.

,- - governing epations of motion are developed and
i
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llouche Pillon et al(1983) performed 'lhe test model was subjected to sine sweep tests and
analytical studies of different rack support designs: to simulated carthquake excitation in one horinmtal
rigidly supported, free-standing (sliding and rocking), direction and also in three directions simultaneously.
and roller bearing. Planar finite element models 'the authors determined vibration characteristics of
were denloped utilizing beam elements ud gap the fuel rack by a detailed finite element analysis.
spring elements. llydrodynamR ruass cliccts 'lhis was reduced to a cantilever beam model to
according to the method of Fritt were induded. pettorin nonlinear seismic response time history
'!he equations of motion were solved by direct analysis by direct integration. 'ihe equation of
integration. 'the results showed that the roller motion of the system included hydrodynamic mass
bearing support design had horizontal reaction and damping, and considered static and dynamic
forces of nearly zero. Vertical reaction forces were friction. 'the values of these parameters were
significantly lower than those of the free standing measured in the test and incorporated into the
tas k since there was no littoff and vertical impact. analytical model. A comparison of calculated to
Twu series of tests were performed to verify the measured regnmse time histories showed reawnably
roller bearing support design. 'lhe first was a 1/4 good agreement. 'the authors concluded that the

_

scale rack model tested in air on a triasial shaker adequaq of the analytical snethod was verified by
table. 'the authors claimed that this test qualified test and that the seismic reliability of the sliding rack
their finite element inodel and verified the capability design was proven.
of the seismic isolation design. 'lhe second series of
tests were on a 1/10 scale pool model ~lhe authors lillingson et al(1989) performed some
claimed that this test demonstrated the applicabilit;, testing to investigate the cifects of fuel rack wall
of the 1 riti theory but a!so show(d that viscous flexibility on hydrodynamic mass and coupling
cifects are importar.t and provide 159 damping in forces. 'lhey applied sinusuidal motion to one of
the system. Pool sloshing was insignificant. two welded im sections of fuel racks in close
Asynunetric rack loading introduced a rotational proximity and submerged in a water tank. Ilased on
motion into the system but was pdged to be a their preliminary test measurements, they found a
secondary effect. reduction m hydrodynamic mass (emnpared to I ritz

and Dong methodology), a lack of impacting
Alliot (1986) presented edditional between walls, and large cc.upling forces under all

experimental and analytical results on seismic test conditions.
response of roller bearing supported fuel racks. 'lhe
tests included a 1/4 scale model shaker table test of 6.43 Assessment of Seismic Analysis issuen
the aseismic bearing devices supporting a lead block
in air and a full scale test of a 5x9 fuel rack in water 'lhe literature review provided some
subjected to sinusuidal displacement at its upper additional information to assess the significance of
end. Alliot developed the equa' ns of motion for the seismic analysis issues discussed in Section 5.0 of
the rack. Ilydrodynamic mass .tfects were this report. A summary of the findings is provided
calculated based on potential flow theory. Viscous bs .ow.

damping war also included. liased on comparisons
with full scale vibration test resuhs, the calculated Multipjnnek internction: 'lhe importance
hydrodynamic mass was found to be within 10% of of tuultiple rack interaction effects has been
the value determined from test. Damping was recognized in recent years. Kabir et al(1937)
determined to be 49 for a fully loaded rack and 7% developed a multiple rack model with a combination
for an empty rack based oc test measurements. of 3-D and 2 D rack tuodels to more accurately

account for hydrodynamie interaction between racks
Fuj:ta et al (1989) presented experimental in a pool covironment. pop et al (1990) discussed

data on seismic testing of a 1/2.92 scale model fuel the need for performing 2-D multirack analysis to
rack with shding graphite pellet support pads in a evaluate multirack effects such as shding of two or
pool of ater. Measured friction coefficients for the more racks towards the pool wall md momentarily
pads m :e approximacy 0.15 l. cad weights were piling up against the wall. 'lhe work of Singh and
installeo in the rack cells to simulate the added mass Soler (1991) provided direct comparisons between 3-
of the fuel. 'the test model was placed in a water D single rack and 3 D whole pool multirack analysis
tank mounted on a three directional shaker tabic, results. 'lhey demonstrated that a single rack

NUREG/CR 5912 16

- ._ _ _ __ _ _ _ _ _ _ ___ _



-- _ _ _ - _ . _ _ _ _

Technical liasis

nlysis may significantly underpredict tack 199 measurements, Rabinowicz recommended that

6 placements. the fuel rack design be based on friction coefficient
values between 0.2 and 0.8 Ilowever, it is not clear

fluid Fffects: 'the limitation of the that the consideration of only these two values will

npplication of potential theory to develop provide bounding fuel rack seismic cesponses.
hydrodynamic mass terms in a f uel tack system has liarstead et al(1483) analyzed a rack for several
been investigated * 9 various authors. 'lhe theory values of friction coefficient and concluded that a
assumes incompressible, inviscid flew with small pattern of response could not be established. They
deflections. Fritz (1972) presented Wt data for reconunended that seismic analyses should be

concentric cylinder vibration tests wi. .h showed carried out for several coefficients of friction. In
good a;;teement with the theory. Dong (1978) addition, differences between static and dynamic

compiltd extensive analytical and experimental data friction coefficieuts as well as variations in friction
and concluded that the theory is adequate for single coefficient with sliding have generally not been
isolated members. For multiple members, considered in fuel rack seismic analysis. The effects

experimental data was limited, but Dong believed of these variations need further evaluation.
-

that the concept still applied. Soler and Singh
(1982) investigated the effects of large displacements Imriact stiffness: 1he literature review
on hyurodynamic forces. They developed a model provided little information on the methods for
which considered the effects of large displacemens developing impact stiffness values for the
on fluid forces and compared results with those ,t a compression only springs used at gap interfaces.
similar model based on smail deflection theory. Soler and Singh (196) calculated impact spring rate
lhey concluded that large displacement effects between fuel assembly and rack cell by assuming the
coupled with fluid damping should be expected to impac i simulatcd by a uniform pressure acting
decrease rack forces. S. S5gh et al (1990) over a circular section of the sell wall. Support leg
investigated the effects of changes in hydrodynamic spring rates were based on the local clasticities of
mass with variations in gaps. 'they determined the the rack just above the support leg and the pel
change in hydrodynamic mass versus eccentricity for floor just below the support pad, and the support leg
a rack with initially equal gaps on both sides. They stiffness. The assumptions made in determining
showed that hydrodynamic mass increases as the imp.ct stiffnesses can be expected to vary
rack moves to close the gap on one side, but the significantly between different analysts. The
increase is not large until the gap becomes very sensitivity of seismic response for these parameters
smam lhey compared seismic responses of an seems to be an area that requires further evaluation.
iner :ed hydrodynamic mass model and concluded
that the change was not significant and that the lhree dimensional effects: 1he literature -

practice of using a constant hydrodynami.: mass review revealed that recent fuel rask seismic analyses

based on initial gaps is reasonable. Finally, testing are based on three dimensional models. Soler and
of the Framatome roller bearing support rack Singh (1983) emphasized the importance of 3 D
reported by Alliot (1986), indicated reasonabiy good response in fuel rack systems, They showed tiut
agreement between hydrodynamic masses calculeted large horizontal displacements can occur when the
from potential flow theory vcith those calculated rack is supported by only one 'oot and pivots about
from test results. that point. Ilowever, direct comparisons of 2-D to

3-D results were not found. Since 2-D analysis has
Friction: 'the lower and upper limits of been used in the past, further studiu into this area

coefficient of friction of 0.2 and 0.8 which are most may be desirable,
common'y used in fuel rack seismic analysis are
based on laboratory experiments perfonned by Danmine Fiuid damping has generally been
Rabinowicz in 1976. 'the tests used 304 stainless neglected in the analytical studies. This is a
steel specimens inuuersed in water. Test variables conservative assumption and is in accordance with
included contact configuration, surface finish, current NRC recommendations. Dong (1976) noted
temperature, iron oxide contamination and slidbg that damping for single isolated structures decreases
speed. 'Ibe results indicated that sliding speed was with increasing structure size and is generally small.
the only variable that had a significant effect with Damping tends to be higher for multiple structures
higher [siction measured at lower speeds, liased on and increases with tight spaces between members.
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: lic recommended additional experimental work in There were no direct compariscms of the different
this area. Scale model tests of Japanese and French modeling techniques. 'lhe single beam rattling fuel
racks with seismic isolation supports measured model appears conservative. Further investigation
damping. Bouche-Pillon et al (1983) reported 15% would be needed to justify less conservative models.
damping in 1/10 scale model tests. Alliot (1986)
reported damping values of 4% for a fully loaded 7. RECOMMENDATIONS FOR
rack and 7% for an empty rack based o. tests of a ADDITIONAL ANALYTICAL STUDIES
fu!! size 5x9 rack.

'lhis literature review has identified
I ond Cases: Most fuel rack studies have numerous technical papers describing analytical

considered cases of a fully loaded and half loaded methods for determining the scismic response of
racks with a lower lound auf an upper bound spent fuel racks. The methods are based on
friction coefficient. Gilmore (1982) reported that fundamental principles of structural mechanics and
maximum pool floor loads and fuel impact loads dynamics. Ilowever, experimental verification of the
result from the fully loaded case with maximum accuracy of the methods is very limited.
friction coefficient. Maximum rigid body slicing
motion results from the fully loaded case with Shaker table testing of full size and scale
minimum friction coefficient. Soler and Singh model spcut fuel rack components has been
(1983) reported that maximum full rack performed in France and Japar . - The tests were
displacements occurred with the highest friction limited and geared primarily toward the
coefficient. They explained that this was due to the development of seismic base isolation support
rack's greater tendency to stick and pivot about a designs. The Japanese sliding support pad rack
single support foot. 'lheir half loaded rack showed design appears to be similar to U.S. free-standing _
even greater displa'cments which they also tack designs. The test was limited in the sense that
attributed to rigid body torations about the vertical it included only a single scale model fim rack in a
axis. Pop et al(1990) also analyzed full and half full pool of water and it did not include " rattling" fuel
racks, but reported maximum displacements for the assemblics. Furthermore, the friction coefficients at

- full rack case with lowest friction coefficient. 'lhe the support pads were designed to be as law as -
differences between the different investigator's possibh: Nevertheless, this test was the uosest
results seem to confirm the difficulty in establishing simulation to 9 i actual fuel rack seism'. test found
general rules for defining bounding load cases. in the literature; 1he Fujita paper did not include
Further investigation into this area may be desirable, sufficient details of the design or test parameters

for correlation to an independent analysis.. If the
Fuel Assembly Representatiom Several detailed test data could be obtained, some limited

early studies have investigated and demonstrated the analytical correlation studies could be performed.
importance of modeling fuel " rattling" effects as
opposed to the earlier practies; of simply including Based on currently anilable information, it
the mass of the fuel ar. part of the rack. Studies by appears that additional experimental programs-
llostain (1980), Durlofsky and Sun (1981) and would be needed to verify the adequacy and
liarstead et al(1983) concluded that fuel to rack determine the ranges of validity of current analysis
impacts have a significant effect on the overall rack methods for predicting the seismic response of free
response and generally increase rack loads. The standing spent fuel racks. Ilowever, before
analytical methodologies presented by Gdmore, proceeding with a test program, additional analytical
Soler, Kabir, and Pop included " rattling" fuel studies are recommended to provide a better
assembly representations connected to the rack by undcrstanding of the issues of concern. The
nonlinea gap spring elements. Fuel assemblies were objectives of the analytical studies would be: <

typically modehd as single beams based on the gross
assumption th:.t all fuel assemblies vibrate in phase. 1. To investigate the sensitivity and stability of '
Gihuore's model was slightly refined with a two response to variations in modeling
beam representation of the fuel. Soler's model was parameters, methods and assumptions. The -

the simplest.- IIalf of the fuel mass was included as results of the ser.sitivity studies would be
a single rattling mass at the top of the rack and the useful both in defining conservative methods
other half was included with the rack base mass.
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of analysis and in identifying key areas requiring single sack model can be developed. Parametrie
experimental verification. studies will be performed to investigate the effects of

variations in seismic input and modeling parameters
2. To investigate and quantify potential on multiple rack response.

conservatisms in current analysis methods.
'Ihe results of these studies would be used Another area of potentially significant
to demonstrate the extent to which known weakness is the treatment of friction between the
conservatisms compensate for uncertainties racks and the pool Door. Using the reference single
in the analysis. ~lhe need for experimental rack model, parametric studies will be performed in
verification of specific parameters would be which the coefficient of friction willbe varied
identified. incrementally between a lower bound and an upper

bound value. Variations in seismic input and
3. Wherever possible, to develop better modeling parameters will also be considered. 'Ihe

guidelines for defining acceptable results of this study will demonstrate the adequacy
conservative analytical methods, models and of the assumption that the analysis of a fuel rack
assumptions for NRC staif use in the review model with only the minimum and maximum friction

high density spent fuel rack licensing values will provide the bounding seismic response.(.

amendments. Additional studies will be performed to test the
sensitivity of response to differences between static

in order to perform these studies, a and dynamic friction coefficients or variations of
reference spent fuel rack analytical model will be friction coefficient with veh> city of sliding.
developed using a finite element program with
nonlinear dynamic analysis capability. ~lha model Additional parametric studies will be
parameters will be representative of recent spent performed to test the senritivity and stability of
fuel rack designs. Modeling techniques and response to variations in other modeling parameters
assumptions will reflect current analysis methods as and assumptions. 'lhese studies willinvestigate
described in Section 4.0 of this report. ^1he studies variations in impact stiffness, damping, load cases
will concentrate on the sensitivity of nonlinear and fuel assembly representation. 'lhese studies will
seismic esponse to variations in parameters. Since provide additional information to determine
a large number of parametric analyses will be conservative modeling practices and sensitive areas
performed, the size of the model will be as small as for which additional testing is needed.14 is
possible but will have a sufficient number of degrees anticipated that the studies on damping and fuel
of freedom to characterize its overall structural representation willidentify and quantify some of the

~

characteristics and its anticipated responses such as conservatisms in current analysis methods.
sliding, tilting and impacting with adjacent

,

structures. A set of seismic tune history floor Analytical studies to identify the c.. tent of
motions will be developed as input to the analyses. the differences in response between two dimensional
'lhe motions will represent realistic seismic design and three dimensional analyses are recommended.
spectra at spent tuel pool locations. Although current seismic analysis methods use 3-D

models, a number of fuel racks in th: past have been
As discussed in Section 6.4.3 of this report, qualified by 2-D methods. Up to a certain threshold

an area of potentiath significant weakness in current level of scismic input, a 2 D analysis may be
analysis methods is the treaunent of multiple rack adequate. Studies to deternnue that level could
interactions. 'lhis area will be investigated by provide greater confidence in the adequacy of fuel
developing and analping a multiple rack model that ncks qualified by 2-D anahsis.
is comparable to the reference single rack model.
The responses of the two models to the same Further analytical studies into the adequacy
seismic input will be compared and evaluated to of the application of potential theory with small
determine the significance of the differences in deflections (Fritz,1972) to represent fluid
results. For the single rack model, different fluid interaction effects in spent fuel racks cre not
couphng assumptions based on motion of adjacent reconnnended at this time. A number of analytical
racks (in-phase vs. out.of-phase) will be tested to studies have becu perfortned to investigate the
determine whether bounding assumptions for a effects of large displacements. 'Ihe studies of Soier

19 NUREC/CR 5912
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and Singh (1982) and of S. Singh et al(1990)
demonstrated the conservatism of the current
inethod. Alliot (1986) reported reasonnb!c
agreement between hydrodynamic ruasses calculated
from potential theory with those calculated from test
results. Due to the complexity of the phenomenon.
however, future exp.rimental verification of the
theory in scale model fuel rack tests may be
advisable.

'lhe results of the above recommended
studies will provide quantitative infonnation to
better assess the weaknesses as well as the strengths
(conservatisnis) of th ' turrent state-of-the art spent
fuel rack analysis methods. 'lhe information will be
used to identify the areas in which further testing
will provide the greatest benefit. In addition, the
results should provide information which can be
used to develop better guidelines for defining
acceptable conservative analytical methods, models
and assumpti ms for NRC staff use in the review of
high density spent fuel rack licensing amendments.
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'ihis report presents the results of a literature review on spent fuel rack seismic analysis methods and
modeling procedures. 'Ihe analysis of the current generation of free standing high density spent fuel racks
requires careful consideration of complex phenomena such as rigid body sliding and 'ilting nutions; impacts
between adjacent racks, between fuel assemblies and racks, and between racks and pool walls and floor; fluid
coupling and frictional effects. 'the complexity of the potential seismic response of these systems taises questions
regarding the levels of uncertainty and ranges of validity of the analytical results.

IINL has undertaken a program to investigate and assess the strengths and weaknesses of current fuel
tack seismic analysis methods. The first phase of this program involved a review of technical literature to identify
the extent of experimental and analytical verification of the analysis methods and assumptions. Numerous papers
describing analysis methods for free standing fuel racks were reviewed. Ilowever, the extent of experimental
verification of these methods was found to be limited, Based on the information obtained from the literature

,

| review, the report provides an assessment of the significance of the issues of concern and makes reconunendations
for additional studies.
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