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ABSTRACT: Spent fuel racks are steel structures designetbte the spent fuel assemblies removed f
the nuclear power reactor. They rest in free-stapaionditions submerged in the depths of the sheit
pool. During a strong-motion earthquake, racks wyoéarge displacements subjected to inertial faréen
accurate estimation of their response is essdntiathieve a safe pool layout and a reliable stratdesign.
A transient analysis with direct integration of #guation of motion throughout the whole earthquaie-
tion becomes therefore unavoidable. The computaltioast associated to this analysis leads to teeotis
simplified finite element models giving rise to ert@in dose of uncertainty. This paper carrieseoparamet-
ric analysis of the key modelling properties foiwa-rack system. This technique examines the behafi
the main transient outputs as a modelling paranistsystematically varied. Numerical results previa
source of insight into the general behavior ofrdiek system and an effective tool to propose aniefit and
reliable modeling and meshing. The trade-off betwagtputs and computational cost and is also déstlis

1 INTRODUCTION volume is also accelerated inducing a significant f
id-structure hydrodynamic interaction between the
wet boundaries (Fritz 1972). The response of a unit
Spent fuel racks are steel structures designette s is then influenced by the whole rack system due to
the spent fuel assemblies removed from the nucledine so-called ‘water coupling effect’ (Soler & Sing
power reactor. In order to maximize the storage cat982)
pacity of the spent fuel pool, rack units are spdne
only a few centimeters setting up a matrix shapé th
fits in the pool with a minimum clearance (Fig. 1). The seismic analysis is more complicated for the
Rack units rest in free-standing conditions subfack system than for most of other nuclear strattur
merged in water at 12 m depth. systems (Ashar & DeGrassi 1989, DeGrassi 1992).
o The United States Nuclear Regulatory Commission
has issued overall design requirements and licgnsin
acceptance criteria for the performance of these
components (USNRC 1979, 1981). Their transient
dynamic response is governed by their interaction
with the surrounding fluid and exhibits a highly-ge
ometrical nonlinear behavior. The equation of mo-
tion associated to this problem need to be solvad v
numerical integration requiring significant computa
tional power. An ad-hoc methodology based on the
Finite Element (FE) method takes advantage of dy-
namic contact elements and implements the hydro-

During a seismic event, racks undergo large disdynamic mass concept (Dong 1978, Chung & Chen
placements, namely sliding, rocking, twisting and1994). The latter has traditionally been accepted a
turning with different types of possible impacts ascost-effective approach to replace the water efigct
fuel-to-rack, rack-to-rack and rack-to-pool. Theka an equivalent added mass. However, some disper-
support feet may lift off from or slide on the pool SION of results still exists and several sourcearsf
floor depending on the balance between inertial efcértainty have been identified (Gonzalez et al.
fects and friction resistance. Furthermore, theewat 2016a). In the following sections, a FE model of a
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Figure 1. Location of free-standing racks in thergguel pool.



two-rack system is introduced and the influence ofccording to the hydrodynamic mass concept to take

key modelling parameters on the transient responseto account the fluid-structure interaction of thia-

and on the computational time is assessed. Analysésr coupling effect. CONTA178 elements simulate

are performed on ANSYS Mechanical APDL Re-the dynamic contact and friction forces causedby t

lease 14.0 running in an Intel core i3 processdin wi rocking and sliding motion.

8GB RAM. Regarding the fuel assemblies, they are assumed to
move in phase. They can therefore be grouped and
modeled using a single fuel beam collinear with the

2 CONCEPTUAL MODEL FOR 3D SEISMIC rack body beam (i.e. labelled ‘rack + fuel assem-

ANALYSIS blies’ in the figure). Nodes of the fuel beam apa-c

The computational cost of the aforementioned nonnected to the nodes of the rack body beam at each

linear dynamic time history analysis has motivatediscretization level through both cylindrical coctt

the use of plain but efficient models (Soler & $ing CONTA178 and dynamic fluid coupling elements

1984, Zhao et al. 1996, Zhao 1997, Hinderks et aFFLUID38. The former recreate contact impact forces

2001). Figure 2 shows an upgrade of the 2-rack sticin the radial direction and Coulomb friction in the

model used by Gonzalez et al. (2016b) to simulateéangential direction. The latter simulate the effeic

the response of free-standing racks. Such a médel ahe constrained mass of water encompassed betweer

lows for the sliding and rocking motion and takes i the fuel assembly and the storage cell (Stabel & Re

to consideration the geometric nonlinearities assoc2001)

ated to the dynamic contacts (i.e. fuel rattlingjde

the storage cells, tilting uplifts of support feetd

subsequent impacts, frictional sliding of the suppo 3 ACCELERATION INPUT

feet along the pool liner, etc.). External seismic load is usually given in the faym
Rack 2 design response spectra from which a synthetic ac-
+ celeration time history can be derived using th® PS
l’ Fuel assemblies Rack 1 method. Figure 3 illustrates the horizontal aceeler
A + , tion-time history used in this parametrical anay#i
ﬁ f Fuel assembliey  |asts around 12 seconds and exceeds’8m/s
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Figure 3.Design accelerzon-time history

Since in primitive FE programs accelerations could
not been directly applied to the model some alterna
tives were developed to enforce the pool to repro-
duce this accelerogram. Lee et al. (1998) advised
Figure 2. Seismic 3IANSYS FE model of2-rack systen against the use of the displacement-time history in
the typical sharp accelerograms of the rack seismic
The model is built in 3D in order to reproduce theanalysis. This scheme results in unexpected aeeeler
real spatial motion which cannot be achieved by &on discontinuities throughout the simulation Igrin
planar approach. Each rack unit is composed by #hg numerical noise that can only be limited throug
feet connected to four rigid beams forming a pedesaumerical damping.
tal that serves as support to a vertical beam repr&@henceforth, transient accelerations have tradition
senting the storage cells at the body of the racky been transformed into an equivalent force pughin
Beam elements are massless and defined with a spe-+huge ‘ground’ mass. This force-time history is se
cific stiffness to replicate the genuine dynamie beas the product of the ground mass by the accederati
havior. Rack and fuel masses are lumped into mags each time step. The ground mass has to be some
elements MASS21 at different levels whereas theiorders of magnitude bigger than the mass of the rac
self-weight are input as a force on their centroidsystem in order to reduce their influence. Unfortu-
MATRIX27 elements modify the effective massesnately, this requirement may introduce a loss of

Contac
(CONTA 178)




computational accuracy due to the combination off FINITE ELEMENT MESH DISCRESIZATION
large and small numbers. Moreover, since this 1 Rack bodv b
scheme computes the accelerations terms via the s%‘- ack body beam

lution of the complete differential equation of mo- The continuous model is discretized into finite-ele
tion, it adds computational time and results ighgli ments that can be addressed through computational
differences between the design and computed accelnalysis. The 4m height of the rack body is divided
eration. The magnitude of the error depends on thiato several levels (Re9. Each level is represented
solution of the 2 order ODE and then on the time by a node where structural lumped mass, hydrody-
marching. namic added mass and fuel contact and dynamic flu-
Figure 4 compares the total and relative acceterati id coupling are set. The total mass of the rack
error in a typical transient analysis for a timepsbf  (M,=630 kg) is lumped proportionally to the span
3e-5 seconds. Total error is the difference (ie. d of each level. A Micl(Nevelsl) Mass is assigned to
sign - computed) and relative error is the ratie exthe central nodes, whereas adW( Nevels -1)/2 mass
pressed as a percentage (i.e. 1-(computed / dgsigns assigned to the bottom and top nodes. Hydrody-
It is noted that even if the total error remaing Bnd  namic added masses resulting from the racks under-
bounded in the order of 4e-2 m/she percentage water relative acceleration are geometrically split

can reach peaks up to 1400% during the shakings. to the number of levels through constraint equation

0 3 6 ° 12 4.2 Fuel assemblies beam
6.E-02 L . L - 1000% .
L] _ Time (s) The total mass of the fuel assemblies;(M2500

e -s00%  kg) is also lumped proportionally to the span afrea
% 2.E-02 N — v level. While a mass of value dd/(Nieveisl) is as-
= s signed to central nodes,{\M/(Nieveis1)/2 is assigned
05 W o woi tothe end nodes.
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-6.E-02 - %  During the transient analysis the equation of nrotio
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is solved at each node at each time step to satisfy
equilibrium. Therefore, the computational cost is
Figure 4. Total and relative errors in the compatenf the ~ Proportional to number of nodes. A parametric anal-
pool acceleratio when input asn equivaler force ysis of the FE mesh is carried out to highlight not

only its influence on the CPU time but also on cru-
This computation error can be overcome by using FEial design outputs as displacements and forces.
programs that allow the user to directly feed the d Several runs have been performed on variations of
sign acceleration into to the model. For instancethe model of Figure 2 for different meshes wiiheR
ANSYS recommends to define support motion usinganging from values 2 to 50. Figure 6 compares the
the tabular array parameter definition on the ‘€,a relative sliding displacement of the Rackl over the
command (QA2012-01, 2012). Figure 5 shows howpool floor throughout the transient analysis. Table
the total and relative acceleration error disappearprovides the bounds of most interest for design pur
when the same analysis is conducted with a directlposes and Figure 7 shows the sensitivity of these
enforced acceleration-time history. The remainingputputs to the FE mesh discretization.
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Table 1. Mesh discretization versus CPU time andides the bounds of most interest for design puepos

with the number of nodes in an average of 5251s. —Max sliding disp.

extra level.

output bounds and Figure 9 shows the sensitivity of these outfmuts
Number CPU Max. relative Min. relative Max. the friction coefficient.
of time sliding sliding dis-  Vertical 0 2 4 6 8 10 12
levels displacement placement force on 0.04 ‘ ‘ -
stppori = Time (s)
Nievels (S} (Cm) (Cm} (N) % 0.02
2 3.81E3 0.42 -1.81 8.05E4 k;
3 4.24E: 1.8¢ -0.44 9.46E: = 0.00
4 4.5IE3 1.37 -0.91 1.14E: 2
5 4.7E3 0.21 -2.2¢ 1.37E: £ 002
6 5.0€E3 0.02 -2.1C 1.04E: S
7 5.48E! 1.3¢ -1.2€ 1.15E¢ R
8 5.97E! 0.6¢ -2.0¢ 1.16E: I
9 6.16E: 0.2€ -2.04 1.13E¢ 5 0,06
10 6.69E:! 0.0€ -3.2¢ 1.16E: e
20 1.17E¢ 0.0€ -2.84 1.16E: 2
30 1.76E« 0.1C -2.9¢ 11888 ¢ 08
40 2 AQE: 0.0¢€ -5.52 1.01E" o« —FCO0.2 FC0.3 —FC0.4 FCO0.5 —FC0.6 —FCO0.7 —FCO0.8
50 2.90E¢ 0.1¢ -3.51 1.19E¢ -0.10
0.03 14E+05 Figure 8. Relative sliding displacements Rackl elFaor differ-
ent friction oefficients (FC)
Eom 1.2E+05 Lo . .
3 /\ 2 Table 2. Friction coefficient versus CPU time and
E 0.01 LA Loe+05 § _output bounds
£ l \/\ s Fricton CPU  Max. relative Min. relative Max.
E 0.00 ‘ ‘ : 8.0E+04 E coeff. time sliding sliding Vertical
8 10 20 30 40 50 g displacement displacement force on
-§ 0.01 {\ —Max. Sliding disp. |+ 6.0E+04 £ sLpport
| — win.iding isp. © (cm) (cm) )
3 .m Max. Vertical force || aops0s 8  0-20 7.02E3 0.9z -8.12 4.04E4
P 0n  beEs o a2 s
g 0% — 208408 050  6.6:E3 0.0€ -3.0¢ 1.1(E5
ooa 0.0E+00 0.€0 6.22E3 0.3€ -1.6E 9.91E4
‘ ‘ 0.70 6.2(E3 0.1C -2.4¢ 1.1CE5
Figure 7. Sensitivity of the sliding displacementdanaximal ver 0.£0 6.14E3 0.01 -2.11 9.44E4
tical force to the mesh diretizatior 0.02 126405
It is noted that the maximum and minimum slidin¢ £ ;,, , : , : : 10E+05 _
displacements are affected by the number of leve § 02 03 04" o5 06 07 08 <
of the mesh. Models with less than 10 levels prese 2 o0, 8.0E+04 &
a wide dispersion in the outputs whereas models ¢ g Z
ceeding 10 levels present stabilized sliding dis £-00s 6.06:04
placements and forces and are definitely more-reli s 3
ble. Regarding the CPU time, it increases linear 35 -0-% 408404 5
2 s

-0.08 —Min. Sliding disp. - 2.0E+04

Max. Vertical force
-0.10 0.0E+00

> FRI.CTION COEFFICIENT Figure 9. Sensitivity of the sliding displacememdamaximal
The friction coefficient at the contact between theyertical force to the friction codcien

rack feet and the pool liner has a strong influeince

the relative sliding motion. Low frictions are asso |n Figure 9, the area between the blue and red line
ated to high sliding displacements whereas high fri (i.e. max and min displacements) represents the
tions lead to a foremost rocking behavior boostingnaximal amplitude of the sliding displacement
the vertical forces associated to the impacts @A suaround the initial position. It is noted that taisipli-
ports. Several runs have been performed on thgde strongly decreases between 0.2 and 0.6, and
model of Figure 2 for different values of the Cou-then it remains quasi constant between 0.6 and 0.8.
lomb friction coefficient ranging from 0.2 to 0.8 A similar pattern is observed for the vertical ®rc
(Rabinowicz 1976). Figure 8 compares the relativgjoing form the ‘sliding domain’ to the ‘rocking do-

sliding displacement of the Rackl over the poomain'. It increases with the friction for coefficits
floor throughout the transient analysis. Table @ pr up to 0.5, and then it gets stabilized.



6 RACK-TO-POOL CONTACT STIFFNESS In general, the overall displacements are barely in
The stiffness of the contact between the rackdedt fluenced by the stiffness of the rack-to-pool cohta
the pool liner determines the roughness of the imHowever, it is noted that stiffer contacts cause
pacts. Several runs have been performed on thsharper impacts leading to greater peaks on the ver
model of Figure 2 for different values of the caita cal forces on supports. In addition, since sharp im
stiffness ranging from 1e6 to 1el2 N/m. Figure 1(Qpacts represent a convergence problem a reduction i
compares the relative sliding displacement of thehe time steps throughout the contact event is re-
Rackl over the pool floor throughout the transienquired which increases the computational cost.
analysis. Table 3 provides the bounds of most-nter

est for design purposes and Figure 11 shows the sen

sitivity of these outputs to the rack-to-pool catta 7 FUEL-TO-CELL CONTACT STIFFNESS

stiffness. Fuel assemblies rattle inside the storage cellsviel
0 2 4 6 8 10 2. ing to the rack shakings. This secondary-body mo-
004 Time (s) tion contributes to the rocking behavior since fuel

0.02 to-cell impacts are eccentric as they firstly happe
‘ the very top of the rack body. The stiffness of the
contact between the fuel and the cell determines th
roughness of the impacts, and therefore the way the
kinetic energy is transmitted. Several runs hawenbe
performed on the model of Figure 2 for different
. values of the contact stiffness ranging from le4 to
1e10 N/m. Figure 12 compares the relative sliding
displacement of the Rackl over the pool floor
.0.10 throughout the transient analysis. Table 4 provides
—1E6 -~ 1E7 —1E8 ~ 1E9 —1E10 - 1E11 —I1E12 the bounds of most interest for design purposes and
Figure 13 shows the sensitivity of these outputs to
the fuel-to-cell contact stiffness.

Relative sliding displacement R1-Pool (m)

Figure 10. Relative sliding displacements RacklelHor dif-
ferent rack-to-pool contact stiffness . 0 ) 4 6 8 10 1
Table 3. Rack-to-pool contact stiffness versus CPl 0.10 ‘ ‘ ‘ ‘
time and output bounds

Time (s)‘

£
Contact CPU Max. relative Min. relative  Max. 5 005
stiffness  time sliding sliding dis-  Vertical e
displacement placement force on & 0.00
sLpport g
Nm)  (9) (cm) (cm) (N) § 005
1EE€ 5.85E3 1.9¢ -3.17 8.6€E3 =
1E7 6.1€E3 1.87 -9.8¢ 1.7€E4 5 010
1EE 6.3¢E3 0.8€ -8.3¢ 3.4€E4 £
1EC 7.1(E3 0.9¢ -8.57 4.22E4 5015
1E1C 8.72E3 0.94 -7.64 1.2ZE5 s
1E11 1.0ZE4 0.9¢ -7.04 1.6€E5 & -0.20
1E1Z 1.52E4 0.9t -7.4t 2.1(E5 « —1E4 1E5 —1E6 1E7 1E8 1E9 —1E10
0.25
0.04 2.4E+05

Figure 12. Relative sliding displacements RacklelRor dif-
0.02 2.1E405 ferent fue-to-cell contact stiffnes

Table 4. Fuel-to-cell contact stiffness versus CPU
time and output bounds
Contact CPU Max. relative Min. relative Max.

0.00 T T T T T + 1.8E+05
1.E+06 1.E+07 1.E+08 1.E+09 1.E+10 1.E+11 1.E+12

-0.02 1.5E+05

Vertical force on support (N)

Relative sliding displacement R1-Pool (m)

stiffness  time sliding sliding dis-  Vertical
oo 12803 displacement placement force on
-0.06 9.0E+04 SLppOI’i

= (N/m) (s) (cm) (cm) (N)
-0.08 6.0+04 & 1E4 5.2fE3 1.86 -2.51 9.53E3
\\/\’ —Max.Siding dis. 1EE 6.31E3 2.1€ -0.9¢ 9.55E3
-0.10 —Min. Sliding disp. 3.08+04 1E€ 8.17E3 3.2t -19.4% 1.5ZE5
o Max. Vertical force 0.0E+00 1E7 7.6€E3 3.9¢ -2.24 6.7¢E4
' ' 1EE 7.1¢E3 3.0¢ -4.8¢ 4.8¢E4
. o o . . 1E9 7.17E3 0.91 -6.94 4.04E4
Figure 11. Sensitivity of the sliding displacemanid maximal 1g1q 7.2¢E3 157 6.51 3.9¢E4

vertical force to therack-to-pool contact stiffnes



0.10 2.4E+05

005 216405 Table 5. Fuel gap versus CPU time and output

__//_\/ 1.8E405 bounds

0.00 o : : : : . Gap CPU  Max.rela- Min. relative Max. Ver-
1ED 13? Lg+0e NOS LE09 LEMOLSE:0S time  tive sliding  sliding dis- tical force
-0.05

/ 1.26+05 displacemer  placemer on sipport

Max. Vertical force on support (N)

Relative sliding displacement R1-Pool (m)

(mm) (9 (cm) (cm) (N)
-0.10 2 6.54E3 0.0C -1.17 8.1(E4
/ 6.0E404 4 6.4tE3 0.37 -2.44 8.8tE4
o \/ L oeson 6 6.6E3 0.5¢ -1.6( 1.1€E5
020 —Max. Sliding disp. ’ 8 6.4¢E3 1.4€ -0.79 1.21E5
’ —Min. Sliding disp. 0.0E+00 10 6.62E3 4.8( -1.11 1.03E5
os Max Verticalforee 1], oesoa 12 6.6¢E3 6.0¢€ -3.0¢ 1.02E5
14 6.73E3 2.3¢ -2.8¢ 1.14E5
Figure 13. Sensitivity of the sliding displacemamid maximal
vertical force to the fu-to-cell contact stiffnes O T ax. Siding diep. 158405

—Min. Sliding disp.

0.06 Max. Vertical force /—\ 1.3E+05
0.04 / \ 1.0E+05

0.02 7.5E+04

As mentioned in the previous section, the computa
tional cost increases with the stiffness of thetacin
due to the convergence difficulties that require
smaller time steps. In addition, it is noted here a
important resonance effect when the contact sefne
approach 1E6. Around this value, sliding displace-
ment and forces are boosted.

0.00 T T T T T 1+ 5.0E+04
4 6 10 12 14

Relative sliding displacement R1-Pool (m)
Max vertical force on support (N)

-0.02 2.5E+04

8 GAP BETWEEN THE FUEL ASSEMBLY AND
THE STORAGE CELL

The gap existing between the fuel assembly and th .04 0.0E+00

storage cell determines the magnitude and recwarenc

of the impacts_ It limits the oscillation amp“tude Flgure 15. Sensitivity of the Slldlng displacememti maximal

and therefore the maximal relative velocity reatdab Vertical force to thduel gap

by assemblies before impact as well as the damping . .

action of the encompassed water damps the motio is noted that the CPU usage is unaffected by the

In general, small gaps mean frequent minor impacté{,}ar'zt.'or; in the gtap thlcg(nesls. I]['f thte ;arrr]le wag; s
whereas larger gaps lead to rare but stronger it$|pad g displacements are barely ariected when gaps re-

forces due to bigger inertial effects of the fuelsn mains small, varying between 2 and 8mm. However,

Several runs have been performed on the model (t)tPey experience a big magnification when gaps ex-
Figure 2 for different values of the gap rangingir ceed 8mm and fuel assemblies can oscillate more
2 to 14 mm. Figure 14 compares the relative slidinéreely'

displacement of the Rackl over the pool floor
throughout the transient analysis. Table 5 provide
the bounds of most interest for design purposes a

FLEXURAL RIGIDITY OF THE FUEL

: e ASSEMBLY
mg%ee|195as hows the sensitivity of these outputs tc1’he flexural rigidity of the fuel assembly repretsen
0 " 4 6 8 10 1» the ability of the fuel assembly to deform aftee th
0.08 ‘ ‘ - impacts. It influences the roughness of the impacts
Time (s) .
and determines somehow the number of contacts ac-
0.06 tivated along the fuel beam at each shaking. Rigid
assemblies only impacts on the end nodes, whereas
0.04 soft assemblies deforms up to stick to the cellsval

Several runs have been performed on the model of
Figure 2 for different values of the flexural rigid
ranging from 2EO to 2E6 N.nfmFigure 16 com-
pares the relative sliding displacement of the Rack
over the pool floor throughout the transient analys
Table 6 provides the bounds of most interest for de
_GAP=2  GAP=4 —GAP=6 GAP=3 _ GAP=10 _GAP-12 —Gapr=14 SIgN purposes and Figure 17 shows the sensitifity o
-0.04 these outputs to the fuel flexural rigidity.

0.02

0.00 -+

-0.02

Relative sliding displacement R1-Pool (m)

Figure 14. Relative sliding displacements Rack1}Rarodiffer-
ent fuel gap



10 12

Time (s)‘

-0.02

-0.03

Relative sliding displacement R1-Pool (m)

—1E6 1E7 —1E8 1E9 1E10 1E11 —1E12

-0.04

Figure 15. Relative sliding displacements Rack1tRarodiffer-
ent fuel flexural rigidity

Table 6. Fuel flexural rigidity versus CPU time and
output bounds

El CPU  Max. relative Min. relative Max.
time sliding sliding dis-  Vertical
displacement placement force on
sLppori
(N.)  (s) (cm) (cm) (N)
2EC 7.52E3 0.28 -1.20 8.28E4
2E1 7.5€E3 1.5C -0.21 1.0€E5
2EZ 7.02E3 0.60 -1.54 1.11E5
2E:Z 6.61E3 0.4: -0.82 8.3¢E4
2E4 6.52E3 2.7¢ -0.1¢ 8.11E4
2EE 6.81E3 0.11 -3.(5 1.C1E5
2E€ 6.82E3 0.07 -2.33 1.11E5

0.04 2.4E+05

0.03 2.1E+05

0.02 1.8E+05 Z

0.01 1.5E+05
0.00

2.E+00 LE+ 2E+02 2.E+03 2.E+04 2.E+05
-0.01

-0.02

+ 1.2E+05
2:E+06

9.0E+04

Max. Vertical force on support

6.0E+04

——Max. Sliding disp.

Relative sliding displacement R1-Pool (m)

-0.03 — 3.0E+04

—Min. Sliding disp.

Max. Vertical force

-0.04 0.0E+00

Figure 16. Sensitivity of the sliding displacemamd maximal
vertical force to the fueflexural rigidity

It is noted that the general behavior of the racit u
in terms of sliding amplitude and vertical force is
scarcely affected. Moreover, only slight variatioms
the CPU usage are founded.

10 RESULTS AND DISCUSSION

The seismic behavior of the rack systems is ver
complex and somehow chaotic. Any slight diver-
gence in the initial steps causes a visible effette
final results of the transient analysis. Minor aari

tions in the modelling parameters lead to a wide de

viation in final results. Nevertheless, the follogi
relevant conclusions can be drawn from the paramet-
rical analysis of this 2-rack system:

a transient analysis with enforced accelera-
tion-time history is recommended to avoid
acceleration discontinuities,

a 10 levels mesh discretization provides sta-
ble results within a limited computation time
so it is considered cost effective,

sliding displacements are strongly influenced
by the friction coefficient, especially in the
range of 0.2 to 0.6,

very stiff rack-to-poll contacts lead to a safe
structural design since the peaks of vertical
force on supports are maximized,

a resonance effect can happen in the fuel rat-
tling and the rack rocking in function of fuel-
to-cell contact stiffness,

an influence of fuel gaps in the sliding dis-
placements is only visible for gaps larger
than 8 mm,

flexural rigidity has slight influence in the
general behavior of the rack unit.
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