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ABSTRACT

A spent fuel storage rack is, in general, not anchored; therefore, a spent fuel storage fuel rack can
slide, tilt, and twist. The fluid coupling between racks and racks or between racks and the wall
significantly affects the dynamic characteristics of the racks. For practical applications, these effects are
considered by utilizing the hydrodynamic coupling method. In general, the effect of the hydrodynamic
mass coupling is considered only in the horizontal direction because the vertical motion of the fuel rack is
small or zero. However, if a spent fuel rack is tilted due to vertical excitation, a high impact load might be
imposed onto the supports. To prevent such a high impact load, it is preferable to add the effect of the
fluid coupling in the vertical direction between the racks and the floor. This paper will present the fluid
coupling’s affect on the vertical response of the racks using the hydrodynamic mass approach and
numerical simulation by the ANSYS code.

INTRODUCTION

In general, the spent fuel rack structure consists of a matrix of multi cells. These cells are welded
to a baseplate, providing horizontal and vertical support to the cells. Since the spent fuel rack is free
standing, the rack support legs can rest, slide, tilt, or lift off depending on the inertia of the rack and the
friction on the floor during base excitation. This subject has been studied by several researchers [Ren and
Stabel (1999), Scavuzzo et al. (1979), Fritz (1972), and Zhao et al. (1996)], and the effective approach has
been established by using a hydrodynamic mass matrix to account for the fluid-structure coupling. For the
current level of earthquakes, the horizontal movement of the rack is higher than the vertical movement;
therefore, only the horizontal fluid-structure coupling is considered (based on the fact that the vertical
motion is relatively small or zero due to the consideration of gravity). However, as seen in the 2011
Fukushima earthquake in Japan, a future earthquake may be higher than the design basis earthquake,
causing the rack to tilt or lift off. Thus, in this paper, an exploratory study regarding the effect of the
vertical hydrodynamic coupling is performed. In general, prior to lifting off or rocking, rack motion is
dominated by sliding. However, once the rack lifts off or tilts, the motion of the rack is governed by
twisting rather than sliding, which leads to highly nonlinear dynamic behavior of the rack. To keep the
focus on the effect of the vertical hydrodynamic coupling, rack motion is limited to rest, rocking, sliding,
or lifting off by using a two-dimensional beam model that prevents the rack from twisting.

SINGLE FUEL RACK MODEL

Figure 1 shows a typical single fuel rack and its dimensions [Ren and Stabel (1999)]. In this
exploratory study, to observe the effect of the vertical hydrodynamic mass, a two-dimensional beam
model is created in ANSYS to represent the single fuel rack with fuel bundles. The horizontal and vertical
weights of a rack and the horizontal weight of a fuel bundle are uniformly lumped over the length of the
beam model; the vertical weight of the fuel bundles is placed on the bottom of the beam model. Four rigid
mass-less beams are connected to a vertical beam to locate the four support legs, which are initially
contacted to the pool floor with gap elements (CONTAC 178). The CONTAC 178 element which has the
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three translational degrees of freedom at each node is generally adapted to simulate an impact or sliding.
This element is capable of supporting only compression in the direction normal to the surfaces and shear
(Coulomb friction) in the tangential direction. This beam model is tuned to match the horizontal natural
frequency of 12 Hz, which is documented in [Ren and Stabel (1999)]. It is noted that since a rack is
vertically very stiff, a rigid body motion of a rack is expected in vertical direction. The horizontal and
vertical gaps are considered to be 3.94 inches and 3.94 inches, respectively.

Figure 1. Typical Single Spent Fuel Rack

Figure 2. Spent Fuel Rack Two-dimensional Beam Model
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HYDRODYNAMIC COUPLING

In order to include the effect of fluid-structural interaction, the hydrodynamic mass matrix
approach [Scavuzzo et al. (1979), Fritz (1972), and Zhao et al. (1996)] is adapted. To evaluate the
hydrodynamic mass matrix for horizontal and vertical directions, two methods are implemented: the Fritz
method for horizontal direction and a fluid-structural interaction analysis using ANSYS for the vertical
direction. As described in Scavuzzo et al. (1979), the hydrodynamic masses are added to the structural
fuel rack model based on the following equation:

Ffl = _MH 'Xl +(M1 +MH)X2

Fo =M, +M DX, —(M, + M, + M,;))X, (D)

Where,

Fg: fluid force on the rack

Fp: fluid force on the pool

My: hydrodynamic mass in the x direction
M;: displaced water due to the rack

M,: displaced water due to the pool

X

: x-directional acceleration at the rack
%

S8}

: x-directional acceleration at the pool

The horizontal hydrodynamic masses of the rack and pool are calculated using the equations in
Scavuzzo et al. (1979):

16 b°-h
My=—p
3 w
M, =dp(b-w/2)*h
_ 2

Where,

b: half of the width of the rack, including half of the surrounding water thickness (w)
w: surrounding water thickness

h: rack height

P water density

The horizontal hydrodynamic masses are lumped to the equally spaced nodes on vertical beam.
The dots shown in Figure 2 represent the hydrodynamic mass nodes. Unlike the horizontal hydrodynamic
mass evaluation, the calculation of the vertical hydrodynamic mass is difficult due to the complex
geometry of the top of the rack, fuels, and fuel grids that affect the flow paths during a seismic event.
Since the purpose of this study is to show the vertical hydrodynamic coupling’s affect on the rack, it is
assumed that flow holes or gaps are large enough that flow can pass though all fuels and the top cover of
a rack during an earthquake without any resistance. This assumption enables the use of displaced water
calculated at the steady-state condition as the displaced water during a seismic event. Since the small flow
holes and fuel grids block the flow paths, the effect of the actual vertical hydrodynamic coupling is
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greater than that presented in this paper. The vertical hydrodynamic masses are evaluated using ANSYS
with the simplified three-dimensional solid rack and pool model including the fluid finite element. The
vertical hydrodynamic masses calculated in ANSYS are lumped to the equally-spaced nodes on the mass-
less rigid beam; see Figure 2.

NUMERICAL SIMULATION
Four cases are considered to evaluate the effect of the vertical fluid-structure coupling:

Case 1: no fluid-structure coupling

Case 2: horizontal fluid-structure coupling

Case 3: vertical fluid-structure coupling

Case 4: horizontal and vertical fluid-structure coupling

For current practices, the coefficient of friction is ranged from 0.2 to 0.8; however, in this study, a
friction coefficient of 0.8 is used for all cases to simulate a rocking-likely situation. A sinusoidal forcing
function with 8Hz is considered as a base excitation. The horizontal and vertical base excitations are
applied to the two-dimensional beam model up to 3.0 seconds. The maximum magnitudes of the vertical
and horizontal accelerations are 1.5g and 3.0g, respectively. Figures 3 and 4 show the horizontal and
vertical relative motions of the support legs for Case 1 (no hydrodynamic mass), respectively. As shown
in Figures 3 and 4, once the rack lift off (at the instances of 0.2, 1.4, and 2.5 seconds), the relatively high
movements occur in the horizontal direction. Figures 5 and 6 show the horizontal and vertical relative
motions of the support legs for Case 2 (only horizontal hydrodynamic mass), respectively. As expected,
the horizontal displacement is reduced from 34 inches to 14 inches and the vertical displacement is also
significantly reduced from 4.1 inches to 2.5 inches compared to Case 1(no hydrodynamic mass). Figures
7 and 8 show the horizontal and vertical relative motions of the support legs for Case 3 (only vertical
hydrodynamic mass), respectively. The vertical displacement is reduced from 4.1 inches to 3.3 inches and
the horizontal displacement is significantly reduced from 34 inches to 16 inches compared to Case 1.
Figures 9 and 10 show the horizontal and vertical relative motions of the support legs for Case 4 (vertical
and horizontal hydrodynamic masses), respectively. The vertical and horizontal motions of the rack are
significantly reduced to 1.4 inches and 10 inches as compared those for Case 2. Table 1 lists the
maximum impact and frictional forces for all four cases. The maximum impact forces for Case 1 and Case
2 are 1025 kips and 652 kips, respectively. The maximum impact force for Case 3 is 648 kips which is a
little bit less than that for Case 2. The total impact force consists of a pure impact force by strain energy
due to impact and input force due to ground excitation. The base vertical velocities, while the peaks for
Case 2 and Case 3 occur, are 9.6 inches/second and 1.2 inches/second, respectively. Thus, the pure impact
force for Case 2 is increased due to relatively high ground velocity. The maximum impact force for Case
4 is 501 kips which is 50% less than that for Case 1. It is noted that since the vertical motion of a rack is
significantly reduced by the vertical hydrodynamic coupling between rack and floor, the impact force for
Case 4 with horizontal and vertical hydrodynamic coupling is lower than that for Case 2 which contains
only horizontal hydrodynamic coupling. As listed in Table 1, for Case 3, the frictional force is similar to
that for Case 4.
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Figure 3. Case 1 Horizontal Displacement at Support Legs

Figure 4. Case 1 Vertical Displacement at Support Legs
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Figure 5. Case 2 Horizontal Displacement at Support Legs
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Figure 6. Case 2 Vertical Displacement at Support Legs

Figure 7. Case 3 Horizontal Displacement at Support Legs

Figure 8. Case 3 Vertical Displacement at Support Legs
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Figure 9. Case 4 Horizontal Displacement at Support Legs

Figure 10. Case 4 Vertical Displacement at Support Legs

Table 1. Maximum Impact and Frictional Forces for All Cases

Hydrodynamic Mass Type | Impact Force (kips) Frictional Force (kips)
Case 1 1025 645
Case 2 652 404
Case 3 648 295
Case 4 501 308

SUMMARY AND CONCLUSIONS

A exploratory study on the effect of the vertical hydrodynamic coupling between the spent fuel
rack and the pool is presented in this paper. For simplicity, a two-dimensional beam model is used and the
coefficient of friction is assumed as 0.8 to simulate a rocking-likely situation. The hydrodynamic masses
are calculated using Fritz’s method and ANSYS with the fluid element. The relative displacements,
impact, and frictional forces using the two-dimensional beam model with and without the hydrodynamic
mass matrix are calculated. The displacements and impact and frictional forces of the spent fuel rack
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support leg with the vertical hydrodynamic coupling are significantly reduced, as compared to those
without vertical hydrodynamic coupling. As shown in Case 1, due to the high coefficient of friction, the
relative high horizontal displacement occurs while the rack lifts off. However, it is expected that, for the
lower coefficient of friction, the horizontal displacement is dominated by sliding and the horizontal
displacement with vertical hydrodynamic mass can be greater than that without vertical hydrodynamic
mass because the vertical hydrodynamic coupling tends to reduce the vertical loads, which leads to the
lower frictional forces; see Table 1. It can be concluded, based on this exploratory study, that considering
vertical hydrodynamic mass reduces dynamic responses of the spent fuel rack supports.
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