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Abstract:
Reracking of existing pools to the maximum extent is desirable from the economical point of
view. Although the load onto the storage rack structure and the fuel pool bottom will be
increased, new improved codes, optimized structural qualification procedures and advanced
design enable to demonstrate the structural integrity for all normal and accident conditions so
that the design provides a safe compact storage of spent fuel under any condition.

1. Back End Strategy
From the technical and economical point of view, the best place to store spent fuel
assemblies are the fuel pools of the nuclear power plants. Therefore, it is advantageous to
use the capacity of the pools to the maximum extent.

Storage of spent fuel in the water pools over many decades gives rise to no problems.
Assessment of the ability of fuel assemblies to be safely held has been base on evaluation
of corrosion mechanisms and creep behavior under the internal pressure of the fuel rods. In
German NPP's Siemens has a set of exactly measured spent fuel rods, some of which are
containing fuel with incipient and cladding wall penetration defects which have been stored
and periodically inspected over the past 20 years [1].

On the other hand, the increase of storage capacity inside existing pools is by far the most
economical solution and therefore different techniques have been developed. In the past
few years Siemens has planned and installed storage racks in 13 NPP with two region
arrangement. Together with intensive use of the available space in the pool the capacity can
be more than doubled. Above all, for many of the about 40 reracking projects, the storage
racks were designed to hold consolidated fuel. In this case, the fuel canister contains two
assemblies consolidated within the outer dimension of a single fuel assembly. By this the
capacity of the storage locations can be nearly doubled.

All these measures are increasing the load onto the storage racks and the fuel pool bottom
especially in the case of external events (e.g. earthquake). Consequently, advanced design
and new codes have been developed to enable storage of spent fuel also at reactor sites with
high seismic loads.

2. Design of the two Region Storage Racks
In the past, all the storage racks were designed to store fresh fuel assemblies in all
locations. In case of the two region concept only region 1 serves for storage of fresh fuel
assemblies with maximum reactivity. Each storage position is surrounded by a neutron
absorber to ensure subcriticality. The capacity of region 1 is for the full core reserve and a
surplus for one reload batch. Region 2 serves for storage of spent fuel assemblies with a
minimum burn-up. In region 2 there is a checkerboard arrangement of the neutron absorber
to ensure subcriticality (Fig. 1).
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Figure 1: Two Region Storage Arrangement

The neutron absorbers which are used by Siemens are made of borated stainless steel.
Borated stainless steel has successfully resided in spent fuel pools for 25 years without any
problems. All of them have been licensed to be operated for the entire life of the plant
without any need of in-service inspection. This is not the case for other neutron absorbing
materials.

The channels are assembled onto massive support structures of different sizes for
optimized arrangement in the pool.

For installation the modules can be handled remotely by an auxiliary crane and installed
underwater. The dead weight of an empty module is about 7 tons. It covers about 6.5
square meters of the pool bottom and has a load carrying capacity of up to 160 metric tons
of consolidated fuel canisters. For this load careful analysis is required.
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3. Structural Qualification
3.1 Objective

The high density fuel storage racks are free standing racks supported by the pool floor
only. The design for the increased loads due to consolidated fuel storage requires
extensive structural evaluation to prove satisfaction of the requirements. The objective of
the structural evaluation is to demonstrate that the rack design satisfies the structural
requirements and show that the following safety objectives to protect personnel and the
general public are met by the fuel storage system:

• ability to cool the fuel assemblies
• maintain the fuel in subcritical condition
• prevent leakage from the pool to keep radiation exposure within limits
• maintain the capability to remove and insert fuel assemblies

Therefore, structural analyses must be performed for the fuel storage racks, the liner of
the pool and the concrete floor of the pool. This summary only deals with the
investigations in the fuel racks.

The common design criteria, standards and regulations for spent fuel racks are described
in 111, 131 and IAI. Beside the general design criteria for safety related structures, the
regulations give recommendations and guidance for the structural evaluation related to
classification, seismic design parameters, damping values, etc.

The high density storage racks are designed according to the limits of ASME151 for
Class 3 component supports to maintain the structural integrity and to fulfill the safety
objectives. •

3.2 Loading Conditions
The design and analysis of fuel racks must consider all different weight situations like
• empty rack
• partialy loaded rack with fuel assemblies, control rods or consolidated canisters
• fully loaded rack with fuel assemblies, control rods or consolidated canisters
The weight is considered under normal operating, handling conditions (installation) and
for external events like earthquake etc.

Two cases of thermal loads are usually investigated:
• loss of cooling - increase of the total pool temperature
• single hot cell - loss of cooling at a single storage location
The first thermal case generates thermal expansion of the rack and the related friction
forces for the free standing rack. The second thermal case produces local thermal stresses.

In addition some other cases of external loads are usually analyzed for fuel racks, e.g.
stuck fuel uplift force, load drop by accident, etc.
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3.3 Structural Evaluation of fuel racks
The structural evaluation of fuel racks is done in 2 steps
• dynamic analyses to simulate the dynamic behaviour of a single rack and the racks in

the whole pool
• detailed static structural analyses for all load cases to confirm the structural criteria

3.3.1 Nonlinear Dynamic Analyses
For the free standing high density fuel storage racks the dynamic load cases are the
limiting cases for the rack design. That means that a realistic simulation of the
dynamic behaviour is the most important aspect.

All the nonlinear dynamic analyses are performed using specially developed codes to
take specific effects into consideration. These are, for example:
• Fluid-Structure-Interaction (FSI)
• Impact and Friction

FSI
The fuel storage racks are submerged in water, are free standing on the bottom of
the spent fuel pool and are only separated by small water gaps. During a seismic
event the racks can lift, slide and twist in the water pool. It is obvious that the
motions of the racks are highly influenced by the motion of fluid near the racks and
vice versa. This Fluid Structure Interaction (FSI) must be considered in the dynamic
analysis of fuel storage racks to determine the realistic displacements and loads on
the rack.
A FSI-theory was developed for fuel storage racks on the basis of potential flow
theory for incompressible fluid. This theory has been implemented in the codes and
extensively verified by
- comparison with analytical result of a simplified 2D-rack model
- comparison with fluid forces obtained by a 3D numerical simulation of the

moving rack in a water pool using the CFD code STAR-CD.
- comparison with natural frequencies of analytical results of submerged cylinders

and squares applying the added mass theory whereby the added mass coefficients
are in good agreement with experimental data.

Impact and Friction
The coupling between the rack feet and the bottom of the pool is described by
impact friction elements accounting for the dissipated energy by impact.
The coupling between the racks themself, between the racks and the walls of the
pool as well as the coupling between the rack structure and the fuel assemblies is
described by means of gap elements.
In the mathematical model friction between rack feet and pool bottom is considered
as Coulomb friction. The calculations are performed for coefficients of friction in
the range of- u >.0.2 and n <.0.8.

Nonlinear dynamic analyses are performed for 3-D Single Rack models and for 2-D (or 3-
D) Multi-Rack models using displacement time histories as simultaneous excitation. The
artificial absolute displacement time histories are generated for'both orthogonal horizontal
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directions and for the vertical direction on the basis
of response spectra at the pool floor level.
The 3D single rack finite element model of the thin
walled cellular structure is modeled out of
equivalent elastic beams, rigid beams and coupling
elements as described above (Fig. 2). This model is
intended to simulate the dynamic behavior for the

study of all parameters, such as:
• variation of coefficient of friction
• variation of occupancy of the rack
• variation of level of seismic input

The main purpose of the 2D (or 3D) multi rack
finite element model is to simulate the
displacement behavior of the whole pool. For the
analyses the most unfavorable directions are
selected; highest uplift, highest displacements. The
modeling is similar to the 3D model that means all
the specific aspects are introduced in this
analyses too.

The results of the nonlinear dynamic analyses are
used for the pool liner and pool floor investigation
as well as for the structural rack analyses. Typical

shown in Fig. 3 and Fig. 4.
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Figure 2: 3D single rack model

Figure 3: Vertical force at one rack foot
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Figure 4: Horizontal displacement at one rack foot

3.3.2 Structural Analyses
All loads specified by the applicable regulations are considered in the structural
analyses. For the dynamic events the loads are input in such a way that the most
unfavorable distribution of forces resulting from the nonlinear dynamic analyses are
covered. The stability of a channel is of great importance during dynamic events, so
special buckling investigation is performed for the channel in the vicinity of a rack
foot. In addition, forces due to fuel assembly / rack interaction and hydrodynamic
pressure is taken into account.

Figure 5: 3D Finite Element Mode]
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Accident events are defined for postulated load drop onto the storage rack. In this
case, it is demonstrated that no severe damage occurs to the rack and the pool liner and
that the rack keeps its functional capability.

The total structural analysis consists of various investigations to accomplish the
different requirements. The most important one is the global model of one rack
which is a 3D finite element model of up to 50 000 plate elements, approx. 3000
spring elements and some beam elements (Fig. 5).

To check the stability of the channels, especially in the neighborhood of the rack feet, a
separate FE-model is used for the buckling analysis. Other separate models are used to
analyze the food pad and the limit loads due to FSI pressure for the outer walls.

Typical results of the structural analyses are shown in Fig. 6 and Fig. 7.
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Figure 6: SSE stresses in the lower grid
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Figure 7: Stability of the channels (nonlinear buckling)
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3.4 Acceptance Criteria for fuel racks
The acceptance criteria for storage racks are in accordance with the limits of ASME
151. For each analysis result and for the different service levels an assessment is
made as shown in the following table.

Limits for Service Level A and B ASME Sect. Ill Subsection NF
Limits for Service Level D ASME Sect. Ill Appendix F

type of assessment

• primary stress
(plate and shell)

• primary stress
(linear type)

• weld stress

• stability

• limit load

• primery plus secondary stress

Service
Level A

Pm

tension
shear
bearing
bolting

Pm, PL + Pb, etc.

1/2 of crit.
buckling stress

stress range

| Service
I Level B

; tension
; shear
i bearing
i bolting

j 1/2 of crit.
j buckling stress

!. 2/3 of collapse load

i
j

Service
Level D

tension
shear
bearing
bolting

2/3 of crit.
buckling stress

collapse load

The assessment of the structural analysis results of the new high density storage rack
design confirms the structural criteria and shows that the design provides a safe
compact storage of spent fuel under normal and accident conditions.
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