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UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, D.C. 20555-0001 

Mr. Gary Peters, Director 
Licensing and Regulatory Affairs 
Framatome Inc. 
3315 Old Forest Road 
Lynchburg, VA 24501 

April 30, 2018 

SUBJECT: FINAL SAFETY EVALUATION FOR FRAMATOME INC. TOPICAL REPORT 
ANP-10337P, REVISION 0, "PWR FUEL ASSEMBLY STRUCTURAL 
RESPONSE TO EXTERNALLY APPLIED DYNAMIC EXCITATIONS" 
(CAC NO. MF6753/EPID: L-2015-TOP-0008) 

Dear Mr. Peters: 

By letter dated August 31, 2015 (Agencywide Documents Access and Management System 
(ADAMS) Accession No. ML 15266A250), Framatome Inc. (Framatome) (formerly AREVA Inc.) 
submitted Topical Report (TR) ANP-10337P, Revision 0, "PWR [Pressurized Water Reactor] 
Fuel Assembly Structural Response to Externally Applied Dynamic Excitations," to the U.S. 
Nuclear Regulatory Commission (NRC) staff for review and approval. By letter dated 
March 27, 2018 (ADAMS Accession No. ML 18066A780), an NRC draft safety evaluation (SE) 
regarding our approval of TR ANP-10337P, Revision 0, was provided for your review and 
comment. By letter dated April 10, 2018 (ADAMS Accession No. ML 18102A543), Framatome 
provided comments on the draft SE. The NRC staff's disposition of the Framatome comments 
on the draft SE are discussed in the attachment (ADAMS Accession No. ML 181028126) to the 
final SE enclosed with this letter. 

The NRC staff has found that TR ANP-10337P, Revision 0, is acceptable for referencing in 
licensing applications for nuclear power plants to the extent specified and under the limitations 
and conditions delineated in the TR and in the enclosed final SE. The final SE defines the basis 
for our acceptance of the TR. 

Our acceptance applies only to material provided in the subject TR. We do not intend to repeat 
our review of the acceptable material described in the TR. When the TR appears as a 
reference in licensing action requests, our review will ensure that the material presented applies 
to the specific plant involved. Requests for licensing actions that deviate from this TR will be 
subject to a plant-specific review in accordance with applicable review standards. 

Notice: The enclosure transmitted herewith contains Proprietary Information. 
When separated from the enclosure, this transmittal document is decontrolled. 
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In accordance with the guidance provided on the NRC website, we request that Framatome 
publish approved proprietary and non-proprietary versions of TR ANP-10337P, Revision 0, 
within 3 months of receipt of this letter. The approved versions shall incorporate this letter and 
the enclosed final SE after the title page. Also, they must contain historical review information, 
including NRC requests foradditional information and your responses. The approved versions 
shall include an "-A" (designating approved) following the TR identification symbol. 

As an alternative to including the RAls and RAI responses behind the title page, if changes to 
the TR were provided to the NRC staff to support the resolution of RAI responses, and if the 
NRC staff reviewed and approved those changes as described in the RAI responses, there are 
two ways that the accepted version can capture the RAls: 

1. The RAls and RAI responses can be included as an Appendix to the accepted version. 
2. The RAls and RAI responses can be captured in the form of a table (inserted after the final 

SE) which summarizes the changes as shown in the approved version of the TR. The table 
should reference the specific RAls and RAI responses which resulted in any changes, as 
shown in the accepted version of the TR. 

If future changes to the NRC's regulatory requirements affect the acceptability of this TR, 
Framatome will be expected to revise the TR appropriately or justify its continued applicability 
for subsequent referencing. Licensees referencing this TR would be expected to justify its 
continued applicability or evaluate their plant usirig the revised TR. 

Project No. 728 

Docket No. 99902041 

Enclosure: 
Final Safety Evaluation (Proprietary) 

Sincerely, 

J) 



FINAL SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION 

ANP-10337P, REVISION 01 

"PWR FUEL ASSEMBLY STRUCTURAL RESPONSE TO EXTERNALLY 

APPLIED DYNAMIC EXCITATIONS" 

FRAMATOME INC, 

DOCKET NO. 99902041 

1.0 INTRODUCTION 

By letter dated August 31, 2015 (Reference 1 ), as supplemented by a letter dated 
October 20, 2017 (Reference 2), Framatome Inc. (Framatome, formerly AREVA Inc.) requested 
review and approval of Topical Report (TR) ANP-10337P, "PWR Fuel Assembly Structural 
Response to Externally Applied Dynamic Excitations." This TR presents a generic methodology 
to evaluate the structural response of pressurized water reactor (PWR) fuel assembly designs 
subjected to dynamic loads under seismic and loss-of-coolant accident (LOCA) events. The 
methodology is used to develop analytical models to describe the structural response of fuel 
assemblies in the horizontal and vertical directions. These structural response results are 
evaluated to satisfy the criteria defined in the U.S. Nuclear Regulatory Commission's (NRG) 
regulations, specifically Title 10 of the Code of Federal Regulations (10 CFR), Part 50, 
Appendices A and S. 

AN P-10337P documents: 

• the development, benchmarking, and implementation of analytical models to represent 
the fuel assembly structural response, 

• the protocol used for benchmark testing, and 

• the acceptance criteria used to meet regulatory requirements. 

The revised methodology addresses issues raised in NRG Information Notice 2012-09 
(Reference 3). Furthermore, this TR consolidates and updates the methodology described in 
BAW-10133-P(A) incorporating the following advancements: 

• definition of methodology for evaluating fuel in the irradiated condition, including the 
effect on spacer grid structural response as well as the overall fuel assembly, 

• definition of the spacer grid allowable impact load both in the irradiated and 
nonirradiated condition, 

• update of the protocol for benchmarking fuel assembly dynamic characteristics from 
tests, 

• update of the methodology for calculating non-grid component loads and stresses, 

Enclosure 
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• update of the acceptance criteria for guide tube stresses under LOCA and Safe 
Shutdown Earthquake (SSE), 

• clarification of the description of the numerical model for vertical load analysis, 

• clarification of the methodology for combining loads from the horizontal and vertical 
analyses, 

• implementation of Rayleigh or generalized proportional damping in the analysis models, 
and 

• augmentation of the basis for fuel assembly damping in the horizontal direction due to 
the changes in bundle frequency due to irradiation. 

The NRC staff's review was assisted by Pacific Northwest National Laboratory (PNNL). The 
NRC staff's conclusions on the acceptability of ANP-10337P are supported by PNNL's 
Technical Evaluation Report (Reference 7). 

To support its review of ANP-10337P, the NRC staff conducted an audit at the Framatome 
facilities in Lynchburg, Virginia during May and September 2017. The NRC staff's audit report 
(Reference 4) documents the objectives and findings of this audit. 

2.0 REGULATORY EVALUATION 

Regulatory guidance for the review of fuel system materials and designs and adherence to 
General Design Criteria (GDC)-10, GDC-27, and GDC-35 is provided in NUREG-0800, 
"Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power Plants" 
(SRP), Section 4.2, "Fuel System Design" (Reference 5). In accordance with SRP Section 4.2, 
the objectives of the fuel system safety review are to provide assurance that: 

• The fuel system is not damaged as a result of normal operation and anticipated 
operational occurrences (AOOs), 

• Fuel system damage is never so severe as to prevent control rod insertion when it is 
required, 

• The number of fuel rod failures is not underestimated for postulated accidents, and 

• Coolability is always maintained. 

With respect to fuel performance under seismic and combined loads, GDC-2, "Design bases for 
protection against natural phenomena," requires the following: 

Structures, systems, and components important to safety shall be designed to withstand 
the effects of natural phenomena such as earthquakes, tornadoes, hurricanes, floods, 
tsunami, and seiches without loss of capability to perform their safety functions. The 
design bases for these structures, systems, and components shall reflect: 
(1) Appropriate consideration of the most severe of the natural phenomena that have 
been historically reported for the site and surrounding area, with sufficient margin for the 
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limited accuracy, quantity, and period of time in which the historical data have been 
accumulated, (2) appropriate combinations of the effects of normal and accident 
conditions with the effects of the natural phenomena, and (3) the importance of the 
safety functions to be performed. 

This GDC requires safety-related structures, systems, and components (SSCs), including 
reactor fuel, to be designed to withstand natural phenomena such as earthquakes without a loss 
of capability to perform safety functions. This GDC also requires an appropriate combination of 
the effects of normal and accident conditions with the effects of the natural phenomenon. 

Appendix S of 10 CFR Part 50 implements GDC-2 as it pertains to seismic events, and defines 
specific earthquake engineering criteria for nuclear power plants. This appendix establishes 
definitions for the SSE, Operating Basis Earthquake (QBE), and safety requirements for 
relevant SSCs. These SSCs must assure the integrity of the reactor coolant boundary, the 
capability to shut down the reactor and maintain it in a safe-shutdown condition, and the 
capability to prevent or mitigate the consequences of accidents that could result in potential 
offsite exposures. 

Appendix S(IV)(a)(2) states the following QBE functional requirements: 

(I) When subjected to the effects of the Operating Basis Earthquake Ground Motion in 
combination with normal operating loads, all structures, systems, and components of the 
nuclear power plant necessary for continued operation without undue risk to the health 
and safety of the public must remain functional and within applicable stress, strain, and 
deformation limits. 

According to Appendix S, all SSCs necessary for continued operation without undue risk to the 
health and safety of the public, including reactor fuel, must be designed to withstand OBE loads 
combined with normal operating loads. For each SSC, stress, strain, and/or deformation limits 
should be defined to ensure functional capabilities. 

With respect to SSE functional requirements, Appendix S(IV)(a)(1) states the following: 

(ii) The nuclear power plant must be designed so that, if the Safe Shutdown Earthquake 
Ground Motion occurs, certain structures, systems, and components will remain 
functional and within applicable stress, strain, and deformation limits. In addition to 
seismic loads, applicable concurrent normal operating, functional, and accident-induced 
loads must be taken into account in the design of these safety-related structures, 
systems, and components. 

According to Appendix S, safety-related SSCs, including reactor fuel, must be designed to 
withstand SSE loads combined with concurrent normal operating, functional, and 
accident-induced loads. In other words, safety-related SSCs must perform their intended 
functbn when exposed to the combined loads of SSE ground motion in combination with 
functional and accident loads (during the accident for which the SSC is designed to mitigate). 
For each safety-related SSC, stress, strain, and/or deformation limits should be defined to 
ensure functional capabilities. 

Section 3 of ANP-10337P describes the regulatory requirements associated with fuel assembly 
performance under seismic and LOCA applied loads. Section 4 of ANP-10337P defines fuel 
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-4-

assembly component-specific acceptance criteria which satisfy QBE, SSE, and combined 
LQCA+SSE (or LQCA alone) functional requirements. During the audit, the NRC and 
Framatome staffs discussed the regulatory requirements and associated acceptance criteria. 
As a result of these discussions, revisions were made to Section 3 and 4 of ANP-10337P (See 
Section 22 of Reference 2). These issues are described below. 

QBE Requirements 

Section 4.1 of ANP-10337P describes the acceptance criteria used to demonstrate compliance 
with QBE regulatory requirements. With the exception of the spacer grid, Framatome proposes 
an acceptance criterion based on American Society of Mechanical Engineers Boiler and 
Pressure Vessel Code (ASME BPVC) Level B stress limits. This is standard practice and 
therefore acceptable. More specific criteria for non-grid components may be specified in other 
TRs covering the analysis of these fuel assembly components at normal operation. 

For the spacer grid, the limit on grid impact force corresponds to [an allowable deformation 
within design tolerances. Maintaining dimensions within design tolerances] ensures that the 
functional requirements of the grid (e.g. control rod insertion, fuel rod spacing) are maintained. 

Based upon the above discussions, the NRC staff finds that the acceptance criteria defined in 
ANP-10337P satisfy the regulatory requirements for QBE. Further discussion on the technical 
adequacy of these acceptance criteria is provided in Section 3.2. 

SSE Requirements 

Section 4.3 of ANP-10337P describes the acceptance criteria used to demonstrate compliance 
with SSE regulatory requirements. The SSE is a design basis natural phenomenon which the 
plant must withstand without a loss of capability to perform safety functions. 

Existing regulatory guidance does not clearly stipulate an acceptable means for compliance to 
10 CFR Part 50, Appendix A, GDC-2 and Appendix S requirements with respect to fuel 
performance during a SSE and how its performance relates back to functional requirements for 
safety-related SSCs. This has led to a difference between the industry and the NRC staff 
regarding the interpretation of regulations regarding fuel assembly grid deformation under 
SSE-only loads. 

Historically this would not have been a problem since there was no expectation of fuel assembly 
grid deformation under SSE-only loads. However, evolutionary changes in fuel mechanical 
design and materials (designed to increase thermal-hydraulic performance) have resulted in 
grids which are structurally weaker and/or more likely to exhibit greater plastic deformation 
before buckling. Another contributing factor is the desire by some fuel vendors to globally 
market a single fuel assembly design based on worst-case combinations of seismic conditions. 
Furthermore, Information Notice 2012-09 identified negative impacts associated with irradiation 
on grid crush strength which were not previously considered during fuel assembly structural 
response analyses. 

During the audit, the NRC and Framatome staffs discussed SSE requirements. Framatome's 
position was that the functional capability of safety-related SSCs is assured via the following fuel 
assembly design requirements: 
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. [ 
]. 

. [ 
]. 

. [ 
]. 

. [ 
] 

The NRC staff accepts Framatome's design requirements as they relate to demonstrating the 
functional capability for each fuel assembly component. However, the NRC staff questioned 
whether Framatome fully addressed all of the Appendix S requirements. Of particular concern: 

• Any significant grid deformation under SSE motion may alter the local thermal-hydraulic 
conditions and potentially creates an unanalyzed condition relative to the demonstrated 
performance of safety-related SSCs to perform their intended function. Performance 
being both functional capability and timing of action. 

• Any significant grid deformation under SSE motion may cause friction between the 
control rods and guide tubes and delay scram insertion. This potentially creates an 
unanalyzed condition relative to the demonstrated performance of safety-related SSCs 
to perform their intended function. 

For AOOs and non-LOCA accidents, reactor protection system and engineered safety features 
actuation system actions and the timing of these actions are essential to assure the integrity of 
the reactor coolant boundary, the capability to shut down the reactor and maintain it in a 
safe-shutdown condition, and the capability to prevent or mitigate the consequences of 
accidents that could result in potential offsite exposures. If grid deformation impacts local 
thermal-hydraulic conditions (e.g., reduction in rod pitch, coolant flow area) such that the 
magnitude or rate of change in departure from nucleate boiling (DNB) degradation changes, 
then the demonstrated performance of safety-related SSC to perform their intended function 
may be impacted. Likewise, if grid deformation delays control rod scram insertion such that the 
magnitude of DNB degradation changes, then the demonstrated performance of safety-related 
SSC to perform their intended function may be impacted. Any delay in control rod scram 
i_nsertion may also impact predicted margin to other specified acceptable fuel design limits 
(SAFDLs) (e.g., fuel cladding strain, fuel melt) and margin to system pressure design limits and 
further challenge the performance of safety-related SSC to perform their intended function. 

In response to a request for additional information (RAI) question regarding allowable 
permanent grid deformation (RAI 15, Reference 2), Framatome defined and provided 
justification for a maximum allowable permanent grid deformation under SSE loads. As 
described in Its response, [ 

]. Following discussions with the NRC staff, Table 4-1 acceptance criteria were further 
revised to clarify that the load limit must also remain below the [ 

]. Change pages to ANP-10337P are included in the RAI response (Reference 2). 
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The technical justification and the NRC staff review of the allowable permanent grid deformation 
is described in Section 3.2 of this SE. 

Another concern revolves around the use of stress-based criteria to ensure operability. 
ANP-10337P proposes a stress-based criterion to be applied to guide tubes and the guide tube 
connection to the top nozzle to ensure control rod insertion. The normal American Society of 
Mechanical Engineers (ASME) Boiler and Pressure Vessel Committee (BPVC) code 
interpretation is that all components, including guide tubes and their connections, are subject to 
Level D service limits to meet structural requirements. Level D permits gross deformation of 
structures but prohibits structural failure. All ASME BPVC limits are structural limits; they are 
not defined to maintain operability. Framatome has proposed a reduction in allowable stress to 
Service Level C. The technical justification and NRC staff review of the use of [ 

] to ensure guide tube integrity and control rod insertion are 
described in Section 3.2. 

Based upon the above discussions, the NRC staff finds that the acceptance criteria defined in 
ANP-10337P as amended by RAI 15 satisfy the regulatory requirements for SSE. 

LOCA or Combined LOCA+SSE Requirements 

Section 4.2 of ANP-10337P describes the acceptance criteria used to demonstrate compliance 
with LOCA regulatory requirements. Specifically, 

• Fuel rod fragmentation does not occur as a result of the blowdown loads 
• Control rod insertability is assured, if required 
• 10 CFR 50.46 temperature and oxidation limits are not exceeded 

It should be noted that control rod insertion is required for SSE and may be required for certain 
LOCA scenarios. 

During the audit, the NRC and Framatome staffs discussed LOCA and combined LOCA+SSE 
requirements. Framatome originally proposed the following fuel assembly design requirements: 

. [ 
] 

. [ 

. [ 

] 

. [ 
] 

Section 4.2.1 of ANP-10337P describes [ 
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] 

In response to an RAI regarding allowable permanent grid deformation (RAI 15, Reference 2), 
Framatome defined and provided justification for a maximum allowable permanent grid 
deformation under LOCA or combined LOCA+SSE loads. As described in the response, [ 

]. In addition, the Appendix E analytical 
approach was removed. Following discussions with the NRC staff, Table 4-1 acceptance 
criteria were further revised to clarify that [ 

]. Change pages to ANP-10337P are included in the RAI 
response (Reference 2). The technical justification and the NRC staff review of the allowable 
permanent grid deformation are described in Section 3.2. 

Another concern revolves around the use of stress-based criteria to ensure operability. 
ANP-10337P proposes a stress-based criterion to be applied to guide tubes and the guide tube 
connection to the top nozzle to ensure control rod insertion. The normal ASME BPVC code 
interpretation is that all components, including guide tubes and their connections, are subject to 
Level D service limits to meet structural requirements. Level D permits gross deformation of 
structures but prohibits structural failure. All ASME BPVC limits are structural limits; they are 
not defined to maintain operability. Framatome has proposed a reduction in allowable stress to 
Service Level C. The technical justification and staff review of the use of ASME BPVC Service 
Level C stress limits to ensure guide tube integrity and control rod insertion are also described 
in Section 3.2. 

Based upon the above discussions, the NRC staff finds that the acceptance criteria defined in 
ANP-10337P as amended by RAI 15 satisfy the regulatory requirements for LOCA and 
combined LOCA+SSE. 

Additional Changes for Sections 3 and 4 of ANP-10337P 

During the audit, the NRC staff identified that some licensees may remain licensed under 
10 CFR Part 100 instead of Appendix S. Section 3.1 was amended. 

As described above, the SSE requirements and acceptance criteria were revised. As a result, 
discussions associated with dose consequences were removed from Section 3.1.2. 

The sentence "Accident induced load conditions caused by seismic events will be accounted" 
does not appear in Appendix S and was removed from Section 3.1.2. 

Section 3.1.4 contained the sentence: "Furthermore, by establishing conservative criteria that 
prevents fuel rod fragmentation, this conservatively addresses the requirements regarding the 
radiological consequences of design basis accidents (i.e. 10 CFR 100, 10 CFR 50.34, 
10 CFR 50.67)." Preventing fuel rod fragmentation alone does not ensure integrity of the 
cladding fission product barrier under all AOO and accident conditions. As described above, 
impacts to local thermal-hydraulic conditions and scram insertion timing due to grid spacer 
deformation may impact predicted DNB degradation. This sentence was removed from 
Section 3.1.4. 
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Section 4.3 of ANP-10337P originally stated: 

As the resulting criteria to demonstrate control rod insertion and fuel rod fragmentation 
are the same as that for the combined LOCA and SSE evaluation, an SSE-only 
evaluation is only necessary in cases where the licensing basis for the host plant does 
not require an analysis for combined loads. 

The NRG staff does not accept the stated position. Licensees are always required to address 
SSE requirements and demonstrate safety-related SCC functionality under a wide range of 
AOO and accident conditions. Given that the acceptance criteria for combined LOCA+SSE may 
not always bound SSE-only, this statement is misleading. In the past, licensees demonstrated 
that the predicted combined LOCA+SSE loads remained below measured grid cage buckling 
loads. For these past designs and analytical methods, grid spacers experienced an insignificant 
amount of plastic deformation prior to buckling. In this situation, the grid spacer acceptance 
criterion is satisfied for both SSE-only and combined LOCA+SSE. However, once grid spacer 
acceptance criteria are based on allowable permanent deformation, combined LOCA+SSE may 
not always bound SSE-only. For combined LOCA+SSE loads, grid spacer acceptance criteria 
may be governed by the limiting of the following factors: 

• Control rod insertion 
• Compliance to 10 CFR 50.46 PCT and maximum local oxidation analytical limits 
• Buckling . 

For SSE-only, grid spacer acceptance criteria may be further restricted by potential impacts on 
DNB calculations and scram insertion timing which are likely more sensitive to allowable 
permanent deformation. In addition, radiological consequences must be considered. For 
SSE-only conditions, there is no expectation of fuel rod cladding failure (i.e., failure of fission 
product barrier and release of fission gas) and no specific offsite dose calculations. Whereas, 
for LOCA, there is no expectation of fuel rod cladding integrity and offsite dose calculations are 
based on an assumption of significant core damage (e.g., Table 1 and 2 of Regulatory Guide 
(RG) 1.183). Hence, LOCA acceptance criteria (which preserve a coolable core geometry, but 
not cladding integrity) do not necessarily bound fuel performance requirements for SSE-only. 

To bound or simplify the seismic design analysis, the licensee may elect to apply the combined 
LOCA+SSE loads to the most limiting component of the SSE-only and LOCA+SSE allowable 
grid permanent deformations. 

Based on the above discussion, the sentence was removed from Section 4.3 of ANP-10337P. 

3.0 TECHNICAL EVALUATION 

The purpose of ANP-10337P is to define a generic modeling and analysis methodology to 
describe the structural response of PWR fuel assemblies in the horizontal and vertical 
directions. The methodology defined in ANP-10337P is an update of an analysis methodology 
that was previously defined in BAW-10133P-A and its Addenda 1 and 2 (Reference 6). The 
analysis methodology of ANP-10337P includes finite element models, instructions on how to 
define the finite element models from test data, instructions on how to interpret the finite 
element model results, and acceptance criteria that the results of the finite element models are 
to be compared against to demonstrate that the design bases are met. ANP-10337P also 
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includes descriptions of the mechanical testing required, assumptions related to the 
methodology, and built-in limitations of the fuel assembly behavior. 

The NRC staff's review was assisted by structural analysis and finite element analysis experts 
from PNNL in Richland, Washington. Reference 7 provides a portion of the technical bases for 
the NRC staff's review and approval. 

3.1 Range of Applicability 

Section 2 of ANP-10337P addresses the range of applicability of the fuel seismic design 
methodology. In Section 2.1, the basic design attributes of PWR fuel assembly components are 
described. Table 2-1 details the configuration of PWR fuel assembly designs for the existing 
Combustion Engineering, Inc. (CE), Westinghouse Electric Company (Westinghouse), and 
Babcock & Wilcox Company reactor types. Framatome's intent is that the seismic methodology 
be applicable to any PWR fuel assembly design and any reactor core design. This is evident 
from the following text: 

This TR is generically applicable to PWR fuel assembly designs. As discussed in 
Section 2.1, PWR fuel designs exhibit a similar geometry and structure that is 
appropriately represented by the modeling architecture defined in this TR (Section 5.0). 
However, the actual numerical values used to define the structural characteristics of a 
given fuel assembly will vary from one design to another. This level of design specificity 
is incorporated into the methodology through the testing and model benchmarking 
processes defined in Section 6.0. Therefore, this methodology is applicable to any fuel 
assembly geometry that can be characterized by the testing and model benchmarking 
processes defined in this topical. Furthermore, this methodology can be applied to any 
reactor core geometry for which the seismic and LOCA boundary conditions can be 
defined. As such, the specifics of the fuel and reactor core geometry are unimportant in 
defining the generic methodology, but they are an important parameter in the application 
of the methodology to a specific fuel design and reactor. 

In general, the NRC staff agrees with this assertion. However, future PWR fuel assembly 
designs may contain different geometries, materials, or structures which challenge the 
underlying seismic analytical modelling approach and/or testing protocols. Furthermore, design 
and/or material changes may also dramatically change the response of the assembly 
components to externally applied loads. Section 3.2 defines a limitation and condition (L&C) on 
the NRC staff's approval related to changes to fuel assembly design and materials. 

Section 2.2 of ANP-10337P describes characteristics of the spacer grid's response to external 
loads which are inherent in the methodology. This limit on the applicability of the seismic 
methodology is provided below: 

[ 

] In this case, the methodology can be shown to appropriately 
predict peak impact loads and rebound velocity. 
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Aside from the [ ] behavior of the spacer grid, no other performance related 
restrictions are identified. However, Section 4.2.1 of ANP-10337P describes an additional 
specific spacer grid performance characteristic inherent in the underlying methodology. 

[ 

L&C #1 captures a limit on the range of application of the ANP-10337P methodology based 
upon the spacer grids performance during the dynamic grid crush testing. 

] 

L&C #1: Dynamic grid crush tests, must be conducted in accordance with Section 6.1.2.1 of 
ANP-10337P (as amended by RAI 16), and spacer grid behavior must satisfy the 
requirements in the TR, the key elements of which are: 

a. [ 
]. 

b. [ 
]. 

C. [ 
]. 

L&Cs #4, #5, and #9 also contain limits on the range of applicability. 

3.2 Acceptance Criteria 

Section 3 correlates the acceptance criteria within Section 4 of ANP-10337P to the regulatory 
requirements. The purpose of this section is to review the proposed acceptance criteria on their 
technical merits. 

3.2.1 Grid Impact Force Acceptance Criteria 

ANP-10337P proposes spacer grid impact force acceptance criteria based upon mechanical 
(grid crush) testing at beginning of life (BOL) and simulated end of life (EOL) conditions. The 
specific acceptance criterion at each. time-in-life is [the more limiting of (1) the grid impact force 
which buckles the grid (classical grid crush behavior) or (2) the grid impact force which achieves 
a prescribed allowable permanent grid deformation]. The technical assessment of the grid cage 
impact force acceptance criteria is provided in Section 6.2 of Reference 7. 

Framatome proposing to allow grid strength [ ] was a concern. In 
response to an RAI regarding this concern (RAI 11, Reference 2), Framatome stated that the 
methodology did not support [ ]. The response was 
acceptable because the methodology uses a [ 

]. 

Appendix Don ANP-10337P describes the testing protocol to simulate EOL conditions using 
non-irradiated spacer grids. Data from previous testing on irradiated spacer grids are used to 
justify the experimental protocols. The difference between irradiated material and non-irradiated 
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material behavior, and the effect it would have on the grid test data was of concern. During an 
audit, proprietary reports were reviewed that contained material property data and additional 
irradiated grid test data. The material in Appendix D and the proprietary information reviewed at 
the audit form a compelling argument that supports the use of the [ ]. 

The amount of grid spring relaxation that is prescribed by the methodology for testing was 
concerning. In response to an RAI regarding grid relaxation (RAI 14, Reference 2), Framatome 
described how the [ 

]. The 
RAI response is acceptable because it generally defines what is to be done. This is a typical 
kind of technical detail that would be reviewed at the discretion of technical reviewers on a case
by-case basis. 

The reduction in ductility with irradiation hardening [ 
]. During an audit, Framatome described the residual ductility 

measured in the irradiated spacer grid tests, including those described in Appendix D. In 
addition, an independent finite element analysis was completed. See Section 6.2.3 of 
Reference 7 for further information. 

The simulated EOL grid test protocol is concluded acceptable for use in this methodology based 
on the technical information provided in Appendix D, the proprietary documents reviewed at the 
NRC staff audit, Framatome's response to RAI 14, the independent finite element modeling, 
L&C #1, and L&C #4. 

3.2.1.1 Allowable Grid Uniform Permanent Deformation Limits 

It is important to note that the allowable deformation described below is related to the structural 
and functional requirements of the spacer grid (e.g. control rod insertion, fuel rod spacing). 
Section 3.3 described a separate limit of permanent grid deformation related to the analytical 
methodology. 

For OBE, the spacer grid impact force corresponds to an allowable deformation within design 
tolerances. Maintaining dimensions within design tolerances ensures that the functional 
requirements of the grid are maintained. There is no challenge to control rod insertion and fuel 
rod spacing is not impacted. Furthermore, given that the applicability of ANP-10337P is limited 
to spacer grids which [ 

]. 

In response to an RAI regarding allowable permanent grid deformation (RAI 15, Reference 2), 
Framatome defined and provided justification for a maximum allowable permanent grid 
deformation under SSE, LOCA, or combined LOCA+SSE loads. As described in the response, 
[ 

] was proposed. The technical basis for the allowable grid 
deformation is summarized below: 

• For SSE-only loads, this allowable deformation has been shown to have a negligible 
effect on calculated MDNR during AOO conditions. 

• For combined LOCA+SSE or LOCA-only loads, this allowable deformation has been 
shown to have a negligible effect on calculated PCT under LOCA conditions. 
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As described in the audit report (Reference 4), the NRC staff reviewed the underlying 
Framatome engineering calculations which quantified the potential impact of a [ 

] on calculated DNB ratio (DNBR) under a wide range of transient conditions. 
Results of these calculations are presented in RAI 15 response and show a negligible change in 
calculated DNBR under a wide range of transient conditions for multiple fuel assembly lattice 
designs. 

As described in the audit report (Reference 4), the NRC staff reviewed the underlying 
Framatome engineering calculations which quantified the potential impact of a [ 

] on calculated PCT under LOCA conditions. The results of this study show a 
minimal increase in PCT for multiple fuel assembly lattice designs. 

No analytical calculations were performed to justify the [ ] in the 
peripheral assemblies, either for .b.DNBR or .b.PCT. During the audit, the NRC staff reviewed 
reload depletion calculations from a Westinghouse 15x15 plant, a Westinghouse 17x17 plant, 
and a CE 14x14 plant. The purpose of this investigation was to quantify the reduced power in 
the peripheral assemblies to reinforce the qualitative arguments used to justify the larger 
allowable deformation. 

Table 3-1 lists the results of the investigation into peripheral fuel assembly power peaking 
factors. As shown in the table, peripheral fuel assemblies operate at considerably lower power 
than interior assemblies. This reduced power translates to significantly higher DNB thermal 
margin during normal operation. Hence, at the start of any postulated transient, these 
peripheral assemblies would have significantly more DNB margin compared to the limiting, hot 
rods in the interior of the core. This additional margin would compensate for the reduction in 
flow area (i.e. rod pitch) associated with the [ ]. In other words, the 
reduction in calculated DNBR during the postulated transient (due to transient changes in local 
conditions) in combination with any further reduction in calculated DNBR due to the lattice 
deformation, would not violate the DNBR SAFDL in these lower power peripheral assemblies. 
The higher power, interior fuel rods would continue to be DNB limiting. Hence, DNB thermal 
margin requirements and/or predicted number of fuel rod failures would not be impacted by the 
[ ]. Similarly, fuel rods located on the core periphery would operate 
with considerably lower stored energy and decay heat loads. This translates to lower calculated 
PCT during a postulated LOCA relative to interior fuel rods. Hence, ECCS performance 
requirements would continue to be dictated by the higher power, interior fuel rods. 

Table 3-1: Peripheral Fuel Assembly Power Peaking Factors 
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Based on the above discussion, the NRC staff finds the allowable spacer grid permanent 
deformation limits acceptable. L&C #2 captures these limits. 

L&C #2: For fuel assembly designs where spacer grid applied loads are limited based on 
allowable grid permanent deformation (as opposed to buckling), the following limits from 
Table 4-1 of the TR apply: 

a. For all QBE analyses, allowable spacer grid deformation is limited to design tolerances 
and [ ]. 

b. For SSE, LQCA, and combined LQCA+SSE analyses, [ 

1 

Based upon the above discussion, the NRC staff finds the spacer grid allowable impact force 
acceptance criteria and allowable uniform permanent deformation acceptable. 

· 3.2.2 Fuel Assembly Component (Non-Grid) Stress Criteria 

The technical assessment of the fuel assembly component (non-grid) acceptance criteria is 
provided in Section 6.1 of Reference 7. Based on its standard implementation of ASME BPVC 
and NRC guidance, the use of ASME BPVC Level B service limits under QBE loading 
conditions was found acceptable for fuel assembly components (non-grid). Under SSE, LQCA, 
or LQCA+SSE, most non-grid components are evaluated against ASME BPVC Level D service 
limits. Guide tubes and the connection between the guide tube and top nozzle in control rod 
core locations are restricted to Level C limits to ensure insertion. Guide tubes are also required 
to maintain a positive margin against buckling. With the notable exception of the Level C 
insertion limit, these acceptance limits are acceptable because they are standard 
implementation of ASME BPVC and NRC guidance. 

Appendix E of ANP-10337P demonstrates that limiting guide tube stress to ASME BPVC 
Level C service limits will assure control rod insertion, with one stress-based acceptance 
criterion, would cover both structural requirements and control rod insertion acceptance. 
Framatome performed control rod insertion testing into deformed guide tubes, supported by 
finite element modeling, to support their justification that control rods are insertable within time 
constraints in guide tubes that are deformed to Level C limits and beyond. 

In response to an RAI regarding the control rod insertion testing (RAI 20, Reference 2), 
Framatome provided further details of the testing and justification for Service Level C. The 
additional information supported the Service Level C insertion criterion. An independent 
modeling study was performed to investigate the Service Level C control rod insertion limit. The 
goal was to estimate how much residual deflection could occur in a guide tube limited to Level C 
stress limits. A more aggressive imposed deflection shape was assumed than was considered 
by Framatome and a simplified guide tube geometry based on a different PWR fuel assembly 
design was used. The resulting residual deformation state was more challenging than the one 
Framatome performed insertion tests on, but it is questionable whether that shape could 
actually occur in a real fuel assembly. The independent modeling generally supports 
Framatome's test database and Framatome's conclusion that Level C limits ensure insertion. 
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Future changes in materials, geometry (i.e., dimensions and clearances) or design of either the 
guide tubes or control rods could affect insertion times and the justification of the Level C 
criterion. In addition, application of this methodology to new PWR designs with different 
dimensions and clearances could affect the underlying bases. L&C #4 was developed to limit 
the application of this methodology (and its underlying bases) to PWR fuel designs and reactor 
designs similar to the current fleet. Section 6.1.3 of Reference 7 provides further discussion on 
this L&C. 

L&C #4: This methodology is limited to applications that are similar to the current operating 
fleet of PWR reactor and fuel designs. The core geometry should be comparable to the 
current fleet, in terms of dimensions, dimension tolerances, fuel assembly row lengths, and 
the gaps between fuel assemblies. Fuel designs should be comparable to the current fleet, 
in terms of materials, geometry, and dynamic behavior. 

Framatome's control rod insertion data set supports the use of ASME BPVC Level C basic 
stress limits as a demonstration of control rod insertion, with L&C #4 to ensure that fuel designs 
evaluated with this methodology are similar to operational experience. 

Based upon the above discussion, the NRC staff finds the fuel assembly component (non-grid) 
acceptance criteria acceptable. 

3.3 Analytical Models and Application Methodology 

ANP-10337P defines a set of finite element models that are used to evaluate fuel assembly 
response to seismic and LOCA excitation. There are three finite element models included in 
ANP-10337P: 1) a vertical dynamic finite element model of the fuel assembly, 2) a horizontal 
dynamic finite element model of a row of fuel assemblies, and 3) a three-dimensional (30) 
structural model of a fuel assembly's major components. Section 5 of ANP-10337P describes 
the architecture of the vertical and horizontal finite element models and Section 8 of 
ANP-10337P addresses the structural model. 

The technical assessment of the finite element modeling architecture is provided in Section 2 of 
Reference 7. The general modeling architecture of this methodology (the use of 
one-dimensional dynamic models and a 30 structural model) is acceptable because it 
represents common analytical practice that is currently used in the industry, and the architecture 
follows all applicable regulatory guidance, such as RG 1.61 and RG 1.92. Further discussion on 
RG 1.92 is provided in Section 3.6. 

The technical assessment of the CASAC finite element code is provided in Section 2.3 of 
Reference 7. In addition to reviewing the CASAC model description in Appendix A of 
ANP-10337P, the example problems documented in the CASAC 5.4.2 quality assurance report 
were audited. Independent calculations using ANSYS 17.2 were performed to recreate a 
number of the fundamental finite element sample problems. Based upon this material, 
CASAC 5.4.1 and CASAC 5.4.2 are acceptable for use with this methodology for dynamic and 
structural models. 

3.4 Vertical Dynamic Finite Element Model 

The vertical dynamic finite element model is comprised of springs, masses, and dampers, with 
finite element model parameters defined from mechanical testing. It represents a single fuel 
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assembly. Section 5.3 of ANP-10337P describes the model architecture and application 
methodology and Section 6.2 of ANP-10337P described the required model input parameters 
and associated mechanical testing. 

Figure 5-7 of ANP-10337P provides an illustration of the vertical fuel assembly model. In 
response to an RAI regarding the model parameters (RAI 4, Reference 2), Framatome updated 
this schematic identifying various parameters. 

Section 5.3.1.1 of ANP-10337P states: "The transient hydrodynamic forces are the primary 
driver of the fuel assembly response. In cases where the core plate motions are shown to be 
negligible, this modeling of the core plates can be simplified to a rigid, stationary plate." The 
NRG staff had concerns with the lack of detail regarding this aspect of the vertical model. In 
response to an RAI regarding this provision (RAI 10, Reference 2), Framatome acknowledged 
that this aspect required more development and proposed its deletion from the TR. Change 
pages reflecting the removal of this provision are provided in Reference 2. Note that the last 
sentence of Section 7.3 has the same provision and also needs to be deleted in the final 
approval version ("-A") of ANP-10337P. 

The technical assessment of the vertical dynamic finite element model is provided in Section 3 
of Reference 7. The vertical finite element architecture is acceptable because it is a typical 
representation of a fuel assembly, formulated from mechanical test data, and it is consistent 
with all applicable regulatory guidance. It is upgraded from BAW-10133 to have more degrees 
of freedom to more accurately simulate fuel assembly dynamic behavior. Framatome is 
expected to apply engineering judgment when applying this methodology to identify and 
disposition non-physical vertical behavior in the model that can result from designing 
Framatome fuel based on non-Framatome core plate motion. If this methodology calculates 
non-physical results, it is up to Framatome to identify the problem and either demonstrate that 
the non-physical results are conservative or propose alternate methods to perform the analysis. 

The technical assessment of the testing requirements is provided in Section 3.1 of Reference 7. 
In general, the testing is acceptable because it provided the information needed for the model 
and matched standard industry practice. 

3.5 Horizontal Dynamic Finite Element Model 

The horizontal dynamic finite element model is comprised of beams and rotational springs, 
which define the fuel bundle stiffness behavior, and classic springs and viscous dampers, which 
define the impact behavior. Section 5.2 of ANP-10337P describes the model architecture and 
application methodology and Section 6.1 of ANP-10337P described the required model input 
parameters and associated mechanical testing. 

The term amplitude is used in many instances throughout Section 6 of ANP-10337P and the 
NRG staff had concerns with a consistent definition, especially when interpreting free and forced 
vibration test data. In response to an RAI regarding the definition of amplitude (RAI 6, 
Reference 2), Framatome provided further clarification which the NRG staff found acceptable. 

The technical assessment of the horizontal dynamic finite element model is provided in 
Section 4 of Reference 7. There was a concern that the spacer grid impact model's inability to 
track permanent deformation of the grids prior to buckling was a problem that could lead to 
unrealistic and non-conservative results. In response to an RAI on this subject 
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(RAI 2, Reference 2), Framatome provided a sensitivity study that considers variations in grid-
grid and grid-baffle gap sizes up to [ ]. Framatome's response to the RAI was found 
acceptable because it demonstrates a relatively small amount of analytical uncertainty related to 
permanently increased gaps by up to [ ]. The [ 

]. This led to L&C #9. 

L&C #9: [ 
] 

Section 5.2.2.3 of ANP-10337P describes hydrodynamic coupling. When an external loading 
(seismic or LOCA) is applied to a fuel assembly model, the hydrodynamic coupling element is 
used to account for: i) the added kinetic energy contained in the fluid when the fuel assembly 
moves in the lateral direction and ii) the lateral buoyancy force resulting from the lateral 
acceleration of the reactor internals. In response to an RAI regarding hydrodynamic coupling 
(RAI 3, Reference 2), Framatome stated that no changes were made relative to the previously 
approved methods in BAW-10133P-AA, Addendum 1. The RAI response also provided further 
clarification on the hydrodynamic coupling models and inputs. 

The use of the [ ] to represent the fuel assembly 
bundle in the horizontal dynamic finite element model was questioned. Audit discussions 
explained that the [ 

]. In response to an RAI regarding the [ 

] This is acceptable because the acceptance criteria are tight enough that the 
potential for error related to mistuning the model is minimal. The horizontal model itself is a 
linear approximation of a nonlinear system, and the acceptance criteria require the linear 
approximation to behave as it is intended, within a reasonably small tolerance. 

The horizontal dynamic finite element model is acceptable because it either matches typical 
vendor model architecture or has the same distinct features that were approved in 
BAW-10133P-A, but additional limitations are necessary regarding the implementation of the 
model within the ANP-10337P methodology. L&C's #1, #2, and #9 limit grid impact behavior 
and deformation that is simulated in the horizontal dynamic finite element model. L&C #3 is a 
limitation on the software used to implement the horizontal dynamic finite element model. 
L&C #4 limits the methodology to applications that are similar to the current operating fleet of 
PWR reactor and fuel designs. L&C #5 relates to the generic damping values used in the 
horizontal dynamic finite element model. There are nine L&C's placed on ANP-10337. The 
horizontal dynamic finite element model is approved for use within the bounds of all nine L&C's. 

With respect to fuel bundle stiffness, the linear fuel bundle stiffness model described in 
ANP-10337P is acceptable for analyzing the current fleet of fuel and reactor designs. Outside 
the bounds of the current fleet, the large deflection range behavior is a problem for this 
methodology because the large deflection behavior of the model is not validated, and the 
methodology does not propose to collect data needed to demonstrate validation in the large 
deflection range. 

With respect to the free vibration (pluck) test, the test defined in ANP-10337P is appropriate for 
the methodology because it is consistent with BAW-10133P-A, ANP-10337P defines an 
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appropriate range of pluck amplitudes for the methodology, and the methodology is limited to 
the small deflection range by L&C #4. 

Section 6.1.1.2 of ANP-10337P states: "Forced vibration tests can be used in lieu of free 
vibration tests for .fuel assembly dynamic characterization for overlapping ranges of amplitudes." 
There was the concern about the possibility of replacing the pluck test with a forced vibration 
test because forced vibration tests typically have too small of a range of motion to define the full 
range of relevant fuel assembly dynamic behavior. In response to an RAI on this subject (RAI 
8, Reference 2), Framatome stated that if new equipment becomes available they may replace 
free vibration tests with forced vibration tests. In theory, such a switch is reasonable and could 
successfully create a reasonable dynamic finite element model, but the test protocol is not 
defined in ANP-10337P and Reference 7 has no basis to approve a hypothetical forced 
vibration test designed to replace the pluck test. Given this lack of technical bases to approve 
this substitution, the NRC staff rejects the proposed alternative. If such a replacement test is 
proposed in the future, it is recommended that a direct comparison between a pluck test 
generated model and a forced vibration test generated model be made over the full deflection 
range of interest. 

With respect to the forced vibration test, the test protocol is acceptable because it represents 
standard industry practice and is consistent with BAW-10133P-A. 

With respect to the lateral stiffness test, the test is acceptable because it represents standard 
industry practice for informing structural models. 

With respect to the dynamic grid crush test, there was a concern about the linear regression 
used to define the [ ] from test data. In response to an RAI 
requesting that Framatome define an R limit on the grid impact test data (F2/MV2) to ensure 
that the data was sufficiently linear, and did not include bilinear or other nonlinear behavior 
(RAI 16, Reference 2), Framatome proposed a [ ]. This limit is acceptable 
because typical examples of grid data meet this limit and the amount of uncertainty it allows is 
comparable to the 95-percent lower confidence limit of true mean grid strength established in 
SRP 4.2. The grid test protocol is acceptable because it represents standard industry practice 
and is consistent with BAW-10133P-A. This contributed to L&C #1a below. 

L&C 1a: [ 
1 

With respect to the dynamic impact test, the test protocol is acceptable because it represents 
standard industry practice and is consistent with BAW-10133P-A. 

3.5.1 PNNL Modelling and Confirmatory Calculations 

As described in Section 4.5 of Reference 7, PNNL replicated the Framatome horizontal dynamic 
finite element model in LS-DYNA, a commercially available general purpose explicit finite 
element code. The same basic finite element structure was used. The LS-DYNA model is not a 
perfect match of the CASAC model, but it is expected to be close enough to provide a sanity 
check on the CASAC model and provide a reasonable basis for certain sensitivity studies. 

Section 4.5.1 of Reference 7 describes the analytical effort to match the results of the final 
sample problem. The first sample problem documented in ANP-10337P had a very benign 
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horizontal loading environment. In response to an RAI requesting a more limiting sample 
problem (RAI 9, Reference 2), Framatome increased the magnitude of the core plate motion by 
a factor of three, and reduced the margins on the guide tube stresses and grid impact forces. 
Confirmatory calculations were performed on a subset of the more bounding analysis ( 15 fuel 
assembly row). As a review task, the purpose of the analysis was a sanity check, not a full 
recreation of Framatome's analysis. The sanity check was successful enough that a full 
modeling and analysis study was not warranted. The linear model of ANP-10337P is 
reasonably accurate and is acceptable. 

Section 4.5.2 of Reference 7 describes a sensitivity study that implemented nonlinear stiffness 
in the LS-DYNA model by replacing the constant rotational spring stiffness of the ANP-10337P 
dynamic horizontal model with a piecewise linear relationship. The purpose of the study was to 
evaluate the response to RAI 7 (Reference 2) and test the assertion that the linear fuel bundle 
stiffness offered a more conservative model than a nonlinear bundle stiffness model. The 
conclusion from the study is that a nonlinear stiffness model can calculate a more limiting 
response for the same excitation scenario as a linear stiffness model. The linear and nonlinear 
stiffness models were evaluated at five different core plate excitation magnitudes (1x, 2x, 3x, 4x, 
and 5x, with 3x being the final core plate excitation for the sample problem in ANP-10337P, and 
1x being approximately the original sample problem magnitude). The results demonstrate that 
the linear model is not always conservative in impact force or component stress, and supports 
the definition of L&C #4 to restrict the use of this methodology to the range of the current 
operating fleet. 

3.5.2 Fuel Assembly Horizontal Damping 

As described in Appendix C of ANP-10337P, there are three general sources of energy 
dissipation associated with the lateral motion of a fuel assembly: 

• Structural damping is caused by the internal friction at the fuel rod spacer grid interface. 
The damping coefficient is a function of grid cells spring load which, in turn, is a function 
of bundle condition, i.e., irradiated versus non-irradiated. 

• Viscous water damping is caused by the irrecoverable pressure losses that occur as the 
fuel rod lattice moves through water and the water is forced to accelerate and decelerate 
through the bundle. The main determining factors are the coolant properties, vibration 
amplitude, and lattice design. 

• Axial coolant flow damping is caused by the hydrofoil effect associated with the axial 
flow rate and the lateral motion of the fuel assembly. The main factors are the coolant 
properties and axial flow rate. 

Appendix C of ANP-10337P defines fixed fuel assembly damping ratios to be used in the 
horizontal dynamic models. The damping values represent the effective total of damping 
phenomena in the core under operating conditions. Fuel assembly damping is often measured 
in air, in still water, or in a flow loop, simulating flowing coolant conditions. Larger damping 
values generally relate to lower impact forces and component stresses because damping 
represents energy dissipation. 

The technical assessment of the fuel assembly horizontal damping ratios is provided in 
Section 4.4 of Reference 7. Instead of testing fuel assembly damping on a case-by-case basis, 
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BAW-10133P-A proposed generic damping values that were generally applicable to all fuel 
assembly designs. ANP-10337P is proposing the same generic damping values for BOL 
conditions. Specifically, critical damping ratios of [ ] for first and third 
mode damping, based on additional flow loop testing in Addendum 2 to BAW-10133P-A 
(October 2000). This is acceptable because it matches what was previously approved by NRG, 
the prior empirical database remains valid, and the additional damping test data provided in 
Appendix C supports the previously approved BOL damping values. 

The new material in ANP-10337P related to horizontal fuel assembly damping is the definition of 
EOL damping values. Test data to support the EOL damping values was provided in C.3 of 
ANP-10337P. The EOL technical basis for damping is similar to the BOL technical basis for 
damping, with the EOL tests performed under simu'lated irradiated conditions. The simulated 
irradiated test data supports much higher damping values than the [ ] 
proposed in this methodology. The [ ] is well supported by 
the test data, but not to the same level of conservatism as the first mode data. The EOL 
damping values are acceptable because data was presented that supports their use, and the 
same kind of demonstration was made for previously approved BOL damping values. 

There was a concern that changes in geometry, materials, and other aspects of PWR fuel 
design could challenge the generic applicability of the fixed damping ratios. The following L&C 
is intended to address this concern. 

L&C #5: ANP-10337P established generic fixed damping values intended to be used for all 
PWR designs. All applications of this methodology to new fuel assembly designs must 
consider the continued applicability of the fixed damping values of this methodology. If new 
materials, new geometry, or new design features of a new fuel assembly design may affect 
damping, additional testing and/or evaluation to determine appropriate damping values may 
be required. 

Section 6.1.3.3 of ANP-10337P describes the process for adjusting critical damping factors 
based on a loss of forced flow scenario. The amount of detail describing the [ 

] was concerning. At the May 2017 audit, the review team reviewed internal 
Framatome technical reports that partially explained how [ ] would be performed. 
In response to an RAI on this subject (RAI 13, Reference 2), Framatome provided further detail. 
The [ , ] are appropriate because conservative assumptions are made to 
[ ] the damping as it decreases with decreasing flow rate. 

3.5.3 Mixed Core Evaluation 

The horizontal assembly row model (Section 5.2.2 of ANP-10337P) introduces the topic of 
mixed core configurations. 

Heterogeneous core models can be created to account for mixed core conditions. In this 
case, more than one type of single fuel assembly model is used to build row models in 
which dissimilar fuel assembly designs are adjacent to each other. Mixed core studies 
can be performed using the actual row configurations for a specific core design, or in 
cases where the core design is not available, the mixed core study can be performed 
generically by evaluating multiple row model permutations that reasonably encompass 
the fuel assembly response. 
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In response to an RAI regarding mixed core evaluations (RAI 1, Reference 2), Framatome 
provided further information on how non-Framatome fuel assemblies would be addressed. 
Framatome's response indicated that the finite element model of Framatome fuel assemblies 
would always be done according to the standard modeling described in ANP-10337P. 
However, the information needed to build the standard models for other vendor's fuel is 
generally not available. To accommodate this, ANP-10337P includes the flexibility to model 
other vendor's fuel assemblies the same way they are modeled by the other vendors. This 
includes changes to the damping formulation and the fuel bundle finite element model structure. 
One limitation inherent to the methodology (as discussed in ANP-10337P Section 6.1.5) is that 
co-resident fuel is only treated as a boundary condition for the Framatome fuel assemblies 
evaluated according to this methodology. Co-resident fuel is not evaluated against acceptance 
criteria. 

The technical assessment is provided in Section 4 of Reference 7. The treatment of co-resident 
fuel in ANP-10337P is acceptable because the model replicates the design basis representation 
of the co-resident fuel to provide reasonable boundary conditions to the fuel of interest. 

For future applications involving fuel transitions, the NRC should pay close attention to the 
mixed core evaluation performed by each fuel vendor. 

3.6 Nonlinear Structural Finite Element Model 

The nonlinear structural FEA model is used to calculate non-grid component stresses based on 
the loads calculated in the vertical and horizontal dynamic finite element models. The technical 
assessment of the nonlinear structural FEA model is provided in Section 5 of Reference 7. The 
nonlinear structural FEA model is acceptable because it represents established practice for 
applying correct boundary conditions and loading on the various components of the fuel 
assembly. 

Section 8.1 of ANP-10337P states that AN SYS or "another finite element analysis software 
package" could be used in place of CASAC. During audit discussions, Framatome explained its 
intent was to use CASAC 5.4.2 and CASAC 5.4.1, but wanted flexibility to apply the 
methodology with any finite element software. The vertical and horizontal dynamic finite 
element models contain capabilities that are not always available in general finite element 
codes, and could require the use of user-defined subroutines or other advanced modeling 
features to recreate the dynamic finite element models in other codes. The structural modeling 
uses more standard finite element modeling features, but the methodology does not prescribe 
all the features and composition of the structural models in the same level of detail as it 
prescribes the dynamic models. The NRC staff accepts that finite element codes other than 
CASAC 5.4.2 and CASAC 5.4.1 can be used with this methodology, provided they are verified 
against sample problems and verified against CASAC 5.4.2 or CASAC 5.4.1 results. L&C #3 
defines limitations associated with implementing the methodology of ANP-10337P outside of 
CASAC 5.4.1 and CASAC 5.4.2. See Section 2.4 of Reference 7 for further information. 

L&C #3: The modification or use of the codes CASAC and ANSYS (or other similar industry 
standard codes) are subject to the following limitations: 

a. CASAC computer code revisions, necessitated by errors discovered in the source code, 
needed to return the algorithms to those described in ANP-10337P (as updated by RAls) 
are acceptable. 
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b. Changes to CASAC numerical methods to improve code convergence or speed of 
convergence, transfer of the code to a different computing platform to facilitate 
utilization, addition of features that support effective code input/output, and changes to 
details below the level described in ANP-10337P would not be considered to constitute a 
departure from a method of evaluation in the safety analysis. Such changes may be 
used in licensing calculations without NRC staff review and approval. However, all code 
changes must be documented in an auditable manner to meet the quality assurance 
requirements of 10 CFR Part 50, Appendix B. 

c. AN SYS or other industry standard codes may be used if they are documented in an 
auditable manner to meet the quality assurance requirements of 10 CFR Part 50, 
Appendix B, including the appropriate verification and validation for the intended 
application of the code. 

ANP-10337P does not define a methodology for fuel rod structural evaluations. L&C #6 is 
defined to require fuel rod evaluation with every application of this methodology. It is expected 
that the fuel rod evaluation will be reviewed at NRC's discretion. 

L&C #6: The ANP-10337P methodology includes the generation of fuel rod loads, but does 
not provide a means to demonstrate compliance for fuel rod performance under externally 
applied loads (to applicable acceptance criteria). Applications of this methodology must 
provide an acceptable demonstration of fuel rod performance. 

The way Framatome intended to determine the limiting deflection shapes calculated from the 
dynamic finite element models for application to the 30 structural model was of concern. In 
response to an RAI on this subject (RAI 18, Reference 2), Framatome described the stress 
indicators that are used ([ ]) and identifies options for time 
phasing or not time phasing the loads. The option that does not involve time phasing is 
acceptable because it follows RG 1.92. 

The option that uses time phasing to construct limiting deflection shapes is potentially 
problematic because it does not follow the rigorous method defined in RG 1.92 for time phasing 
seismic structural analyses. Framatome's time phasing strategy is acceptable based on 
L&C #4, which limits the application of this methodology to the current fleet, where operational 
experience is valid, and Framatome's assumptions of the most limiting deflection shapes are 
credible. 

In cases where time phasing is not used, Framatome intends to take the limiting X and Z 
horizontal deflection shapes throughout the core, and throughout time, and apply them to the 
structural model to calculate component stresses that are expected to be conservative. This 
approach is simple, but it potentially over predicts stress because peak X and Z stresses do not 
necessarily occur at the same time, or on the same fuel assembly in the core. A limitation is 
needed in this case because the acceptance criteria are different for fuel assemblies in control 
rod locations and those that are not in control rod locations. L&C #7 requires non-time phased 
loads to be applied to control rod locations, which have more limiting stress criteria than the 
non-control rod locations. 

L&C #7: As indicated in ANP-10337P when orthogonal deflections from separate core 
locations are artificially superimposed to calculate component stresses, the component 
stresses must be compared against the design criteria associated with control rod positions. 
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There was a concern that ANP-10337P includes the option of evaluating [ 
]. This issue was discussed during the May 2017 

audit. RG 1.92 provides guidance for combining responses in 3 orthogonal dimensions. 
[ 

] 

L&C #8: In accordance with RG 1.92, the combination of loads for non-grid component 
evaluation should ideally be based on three orthogonal components (two horizontal and one 
vertical). [ 

]. 

The structural modeling defined in ANP-10337P is acceptable with the L&Cs described above. 

Based upon the above discussion, the NRC staff finds the horizontal and vertical dynamic finite 
element models and nonlinear structural finite element model acceptable. 

4.0 CONCLUSION 

Based upon its review of TR ANP-10337P and RAI responses, regulatory audits, and technical 
support provided by PNNL, the NRC staff finds Framatomes's generic methodology to evaluate 
the structural response of PWR fuel assembly designs subjected to dynamic loads under 
seismic and LOCA events acceptable. Licensees referencing this TR will need to comply with 
the limitations and conditions listed in Section 5.0. 

5.0 LIMITATIONS AND CONDITIONS 

Licensees referencing the ANP-10337P TR must ensure compliance with the following 
limitations and conditions: 

1. Dynamic grid crush tests, must be conducted in accordance with Section 6.1.2.1 of 
ANP-10337P (as amended by RAI 16), and spacer grid behavior must satisfy the 
requirements in the TR, the key elements of which are: 

a. [ 
] 

b. [ 
] 

C. [ 
] 

2. For fuel assembly designs where spacer grid applied loads are limited based on allowable 
grid permanent deformation (as opposed to buckling), the following limits from Table 4-1 of 
the TR apply: 
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a. For all OBE analyses, allowable spacer grid deformation is limited to design tolerances 
and [ ]. 

b. For SSE, LOCA, and combined SSE+LOCA analyses, [ 

] 

3. The modification or use of the codes CASAC and ANSYS (or other similar industry standard 
codes) are subject to the following limitations: 

a. CASAC computer code revisions, necessitated by errors discovered in the source code, 
needed to return the algorithms to those described in ANP-10337P (as updated by RAls) 
are acceptable. 

b. Changes to CASAC numerical methods to improve code convergence or speed of 
convergence, transfer of the code to a different computing platform to facilitate 
utilization, addition of features that support effective code input/output, and changes to 
details below the level described in ANP-10337P would not be considered to constitute a 
departure from a method of evaluation in the safety analysis. Such changes may be 
used in licensing calculations without NRC staff review and approval. However, all code 
changes must be documented in an auditable manner to meet the quality assurance 
requirements of 10 CFR Part 50, Appendix B. 

c. ANSYS or other industry standard codes may be used if they are documented in an 
auditable manner to meet the quality assurance requirements of 10 CFR Part 50, 
Appendix B, including the appropriate verification and validation for the intended 
application of the code. 

4. This methodology is limited to applications that are similar to the current operating fleet of 
PWR reactor and fuel designs. The core geometry should be comparable to the current 
fleet, in terms of dimensions, dimension tolerances, fuel assembly row lengths, and the gaps 
between fuel assemblies. Fuel designs should be comparable to the current fleet, in terms 
of materials, geometry, and dynamic behavior. 

5. ANP-10337P established generic fixed damping values intended to be used for all PWR 
designs. All applications of this methodology to new fuel assembly designs must consider 
the continued applicability of the fixed damping values of this methodology. If new 
materials, new geometry, or new design features of a new fuel assembly design may affect 
damping, additional testing and/or evaluation to determine appropriate damping values may 
be required. 

6. The ANP-10337P methodology includes the generation of fuel rod loads, but does not 
provide a means to demonstrate compliance for fuel rod performance under externally 
applied loads (to applicable acceptance criteria). Applications of this methodology must 
provide an acceptable demonstration of fuel rod performance. 

7. As indicated in ANP-10337P when orthogonal deflections from separate core locations are 
artificially superimposed to calculate component stresses, the component stresses must be 
compared against the design criteria associated with control rod positions. 
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8. In accordance with RG 1.92, the combination of loads for non-grid component evaluation 
should ideally be based on three orthogonal components (two horizontal and one vertical). 
[ 

]. 

9. [ 
]. 
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August 31, 2015 
NRC:15:035 

U.S. Nuclear Regulatory Commission 
Document Control Desk 
11555 Rockville Pike 
Rockville, MD 20852 

A 
AREVA 

Request for Review and Approval of ANP-10337P, "PWR Fuel Assembly Structural Response to 
Externally Applied Dynamic Excitations" 

AREVA Inc. (AREVA) requests the NRC's review and approval oftopical report ANP-10337P, "PWR Fuel 
Assembly Structural Response to Externally Applied Dynamic Excitations" for referencing in licensing 
actions. 

This topical report is part of AREVA's response to NRC Information Notice 2012-09 "Irradiation Effects on 
Fuel Assembly Spacer Grid Crush Strength." This information notice states that the NRC guidance in 
Standard Review Plan Section 4.2 assumes that the spacer grid strength is limiting at beginning of life, 
while recent operating experience indicates that the spacer grid strength may decrease with irradiation. 
The topical report addresses the potential decrease of spacer grid strength with irradiation. 

In support of the Office of Nuclear Reactor Regulation's prioritization efforts, the Topical Report 
Prioritization Scheme is included as an enclosure with this letter. 

AREVA would appreciate the NRC approval of this topical report by August 31, 2017. 

AREVA considers some ofthe material contained in the enclosed document to be proprietary. As 
required by 10 CFR 2.390(b), an affidavit is enclosed to support the withholding of the information from 
public disclosure. A proprietary version and a non-proprietary version of the report are enclosed. 

There are no commitments contained within this letter, or its enclosures. 

If you have any questions related to this information, please contact Ms. Gayle F. Elliott, Product 
Licensing Manger, by telephone at (434) 832-3347, or by e-mail at Gayle.Elliott@areva.com. 

AREVA INC. 

3315 Old Forest Road, Lynchburg. VA 24501 
Tel.: 434 832 3000 - www.areva.com 



Document Control Desk 

August 31, 2015 

cc: J. G. Rowley 
Project 728 

Enclosures: 
1. ANP-10337P Topical Report Prioritization Scheme 

NRC:15:035 

Page 2 

2. ANP-10337P, "PWR Fuel Assembly Structural Response to Externally Applied Dynamic 
Excitations" (Proprietary) 

3. ANP-10337NP, "PWR Fuel Assembly Structural Response to Externally Applied Dynamic 
Excitations" (Non-Proprietary) 

4. Notarized Affidavit 



TR Prioritization Scheme 
Title: ANP-10337P Revision o, "PWR Fuel Assembly Structural Response to Externally 
Applied Dynamic Excitations" 
Expect submitting FY I TAC jPM I Today's Date: 
Technical Review Division(s) I Technical Review Branch(s) 
Factors Select the Criteria That the TR Points can be Assigned 

satisfies Assigned for Points 
Each Criteria 

TR Classification Resolve Generic Safety Issue (GSI) 6 
(Select one only) Emergent NRC Technical Issue 3 

New technology improves safety 2 
3 

TR Revision reflecting current 2 
requirements or analytical methods. 

Standard TR 1 
TR Applicability Potential industry-wide applications 3 
(Select one only) Potentially applicable to entire groups of 2 

licensees. 2 
Intended for only partial groups of 1 
licensees. 

TR Implementation Industry-Wide Implementation expected 3 
Certainty Expected implementation by an entire 2 

group of licensees (BWROG, PWROG, 
(Select one only) BWRVIP, etc.) who sponsored the TR. 

0 
Docketed intent by U.S. plant(s) but no 1 
formal LAR schedule yet 
No US plants have indicated strong 0 
intent on docket to implement yet. 

Tie to a LAR A SE is requested by a certain date 3 
(Select if applicable) (less than two years) to support a 

0 
licensing activity or renewal date (note it 
in Comments) 

Review Progress Accepted for review 0.3 
(Points are RAI issued 0.5 
cumulative as RAI responded 1.2 
applicable) SE Drafted 2.0 
Management (L TIET) discretion adjustment -3 to +3 

Total Points (Add the total points from each factor and total here): 

Comments: This topical report addresses issues raised in NRC Information Notice 2012-09. 



AFFIDAVIT 

COMMONWEAL TH OF VIRGINIA ) 
) ss. 

CITY OF LYNCHBURG ) 

1. My name is Nathan E. Hottle. I am Manager, Product Licensing, for AREVA 

Inc. (AREVA) and as such I am authorized to execute this Affidavit. 

2. I am familiar with the criteria applied by AREVA to determine whether certain 

AREVA information is proprietary. I am familiar with the policies established by 

AREVA to ensure the proper application of these criteria. 

3. I am familiar with the AREVA information contained in the following document: 

"ANP-10337P Revision 0, PWR Fuel Assembly Structural Response to Externally Applied 

Dynamic Excitations," referred to herein as "Document." Information contained in this Document 

has been classified by AREVA as proprietary in accordance with the policies established by 

AR.EVA Inc. for the control and protection of proprietary and confidential information. 

4. This Document contains information of a proprietary and confidential nature 

and is of the type customarily held in confidence by AREVA and not made available to the 

public. Based on my experience, I am aware that other companies regard information of the 

kind contained in this Document as proprietary and confidential. 

5. This Document has been made available to the U.S. Nuclear Regulatory 

Commission in confidence With the request that the information contained in this Document be 

withheld from public disclosure. The request for withholding of proprietary information is made in 

accordance with 10 CFR 2.390. The information for which withholding from disclosure is 



requested qualifies under 10 CFR 2.390(a)(4) 'Trade secrets and commercial or financial 

information." 

6. The following criteria are customarily applied by AREVA to determine whether 

information should be classified as proprietary: 

(a) The information reveals details of AREVA's research and development plans 

and programs or their results. 

(b) Use of the information by a competitor would permit the competitor to 

significantly reduce its expenditures, in time or resources, to design, produce, 

or market a similar product or service. 

(c) The information includes test data or analytical techniques concerning a 

process, methodology, or component, the application of which results in a 

competitive advantage for AREVA. 

(d) The information reveals certain distinguishing aspects·of a process, 

methodology, or component, the exclusive use of which provides a 

competitive advantage for AREVA in product optimization or marketability. 

(e) The information is vital to a competitive advantage held by AREVA, would be 

helpful to competitors to AREVA, and would likely cause substantial harm to 

the competitive position of AREVA. 

The information in this Document is considered proprietary for the reasons set forth in 

paragraphs 6(c) and 6(d) above. 

7. In accordance with AREVA's policies governing the protection and control of 

information, proprietary information contained in this Document has been made available, on a 

limited basis, to others outside AREVA only as required and under suitable agreement providing 

for nondisclosure and limited use of the information. 

8. AREVA policy requires that proprietary information be kept in a secured file or 

area and distributed on a need-to-know basis. 



9. The foregoing statements are true and correct to the best of my knowledge, 

information, and belief. 

SUBSCRIBED before me this 

day of AU..~ 1.t€d: 

Ella Carr-Payne 

I 2015, 

NOTARY PUBLIC, COMMONWEALTH OF VIRGINIA 
MY COMMISSION EXPIRES: 08/31/2017 
Reg.# 309873 
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UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, D.C. 20555-0001 

Mr. Gary Peters, Director 
Licensing and Regulatory Affairs 
AREVA Inc. 
3315 Old Forest Road 
Lynchburg, VA 24501 

September 25, 2017 

SUBJECT: REQUEST FOR ADDITIONAL INFORMATION REGARDING AREVA INC. 
TOPICAL REPORT ANP-10337P, "PWR FUEL ASSEMBLY STRUCTURAL 
RESPONSE TO EXTERNALLY APPLIED DYNAMIC EXCITATIONS" 
(GAG NO. MF6753) 

Dear Mr. Peters: 

By letter dated August 31, 2015 (Agencywide Documents Access and Management System 
Accession No. ML 15266A250), AREVA Inc. (AREVA) submitted for U.S. Nuclear Regulatory 
Commission (NRG) staff review and approval Topical Report ANP-10337P, "PWR [Pressurized 
Water Reactor] Fuel Assembly Structural Response to Externally Applied Dynamic Excitations." 
Upon review of the information provided, the NRC staff has determined that additional 
information is needed to complete the review. On July 17, 2017, Jerald Holm, AREVA Product 
Licensing Manager, and I agreed that the NRG staff will receive the response to the enclosed 
request for additional information (RAI) questions by October 31, 2017. 

If you have any questions regarding the enclosed RAI questions, please contact me at 
301-415-4053. 

Project No. 728 

Enclosure: 
RAI Questions 

Sincerely, 

Jonathan G. Rowley, Project Manager 
Licensing Processes Branch 
Division of Policy and Rulemaking 
Office of Nuclear Reactor Regulation 



REQUEST FOR ADDITIONAL INFORMATION 
RELATED TO TOPICAL REPORT ANP-10337P 

"PWR FUEL ASSEMBLY STRUCTURAL RESPONSE TO EXTERNALLY 
APPLIED DYNAMIC EXCITATIONS'; 

AREVAINC .. 

(CAC NO. MF6753) 

Describe the seismic methodology for reactor cores comprised of mixed-vendor cores in a 
revision to the topical report (TR) (ANP-10337). This request for additional information (RAI) is 
requesting AREVA Inc. (AREVA) to provide change pages to the TR that will fully descripe and 
discuss the methods, procedures, and. modifications to the standard methodology that are 
necessary when modeling mixed-vendor cores. The changes to the TR should ·include 
differences in model damping, model finite element representation; and explain how vendor
specific test protocols affect the model construction. 

RAl-2 

The gaps between spacer grids and neighboring grids and baffle plates are defined precisely in 
Equations 5-7, 5-8, and 5-9. These equations do not include terms to update gaps according to 
accumul_ated plastic grid deformation. Justify the application of this met~odology in cases 
where accumulated plastic deformation of spacer grids exceeds dimension tolerance. Propose 
arid justify a grid deformation limit for this analysis.methodology. 

Hydrodynamic coupling is an important feature of the modeling methodology, but information on 
the topic is not consolidated in the TR to the same extent that the other modeling topics are 
documented. This RAI requests AREVA to enhance the discussion of hydrodynamic coupling in 
the TR or to respond to this RAI. with a consolidated explanation of hydrodynamic coupling and . 
how it is modeled in the methodology. Details should include definitions and procedures for 
defining added water mass and the implementation of hydrodynamic Coupling force. If this RAI 

·· - -- is to oe aadressed irilhe TR, provide change pages"for review. - --- - -- ··· - - -- - -- -- · 

Provide a model sketch similar to Figure 5-7 of the TR that identifies the model parameters (i.e., 
gapped spring stiffness, gapped damper coefficient, etc.) discussed in Section 6.2.3.1. 

NRC requested AREVA to supply high priority information to help advance the technical review 
prior to conducting the May 2017 audit. AREVA provided information electronically to address 
the following audit questions. This RAI requests AREVA to document the response to each of 
the following audit questions: 

Enclosure 
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• 38. (Appendix A) Identify which version of CASAC is to be used with this methodology. 
Provide the latest Validation and Verification (VnV) reports on the version of CASAC 
intended to be used with this methodology. Provide the VnV model input files, including 
CASAC input files and any ANSYS input files used to generate comparison results, on a 
DVD or external hard drive. This is a general request for VnV material that supports the 
current version of CASAC, including material that may exist but was not referenced in 
the TR. 

• 39. (Appendix A.1.1) This section lists 15 verification problems. Provide documentation 
of the verification problem results. Provide the CASAC model input files on a DVD or 
external hard drive. If the verification problems were compared to ANSYS (as was done 
iii BAW-10133 for CASAC Version 4.1) provide the ANSYS model input files on a DVD 
or external hard drive. 

• 40. (Appendix A.1.2) The CASAC 4.1 Validation Report provided in BAW-10133 
Addendum 1 included seven .verification problems that compare CASAC results to 
theoretical results and ANSYS results. The current TR does not include these specific 
verification problems and does not mention any comparison to ANSYS. Run the seven 
validation cases of the CASAC 4.1 Validation Report on the version of CASAC intended 
to be used in this methodology and compare them to ANSYS. Provide an updated 
validation report for the current version of CASAC (CASAC X.X). Provide the CASAC 
and ANSYS model input files on a DVD or external hard drive. 

• 43. (Appendix 8.3) Provide electronic core plate motions for the example problem 
described in Appendix 8, on a DVD or external hard drive. Comnia delimited ASCII files 
(*.CSV) of core plate motion data would be ideal. 

Pefine amplitude as it is used throughout the TR. Is it consistent in the TR and all supporting 
data? Peak-to-peak or single-sided? How is amplitude defined in the case of a free vibration 
pluck test? How does amplitude compare to the maximum deflection calculated in the 
horizontal CASAC models? · 

Fixing the horizontal fuel assembly model stiffness to [ 
] instead of modeling the stiffness as a [ 

]. The model is essentially a [ 

]. When the fuel assembly model deflects [ 
], the error between the model prediction and the real expected 

behavior of the fuel assembly deflection grows. This error can be related to the elastic energy 
stored in the model at a given imposed deflection. Plot the elastic energy contained in the 
model of Appendix B ·[ ] .over a range of first mode deflections from zero to 150 
percent of the maximum gap stack-up. Then [ ] and plot the 
elastic energy curves over the same range of first mode deflections. It is necessary to consider 
150 percent of the maximum gap stack-up to account for grid elastic compression. It is also 
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necessary to consider beginning-of-:life (BOL) and end-of-life (EOL) conditions. Provide the 
energy versus deflection curves and use them to justify the [ ] benchmark proposed in the TR. 

Section 6.1.1.2 of the TR states: "Forced vibration tests can be used in lieu of free vibration 
tests for fuel assembly dynamiG characterization for overlapping ranges of amplitudes." Clarify 
the intent of this sentence. Is the methodology proposing that free vibration tests can be 
replaced by forced vibration tests? 

The sample problem provided in the TR Appendix B provides a reasonable example of the 
application of the methodology but the loading conditions are relatively weak compared to the 
guide tube stress and grid impact force. This RAI requests AREVA to create an additional 
sample problem that increases the lateral seismic loads to approach the limits of the guide tube 
stress and grid impact force. It is anticipated that the only changes to the sample problem will 
be a set of revised core plate motions. Document the results of this new sample problem, 

. identify any other changes to the model documented in Appendix B, and provide the new core 
plate motions as digital data. 

RAl-10 

Section 5.3.1.1 of the TR states: "The transient hydrodynamic forces are the primary driver of 
the fuel assembly response. In cases where the core plate motions are shown to be negligible, 
this modeling of the core plates can be simplified to a rigid, stationary plate." 

• Clarify how core plate motions are shown to be negligible. What is to be done when 
they are not negligible? 

• Clarify how plant specific licensing bases affect the availability of vertical motion. 
• Clarify how the methodology will treat cases when vertical motion is not available. 
• Confirm the methodology will adopt this limitation: If vertical motion is not available, an 

explanation is required on a case-by-case basis. 

Revise the TR to provide the requested clarification and confirm the limitation regarding a lack 
· -- of vertical core-plate motio-n: -provide change pages: - ······ --· - - - - ·· ·· - -- - --

RAl-11 

The detailed procedure for defining the grid impact parameters appears to peimit grid. buckling 
below the allowable crushing load (PAcL) as long as the buckling takes place outside dimension 
toleran·ces. Is this the intent of the procedure or should the procedure state: "PAcL is never 
greater than buckling load, Pcrit?" 

RAl-12 

Regarding Section 6.2.2.1 of the TR, explain how grid slip load (a force) is related to the 
material modulus. 
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RAl-13 

Regarding Section 6.1.3.2 of the TR, clarify the damping [ 
during loss of offsite power (LOOP). Address the following poirits: . [ 

. [ 

. [ 

. [ 

. [ 

RAl-14 

] 

Figure D-13 oftheTR shows a [ 

RAl-15 

]. 

]. 

]. 

] proposed to be used 

]. 

Section 4 of the TR defines grid spacer acceptance criteria in the form of allowable plastic 
deformation for an operating basis earthq1..1ake and safe shutdown earthquake (SSE) plus 
loss-of-coolant accident (LOCA) (or LOCA alone). No maximum allowable permanent grid 

. deformation_is described for SSE-alone. Identify andjustify the maximum allowable permanenL 
grid deformation that the analysis methodology supports. Alternatively, provide a new 
methodology for justifying the maximum allowable permanent grid deformation under SSE-alone 
loads. As part of the response, describe the impact of permanent grid deformation on (1) local 
thermal-hydraulic conditions and departure from nucleate boiling calculations and (2) the 
performance of safety-related structures, systems and components to prevent or mitigate the 
consequences of accidents that could result in potential offsite exposures. Provide change 
pages to the TR. 

RAl-16 

AREVA typically checks the [ ] usihg the coefficient of 
determination, R2, but does not have an acceptance criteria. Identify and justify R2 acceptance 
criteria for [ ] to be modeled in the methodology. 
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RAl-17 

Clarify the use of the [ ]. The TR suggests that rotational 
springs are used in all cases, but [ 
use of rotational springs and the [ 

]. Clarify the 
]. Identify and justify error 

limits for tuning the model to the target mode.frequencies. 

RAl-18 

Clarify the process for determining the limiting deflection case for evaluation of non-grid 
component stresses. Explain how [ · ] 
are used to find the most limiting deflection shape. 

RAl-19 

A number of minor error corrections and clarifications were identified at the May 2017 audit. 
Provide change pages for any necessary corrections and clarifications. 

RAl-20 

The methodology is proposing to use new stress-based control rod insertability criteria. Guide 
tube stresses are calculated according to the methodology described in the TR and are 
compared to the insertability criteria. If the stresses meet the insertability criteria then control 
rod insertion is ensured. The technical basis for the insertion criteria is contained in an internal 
AREVA document, [ ], which includes experimental testing and _analysis 
related to inserting control rods into permanently deformed guide tubes. 

• Provide a summary of [ ]. 

o Include a summary of the materials and geometry of the guide tubes and control 
rods that were investigated with insertion testing. 

o Include a summary of the set of deformation shapes that were evaluated during 
insertion_ testing. 

-- --- ------ ---o -Include a summary of themagnitudeof deformations performed in testing-and · 
relate them to American Society o_f Mechanical Engineers Boiler and Pressure 
Vessel Committee stress· limits (primary membrane (Pm) and primary membrane 
plus bending (Pm+Pb)). 

o Include a summary of the geometric constraints in the core that limit the 
magnitude of deformation. 

o Include a summary of the relationship between guide tube deformation and 
control rod insertion times. 

o Did the testing and analysis consider three-dimensional guide tube deformation? 

• Section B.3.3.3.2 of the TR proposes different definitions for minimum strength (Sm) in 
non-irradiated and irradiated conditions. This indicates different guide tube deformation 
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levels are being proposed for non-irradiated and irradiated conditions. Explain how this 
was accounted for in the testing and analysis documented in [ ]. 



October 20, 2017 
NRC:17:043 

U.S. Nuclear Regulatory Commission 
Document Control Desk 
11555 Rockville Pike 
Rockville, MD 20852 

A 
AREVA 

Response to Request for Additional Information Regarding ANP-10337P "PWR Fuel Assembly 
Structural Response to Externally Applied Dynamic Excitations" 

Ref. 1: Letter, Pedro Salas (AREVA Inc.) to Document Control Desk (NRC), "Request for Review and 
Approval of ANP-10337P, 'PWR Fuel Assembly Structural Response to Externally Applied 
Dynamic Excitations'," NRC:15:035, August 31, 2015. 

Ref. 2: Letter, Jonathan G. Rowley (NRC) to Gary Peters (AREVA Inc.), "Request for Additional 
Information Regarding AREVA Inc. Topical Report ANP-10337P, 'PWR Fuel Assembly Structural 
Response to Externally Applied Dynamic Excitations' (CAC No. MF6753)," September 11, 2017 . 

. AREVA Inc. (AREVA) requested the NRC's review and approval of the topical report ANP-10337P, "PWR 
Fuel Assembly Structural Response to Externally Applied Dynamic Excitations" in Reference 1. The NRC 
provided a Request for Additional Information (RAI) in Reference 2. The response to this RAI is enclosed 
with this letter. 

In RAI 5 from Reference 2 the NRC requested information related to the code CASAC, its verification and 
validation, and the topical report example problem. The requested information is contained on the 
enclosed CD. The information contained on the enclosed CD is considered to be proprietary in its 
entirety. 

AREVA considers some of the information contained in the enclosed documents to be proprietary. As 
required by 10 CFR 2.390(b) an affidavit is enclosed to support the withholding of the information from 
public disclosure. Proprietary and non-proprietary versions of the RAI responses are enclosed. 

There are no commitments within this letter or its enclosures. 

AREVA INC. 

3315 Old Forest Road, Lynchburg, VA 24501 
Tel.: 434 832 3000 - www.areva.com 



Document Control Desk 
October 20, 2017 

NRC:17:043 
Page2 

If you have any questions related to this submittal, please contact Gayle F. Elliott, (Product Licensing 
Manager) by telephone at (434) 832-3347, or by e-mail at Gayle.Elliott@areva.com. 

Sincerely, 

~?~ 
Gary Peters, Director 
Licensing & Regulatory Affairs 
AREVA Inc. 
cc: J. G. Rowley 

Project 728 

Enclosures: 
1. Proprietary version of ANP-10337Q1P, Revision 0, "Response to Request for Additional 

lnformation-ANP-10337". 
2. Non-Proprietary version of ANP-10337Q1NP, Revision 0, "Response to Request for Additional 

lnformation-ANP-10337". 
3. CD containing the information requested in RAI 5. The CD is being provided only to J.G. Rowley 

of the NRC. 
4. Notarized Affidavit 



AFFIDAVIT 

COMMONWEAL TH OF VIRGINIA ) 
) ss. 

CITY OF LYNCHBURG ) 

1. My name is Nathan E. Hottle. I am Manager, Product Licensing, for AREVA 

Inc. (AREVA) and as such I am authorized to execute this Affidavit. 

2. I ain familiar with the criteria applied by AREVA to determine whether certain 

AREVA information is proprietary. I am familiar with the policies established by 

AREVA to ensure the proper application of these criteria. 

3. I am familiar with the AREVA information contained in the following document: 

ANP-1033701 P Revision 0, "Response to Request for Additional Information -ANP-10337," 

referred to herein as "Document." Information contained in this Document has been classified by 

AREVA as proprietary in accordance with the policies established by AREVA Inc. for the control 

and protection of proprietary and confidential information. 

4. This Document contains information of a proprietary and confidential nature 

and is of the type customarily held in confidence by AREVA and not made available to the 

public. Based on my experience, I am aware that other companies regard information of the 

kind contained in this Document as proprietary and confidential. 

5. This Document has been made available to the U.S. Nuclear Regulatory 

Commission in confidence with the request that the information contained in this Document be 

withheld from public disclosure. The request for withholding of proprietary information is made in 

accordance with 1 O CFR 2.390. The information for which withholding from disclosure is 



requested qualifies under 10 CFR 2.390(a)(4) "Trade secrets and commercial or financial 

information." 

6. The following criteria are customarily applied by AREVA to determine whether 

information should be classified as proprietary: 

(a) The information reveals details of AREVA's research and development plans 

and programs or their results. 

(b) Use of the information by a competitor would permit the competitor to 

significantly reduce its expenditures, in time or resources, to design, produce, 

or market a similar product or service. 

(c) The information includes test data or analytical techniques concerning a 

process, methodology, or component, the application of which results in a 

competitive advantage for AREVA. 

(d) The information reveals certain distinguishing aspects of a process, 

methodology, or component, the exclusive use of which provides a 

competitive advantage for AREVA in product optimization or marketability. 

(e) The information is vital to a competitive advantage held by AREVA, would be 

helpful to competitors to AREVA, and would likely cause substantial harm to 

the competitive position of AREVA. 

The information in this Document is considered proprietary for the reasons set forth in 

paragraphs 6(b), 6(c) and 6(d) above. 

7. In accordance with AREVA's policies governing the protection and control of 

information, proprietary information contained in this Document has been made available, on a 

limited basis, to others outside AREVA only as required and under suitable agreement providing 

for nondisclosure and limited use of the information. 

8. AREVA policy requires that proprietary information be kept in a secured file or 

area and distributed on a need-to-know basis. 



9. The foregoing statements are true and correct to the best of my knowledge, 

information, and belief. 

SUBSCRIBED before me this 

dayof 0~ 

Sherry L. McFaden 

\~ 
, 2017. 

NOTARY PUBLIC, COMMONWEAL TH OF VIRGINIA 
MY COMMISSION EXPIRES: 10/31/18 
Reg.# 7079129 

SHERRY L. MCFADEN 
Notary Public 

commonwnlth or Virginia 
7071129 

M COfflffllUIOft I Oct 31, 20111 



A 
AREVA 

Response to Request for Additional 
Information- ANP-10337 

PWR Fuel Assembly Structural Response 
to Externally Applied Dynamic Excitations 
Topical Report 

October 2017 

AREVA Inc. 

(c) 2017 AREVA Inc. 

ANP-10337Q1 NP 
Revision 0 



Copyright© 2017 

AREVA Inc. 
All Rights Reserved 

ANP-10337Q1 NP 
Revision 0 



AREVA Inc. 

Response to Request for Additional lnformation-ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report 

Item 
1 

Section(s) 
or Page(s) 
All 

Nature of Changes 

Description and Justification 
Initial Issue 

ANP-10337Q1 NP 
Revision 0 

Page i 



AREVA Inc. ANP-10337Q1NP 
Revision 0 

Response to Request for Additional Information- ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report Page ii 

Contents 

Page 

1.0 RAI 1 ................................................................................................................. 1-1 

2.0 RAI 2 ................................................................................................................. 2-1 

3.0 RAI 3 ................................................................................................................. 3-1 

4.0 RAI 4 ................................................................................................................. 4-1 

5.0 RAI 5 ................................................................................................................. 5-1 

6.0 RAI 6 ................................................................................................................. 6-1 

7.0 RAI 7 ................................................................................................................. 7-1 

8.0 RAI 8 ................................................................................................................. 8-1 

9.0 RAI 9 ................................................................................................................. 9-1 

10.0 RAI 10 ............................................................................................................. 10-1 

11.0 RAI 11 ............................................................................................................. 11-1 

12.0 RAI 12 ............................................................................................................. 12-1 

13.0 RAl13 ............................................................................................................. 13-1 

14.0 RAI 14 ............................................................................................................. 14-1 

15.0 RAI 15 ............................................................................................................. 15-1 

16.0 RAI 16 ............................................................................................................. 16-1 

17.0 RAI 17 ............................................................................................................. 17-1 

18.0 RAI 18 ............................................................................................................. 18-1 

19.0 RAI 19 ............................................................................................................. 19-1 

20.0 RAI 20 ............................................................................................................. 20-1 

21.0 REFERENCES ................................................................................................ 21-1 

22.0 MARKUP PAGES ............................................................................................ 22-1 



AREVA Inc. ANP-10337Q1 NP 
Revision 0 

Response to Request for Additional lnformation-ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report Page iii 

List of Tables 

Table 2-1 Grid Impact Sensitivity Study Results ......................................................... 2-4 

Table 15-1 DNBR Impact of a [ ] for a Loss of 
Flow Event. .............................................................................................. 15-4 

Table 19-1 Changes to ANP-10337P ........................................................................ 19-2 



-- ------~ 

AREVA Inc. ANP-10337Q1 NP 
Revision 0 

Response to Request for Additional lnformation-ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report Page iv 

List of Figures 

Figure 1-1 Schematic of Single Fuel Assembly Model for Horizontal Model 
(Alternative to Figure 5-2 of ANP-10337P) ................................................ 1-5 

Figure 3-1 Added Mass Schematic - Weak Confinement Case .................................. 3-7 

Figure 3-2 Added Mass Schematic- Strong Confinement Case ................................ 3-7 

Figure 3-3 Schematic of the Hydro-Dynamic Coupling Element ................................. 3-8 

Figure 4-1 Vertical Model with Benchmarking Parameters Identified ........ .' ................. 4-2 

Figure 6-1 Maximum Deflection from ANP-10337P Sample Problem ......................... 6-2 

Figure 7-1 Comparison of Strain Energy from Various Model Benchmarks ................ 7-3 

Figure 7-2 Comparison of Strain Energy from Various Model Benchmarks 
(Detail) ....................................................................................................... 7-4 

Figure 15-1 W17x17 MDNBR Differences ................................................................. 15-5 

Figure 15-2 W15x15 MDNBR Differences ................................................................. 15-6 

Figure 15-3 CE14x14 MDNBR Differences ............................................................... 15-7 

Figure 18-1 Illustration of Nodal Deflection Calculation ............................................. 18-4 

Figure 18-2 Illustration of Core Location Defined by Two Intersecting Rows in a 
Simple Core ............................................................................................. 18-5 

Figure 20-1 CIGARE 1300 - C Shape Drop Time vs. Deflection Amplitude and 
Flow Rate ................................................................................................ 20-8 

Figure 20-2 CIGARE 1300 - W Shape Drop Time vs. Deflection Amplitude and 
Flow Rate ................................................................................................ 20-9 

Figure 20-3 Schematic of C-Shape Gap Closure for Maximum Deflection .............. 20-10 

Figure 20-4 Schematic of W-Shape Gap Closure for Maximum Deflection ............. 20-11 

Figure 20-5 Determination of Level-C strain from Three-Point Bending Test 
Simulation .............................................................................................. 20-12 



,--------

AREVA Inc. 

Response to Request for Additional Information- ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report 

Acronym 

AOO 

ASME 

BOL 

DNB 

DNBR 

EOL 

FA 

FUV 

IFM 

ISG 

LOCA 

LOCF 

MDNBR 

NRC 

RAI 

SSC 

SSE 

V&V 

Nomenclature 

Definition 

Anticipated Operational Occurrence 

American Society of Mechanical Engineers 

Beginning of Life 

Departure from Nucleate Boiling 

Departure from Nucleate Boiling Ratio 

End of Life 

Fuel Assembly 

Fraction of Unexplained Variance 

Intermediate Flow Mixer 

Intermediate Space Grid 

Loss of Coolant Accident 

Loss of Coolant Flow 

Minimum Departure from Nucleate Boiling Ratio 

Nuclear Regulatory Commission 

Request for Additional Information 

Structures, Systems, and Components 

Safe Shutdown Earthquake 

Verification and Validation 

ANP-10337Q1 NP 
Revision 0 

Pagev 



AREVA Inc. ANP-10337Q1 NP 
Revision 0 

Response to Request for Additional lnformation-ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report 

Introduction 

The United States Nuclear Regulatory Commission (NRC) provided a request for 

additional information (RAI) regarding the topical report ANP-10337P, Revision 0 

(Reference 1) in Reference 2. A total of 20 questions were received from the NRC. 

The following sections provide the responses to the NRC questions. 
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1.0 RAI 1 

Question: 

Describe the seismic methodology for reactor cores comprised of mixed-vendor cores in 

a revision to the topical report (TR) (ANP-10337). This request for additional 

information (RAI) is requesting AREVA Inc. (AREVA) to provide change pages to the 

TR that will fully describe and discuss the methods, procedures, and modifications to 

the standard methodology that are necessary when modeling mixed-vendor cores. The 

changes to the TR should include differences in model damping, model finite element 

representation, and explain how vendor-specific test protocols affect the model 

construction. 

Response: 

Introduction 

Scenarios exist in which a reactor core may simultaneously contain fuel from different 

fuel vendors. For all fuel vendors that follow the guidance provided in Appendix A of 

SRP 4.2, the dynamic representation of the fuel is performed under the same general 

framework. This framework establishes a similar methodology and a common language 

that facilitates the transfer of basic fuel assembly characterization data between 

vendors for use in mixed-vendor core studies for fuel transitions. In this capacity, 

Appendix A of SRP 4.2 serves an important function by establishing an industry 

standard. 

Beyond basic characterization data that is typically shared between fuel vendors (e.g. 

frequency, stiffness, etc.), information regarding fuel performance against safety criteria 

is typically held as proprietary (e.g. spacer grid strength, design margins, etc.). 

Practical barriers limit access to proprietary information regarding non-AREVA fuel or 

prevent the characterization of this fuel through the test protocols in ANP-10337P. As 
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such, special exceptions must typically be made when representing fuel designed by 

fuel vendors other than AREVA. 

For the purposes of this response, the term "non-10337 fuel" is introduced to represent 

fuel for which certain exceptions to ANP-10337P are taken in the modeling of the fuel. 

These exceptions will be addressed in this response. The exceptions to be addressed 

apply to Sections 4, 5, and 6. Section 7 is unaltered for mixed-vendor core analyses. 

Section 8 will not be applied for non-10337 fuel. 

Section 4 

The evaluation of a fuel design to the regulatory requirements of Section 3 and the 

safety criteria of Section 4 is only valid for those designs in which ANP-10337P can be 

applied in its entirety. Non-10337 fuel is not evaluated against safety criteria by 

AREVA. Non-10337 fuel is only considered as a boundary condition element for which 

AREVA's fuel is evaluated. 

Section 5 

An equivalent dynamic representation (relative to the default model architecture defined 

in Section 5.2.1) used by other fuel vendors is to use rotational springs at the end fitting 

locations in lieu of springs at the spacer grid nodes (see Figure 1-1 ). When this model 

architecture and accompanying parameters are provided directly for non-10337 fuel, 

then this approach will be used without alteration. In cases where the general dynamic 

characterization (e.g. frequencies) is provided, the default method will be to use the 

modeling approach described in Section 5.2.1. 

Section 5.2.1.1 presents two forms of damping that can be applied: Rayleigh (Section 

5.2.1.1.1) or Generalized Proportional Damping (Section 5.2.1.1.2). In cases where 

mixed-cores contain fuel that is represented with unique damping characteristics, then 

Generalized Proportional Damping is used. Generalized Proportional Damping allows 

the definition of unique damping values on a per-assembly basis. Otherwise, the 

Page 1-2 
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Rayleigh damping method is the default form that is used when the damping of all 

assemblies can be uniformly characterized by a single set of conservative values. 

Note that Sections 5.2.2, 5.2.2.1.1, and 5.2.2.2 contain information to address the 

construction of row models for mixed (or heterogeneous) cores. 

Section 6 

The assembly testing defined in Section 6.1.1 (free vibration, forced vibration, and 

lateral stiffness) is not performed for non-10337 fuel. In lieu of performing testing, the 

representative dynamic characterization of this fuel is provided directly by the other fuel 

vendor. The form of this information can vary depending on the fuel vendor providing 

the information. This characterization is typically either provided in the form of the 

representative first and third mode frequencies or model parameters (e.g. rotational 

stiffnesses, etc.). Due to practical limitations in the exchange of proprietary information, 

details such as the non-linearity of the frequency response with respect to vibration 

amplitude, are typically not shared between fuel vendors. 

The dynamic grid impact testing defined in Section 6.1.2 (dynamic grid crush test and 

fuel assembly lateral impact tests) is not performed for non-10337 fuel. In lieu of 

performing testing, the representative dynamic characterization of the spacer grid is 

provided directly by the fuel vendor. This information is exchanged in the form of 

internal and external grid stiffness and damping parameters that have already been 

reduced from test data. Grid load limits (Section 6.1.2.3) are typically not exchanged 

between fuel vendors as this is proprietary information directly linked to fuel 

performance. Note that the applicability requirements for grid impact modeling in 

Section 2.2 are not verified by AREVA for non-10337 fuel. The establishment and 

justification of linear grid characterization parameters for non-10337 fuel is performed 

under methods that are proprietary to the other fuel vendor. 

When made available, damping values provided by other fuel vendors for non-10337 

fuel will be used in lieu of those specified in Section 6.1.3. Otherwise, the damping 

Page 1-3 
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values specified in Section 6.1.3 will be used as default values for non-10337 fuel. 

Regarding the consideration of loss-of-offsite power for non-10337 fuel, the adjustment 

of damping values will be performed to be proportionately consistent with any 

adjustments made under Section 6.1.3.3. 

Page 1-4 

Regarding the effect of vendor-specific test protocols on model construction, it can be 

concluded that for all vendors that follow the guidance of Appendix A of SRP 4.2, 

protocols are sufficiently similar to permit the construction of mixed core models. These 

mixed core models are reasonable and appropriate for the evaluation of AREVA fuel 

against safety criteria. 

With the exceptions noted above, the methodology in ANP-10337P is applied without 

alteration in the analysis of mixed-vendor cores. 

Change pages to ANP-10337P are provided in Section 22 of this document to replace 

Section 6.1.5 to be consistent with the information provided above. 
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Figure 1-1 Schematic of Single Fuel Assembly Model for Horizontal 
Model (Alternative to Figure 5-2 of ANP-10337P) 
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2.0 RAI 2 

Question: 

The gaps between spacer grids and neighboring grids and baffle plates are defined 

precisely in equations 5-7, 5-8, and 5-9. These equations do not include terms to 

update gaps according to accumulated plastic grid deformation. Justify the application 

of this methodology in cases where accumulated plastic deformation of spacer grids 

exceeds dimension tolerance. Propose and justify a grid deformation limit for this 

analysis methodology. 

Response: 

The spacer grid deformations allowed under this topical report are [ 

Therefore, this question can be addressed as an issue of gap sensitivity, and does not 

necessitate a transient deformation accumulation model. 

[ 

] 

] 
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[ 

] 

It is difficult to generalize the results of sensitivity studies such as these performed on a 

non-linear system to state that variations in gap sizes always have the same effect. 

NUREG/CR-1018 discusses the philosophy behind dealing with uncertainties such as 

this in this type of analysis. 

NUREG/CR-1018 addresses the issue of numerous uncertainties including gap size in 

this type of analysis. The fuel assembly itself has a non-linear frequency response with 

respect to amplitude of oscillation. The effect of varying gaps would be to alter the 

range of amplitude available to fuel assemblies prior to incurring impact. As stated on 

page 6 of NUREG/CR-1018, "non-linear systems with material and geometric 

nonlinearities may experience "resonant" conditions at any point in the response 

because the properties and boundary conditions of the system keep changing." The 
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sensitivity study addresses these non-linearities by ensuring that the system is not 

designed in a "resonant" range. NUREG/CR-1018 (Page 6) states, "Forcing function 

variations tend to test the overall subsystem stability to small changes in other 

parameters since input function frequency and magnitude shifts produce a response 

similar to that which would be obtained by varying such parameters as mass, stiffness, 

and gap sizes with the input force held constant." Furthermore, it also states (page 7), 

"Forcing function variations in a nonlinear fuel assembly analysis are not performed to 

determine conservatism, but rather to demonstrate system stability." 

In this kind of non-linear system, it is not clear that variations in gap sizes, one way or 

another would always produce the same effect (increase or decrease) on impact loads. 

As stated on page 8 of NUREG/CR-1018, "Conservatisms in a nonlinear (material and 

geometric) analysis are very difficult to quantify; a best estimate result rather than a 

conservative estimate result is to be strived for." AREVA adheres to this design 

philosophy for non-linear systems that are as large and complex as a full core of fuel 

assemblies. Keeping with the philosophy of NUREG/CR-1018, AREVA applies the 

sensitivity study recommended in the SRP as a means of checking the system 

sensitivity to various uncertainties, such as gap variations. 

Change pages have been added in Section 22 of this document to note [ 

] 
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AREVA Inc. 

Response to Request for Additional lnformation-ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report 

Table 2-1 Grid Impact Sensitivity Study Results 

11 FA Row 
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Table 2-1 Grid Impact Sensitivity Study Results (Continued) 

17 FA Row 
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3.0 RAI 3 

Question: 

Hydrodynamic coupling is an important feature of the modeling methodology, but 

information on the topic is not consolidated in the TR to the same extent that the other 

modeling topics are documented. This RAI requests AREVA to enhance the 

discussion of hydrodynamic coupling in the TR or to respond to this RAI with a 

consolidated explanation of hydrodynamic coupling and how it is modeled in the 

methodology. Details should include definitions and procedures for defining added 

water mass and the implementation of hydrodynamic coupling force. If this RAI is to be 

addressed in the TR, provide change pages for review. 

Response: 

Relative to BAW-10133PA, Addendum 1, no changes have been made to the modeling 

of hydrodynamic coupling. 

Page 3-1 

The hydro-dynamic coupling as implemented in ANP-10337P captures the two essential 

physical phenomena occurring when a solid is immersed in water, inside a containment, 

without sloshing: 

1. The reduction of the observed natural frequency 

This is due to the added kinetic energy contained in the fluid, as the fuel bundle 

moves laterally, and the surrounding water must move in the opposite direction 

and fill the void. To maintain the balance between the maximum strain energy 

and the maximum kinetic energy associated with the fuel assembly motion, the 

kinetic energy of the cooling water must be taken into account. This is 

accomplished by reducing the coolant kinetic energy to the degree of freedom of 

the fuel assembly in the form of the "added mass." The motion of the coolant 

requires an increase in flow velocity through the fuel rod gaps, substantially 

higher than the fuel assembly velocity. Since the added mass is introduced on a 
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slower moving degree of freedom for the purposes of matching kinetic energy, it 

is not uncommon for the added mass to be a multiple of the physically available 

water mass. 

2. Lateral Buoyancy 

This lateral buoyancy force results from the lateral acceleration of the reactor 

core basket. The lateral acceleration produces a lateral pressure gradient, 

which, in turn produces a net fluid force equal in magnitude to the mass of the 

displaced fluid times the lateral acceleration of the vessel, and acting in the 

direction of the acceleration. 

The general equation governing the motion of a structural element of mass m in a fluid 

filled container is given in Section 5.2.2.3 of ANP-10337P as: 

(m + mA)x+cx+kx =-(m-md)Xc (1) 

In the preceding equation the lower case coordinate x designates the relative 

displacement of the fuel assembly with respect to the baffle plate, while the upper case 

coordinate Xe designates the absolute displacement of the containment with respect to 

an inertial coordinate system. The added mass is denoted mA, and the coolant 

displaced mass is denoted md . 

The added mass concept is illustrated in Figure 3-1 and 3-2. Both figures show a 

submerged structure moving with a given velocity from position 1 to position 2. At the 

same time, the water present at position 2 has to move to position 1 and fill the void. 

The schematic in Figure 3-1 shows a weak confinement case, where the pool of water 

is much larger than the submerged structure. In this case, the water mass moves in the 

opposite direction, but with the same velocity as the structure in order to fill the void. 

Thus, the motion of the structure has a strong kinematic connection with the motion of 

the water. This makes it possible to condense the two degrees of freedom (the 

structure and the water to the degree of freedom of the structure, provided, the mass of 
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the structure is modified, such that the full kinetic energy of the structure and of the 

water are captured. In this case the added mass would simply be the displaced water 

mass, since the water mass moves with the same velocity as the structure, only in the 

opposite direction. Since the kinetic energy is proportional to velocity squared, the 

direction of motion has no bearing. In the schematic in Figure 3-2, the scale of the 

structure and that of the water pool are comparable. In this case, the water has to 

squeeze in between the structure and the confines of the pool, and through gaps in the 

structure in order to constantly fill the void left by the structure as it moves. As in the 

previous case, there is a strong kinematic link between the two motions, so it is possible 

to reduce the degree of freedom set to that of the structure. However, in order to 

account for the kinetic energy of the water, we need to increase the added mass to a 

value that can be even higher than the physically available water, such that, when 

multiplying this added mass by the square of the velocity of the structure (a lower 

velocity than that of the water) we capture the water kinetic energy correctly. This 

formulation offers the advantage that it reduces the degree of freedom set, and removes 

the hydraulic forces from the equations of motion (as long as the motion of the structure 

is the only quantity of interest). 

In the absence of the containment acceleration, the equation of motion takes the form of 

a homogeneous equation, of a linear oscillator the mass of which was increased by an 

amount mA, proportional to the displaced fluid mass. This way, the natural frequency of 

the submerged element will be less than the in-air natural frequency. 

Also, it can be noted that in the hypothetical case of constant containment acceleration 

and a relative equilibrium position, the static elastic force is equal to the "wet" lateral 

inertial load of the assembly, reproducing the Archimedes' Principle, where the mass of 

the element has to be decreased by the fluid displaced mass: 

(2) 
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The Equation 1, in this form is not very useful for a finite element implementation, 

because it combines relative and absolute coordinates, and the right-hand side is a load 

vector that has to be re-evaluated at every time step. A more practical form can be 

obtained by reverting to absolute coordinates. To this end, let us implement a change 

of variable, introducing the absolute displacement of the structure, X: 

(3) 

With the new set of absolute coordinates, Equation 1 becomes: 

Rearranging and cancelling out like terms we have: 

(5) 

The third term in the equation above is the coupling term, and based on Equation 5-15 

in Section 5.2.2.3 of ANP-10337P, can be written as: 

Equation 6 lends itself to a mass element formulation, since the terms containing the 

added and coupling mass multiply the absolute acceleration of the structural element 

and the containment respectively. The concept is shown in Figure 3-3. 

The hydrodynamic coupling element has two nodes: the first node at the grid node of 

the fuel assembly at each elevation, and the second node on the baffle plate at the 

same elevation. The element matrix is (per Equation 5-16 in Section 5.2.2.3 of 

ANP-10337P): 

(6) 

(7) 
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The core row model includes one hydrodynamic coupling element defined at every 

spacer grid elevation and every fuel assembly. The degrees of freedom are the spacer 

grid node lateral degree of freedom, x 
1 

, and the corresponding baffle plate node lateral 

degree of freedom xb. The mA and me quantities are discussed in Section 6.1.4 of 

ANP-10337P. One aspect of hydrodynamic modeling that is clarified in ANP-10337P, 

relative to BAW-10133PA, Addendum 1, is that the cross-sectional area of the fuel 

assembly should be calculated based on actual geometry that includes guide tubes. 

BAW-10133PA, Addendum 1 simplifies this to calculate a cross-sectional geometry 

based on an nxn array of fuel rods. There is no need for this simplification and the 

ANP-10337P uses a more accurate representation. 

The contribution of this element to the system equations of motion is: 

Page 3-5 

(8) 

The first line in Equation 8 is the contribution of the hydro-dynamic coupling element to 

the equation of motion of the fuel assembly grid. By comparison with Equation 6 it can 

be concluded that the element produces the correct terms in the equations of motion. 

The second line of Equation 8 is the element's contribution to the baffle node equation 

of motion. However, this equation is not solved because the baffle node has a pre

imposed motion, hence the equation is stricken out of the system matrices before 

solution. The hydro-dynamic coupling elements are aggregated into the system mass 

matrix during the matrix assembly phase, and the augmented mass matrix is used in 

solution. This way, the mass matrix has to be inverted only once, which gives 

substantial run time benefits. 

An extension of the application of this element is for the case of vertical seismic and 

LOCA. In this case the element connects the grid node with the core support plate 

node, and the degrees of freedom are the vertical grid node displacement, ji 1 , and the 

vertical core support plate displacement, Ye, with the positive y coordinate upwards. 
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] The contribution of the element to the equations of motion 

consists of two matrix products, the inertial effects, and the body force calculation due to 

gravity: 

(9) 

In the course of matrix assembly, the gravity terms are carried over to the right hand 

side of the equations. From equation 9 it can be seen that the contribution of the body 

force term after carryover to the right hand side is positive mdg, thus reproducing the 

Archimedes Principle even when the structure and containment are at rest. This way 

there is no need to artificially modify the fuel assembly weight to match the "wet" weight, 

and in the process under-predict impact loads. Also, by adjusting the water density 

properties to ambient, the model can reproduce the wet weighing test results. 
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Figure 3-1 Added Mass Schematic - Weak Confinement Case 
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Figure 3-3 Schematic of the Hydro-Dynamic Coupling Element 
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4.0 RAI 4 

Question: 

Provide a model sketch similar to Figure 5-7 of the TR that identifies the model 

parameters (i.e. , gapped spring stiffness, gapped damper coefficient, etc.) discussed in 

Section 6.2.3.1. 

Response: 

Figure 4-1 of this RAI response is taken from Figure 5-7 in ANP-10337P. Annotations 

have been added to identify the model parameters requested. 

Page 4-1 



AREVA Inc. 

Response to Request for Additional Information- ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report 

ANP-1033701 NP 
Revision 0 

Page 4-2 

Figure 4-1 Vertical Model with Benchmarking Parameters Identified 

Impact Response Axial Stiffness Response 

Damping elements not shown -
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5.0 RAI 5 

Question: 

NRG requested AREVA to supply high priority information to help advance the technical 

review prior to conducting the May 2017 audit. AREVA provided information 

electronically to address the following audit questions. This RAI requests AREVA to 

document the response to each of the following audit questions: 

• 38. (Appendix A) Identify which version of CASAC is to be used with this 

methodology. Provide the latest Validation and Verification (VnV) reports on the 

version of CASAC intended to be used with this methodology. Provide the VnV 

model input files, including CASAC input files and any ANSYS input files used to 

generate comparison results, on a DVD or external hard drive. This is a general 

request for VnV material that supports the current version of CASAC, including 

material that may exist but was not referenced in the TR. 

• 39. (Appendix A.1.1) This section lists 15 verification problems. Provide 

documentation of the verification problem results. Provide the CASAC model 

input files on a DVD or external hard drive. If the verification problems were 

compared to ANSYS (as was done in BAW-10133 for CASAC Version 4.1) 

provide the ANSYS model input files on a DVD or external hard drive. 

• 40. (Appendix A.1.2) The CASAC 4.1 Validation Report provided in BAW-10133 

Addendum 1 included seven verification problems that compare CASAC results 

to theoretical results and ANSYS results. The current TR does not include these 

specific verification problems and does not mention any comparison to ANSYS. 

Run the seven validation cases of the CASAC 4.1 Validation Report on the 

version of CASAC intended to be used in this methodology and compare them to 

ANSYS. Provide an updated validation report for the current version of CASAC 

(CASAC X.X). Provide the CASAC and ANSYS model input files on a DVD or 

external hard drive. 
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• 43. (Appendix B.3) Provide electronic core plate motions for the example 

problem described in Appendix B, on a DVD or external hard drive. Comma 

delimited ASCII files (*.CSV) of core plate motion data would be ideal. 

Response: 

Item 38 

CASAC v.5.4 (minor version 5.4.1) is consistent with ANP-10337P. The latest V&V 

report is enclosed with the transmittal letter for this RAI response. 

The version of CASAC used in the sample problem for ANP-10337P is CASAC v.5.4. 

Specifically, the minor version used is 5.4.1. The latest version of CASAC is version 

5.4.2, which includes a patch to address an anomaly. This patch is the result of 

standard quality control to keep the software version in compliance with the topical 

ANP-10337P. AREVA Inc. maintains all engineering calculation software packages in 

compliance with internal procedures. Included in this procedure for design control of 

software is a process for ensuring that minor software revisions do not invalidate 

licensing commitments. In this way the major version of CASAC (v5.4) will remain 

consistent with the methodology in ANP-10337P. Minor versions (5.4.1, 5.4.2, etc.) 

maintain compliance with the topical report and are verified through the same, if not 

expanded, V&V exercise. 

ANSYS is not used for verification. SYSTUS is used for independent verification. See 

the response to item 40, below. 

Item 39 

The verification report for CASAC is enclosed in response to Item 38. 

Page 5-2 
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Item 40 

As new versions of CASAC are introduced, each version is verified against a 

combination of known closed form solutions as well as numerical solutions from a 

comparable code, SYSTUS. SYSTUS is an equivalent of ANSYS and is a general 

purpose finite element code that is used in AREVA SAS (France), most commonly to 

simulate the external response of the reactor pressure vessel to external loading. 

SYSTUS was originally developed within AREVA, but is now independently owned and 

maintained by an external company (ESI). SYSTUS is still used internally by AREVA 

SAS, but the code is used in other industries as well. (Reference for SYSTUS: 

SYSTUS (ESI Group), Simulation software for advanced analysis in mechanics, 

electrotechnics and heat transfer. 

The reference solution from SYSTUS was established by using a non-linear modal 

superposition method together with Duhamel's integral semi-analytical integration 

scheme. This method is also implemented in CASAC and described in the CASAC 

Reference manual. Although the same non-linear modal superposition is available 

within CASAC, the CASAC solution was obtained by using the explicit integration 

scheme referred to as HAMMING predictor-corrector method. 

Page 5-3 

ANSYS was used in a limited capacity in the verification of CASAC v4.1, as referenced 

in BAW-10133PA, Rev. 1, Addendum 1. ANSYS was used in three verification 

problems, two of which were static responses and the third a modal analysis of a beam 

structure. However, the verification problem using SYSTUS tests the codes capabilities 

with [ ] Non-linear dynamics, Direct integration, [ 

] Modal damping, and seismic excitation in the time domain. In contrast, the 

ANSYS verification performed is a simple modal analysis of a 20 beam element with 

rotational springs. 

The capabilities of CASAC from version 4.1 to 5.4 have increased and the scope of 

validation exercises has increased as well. For CASAC 5.4.2 the number of verification 
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cases was expanded to a total of 20 cases. The original seven verification cases 

included in BAW-10133PA, Addendum 1 have been superseded by this expanded set 

of 20 cases. The capabilities verified in the original seven cases are included within the 

scope of the expanded set of 20 cases. Therefore, there is no value in performing 

additional verification against these old cases. 

Item 43 

The core plate motions for the sample problem are enclosed with the transmittal letter 

for this RAI response. 
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6.0 RAI 6 

Question: 

Define amplitude as it is used throughout the TR. Is it consistent in the TR and all 

supporting data? Peak-to-peak or single-sided? How is amplitude defined in the case of 

a free vibration pluck test? How does amplitude compare to the maximum deflection 

calculated in the horizontal CASAC models? 

Response: 

The question of amplitude definition is of relevance in interpreting free and forced 

vibration test data. The single-sided deflection amplitude at the point of release is used 

to define amplitude in the free vibration test. Forced vibration also uses a 0-to-peak 

definition in its interpretation. 

There is not a need to reconcile both free and forced vibration testing to the same 

definition of amplitude. The forced vibration test only provides a relative evaluation of 

[ ] The free vibration testing is done over a range 

of amplitudes that approximately represents the range of deflections expected to be 

encountered by the assembly in-core. 

The maximum deflection calculated from the sample problem occurs in the EOL 

condition, SSE, in the X-direction (see Figure 6-1 ). The maximum deflection is 

[ 

The deflection will be different for other applications. [ 

] 

] 
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Figure 6-1 Maximum Deflection from ANP-10337P Sample Problem 
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7.0 RAI 7 

Question: 

Fixing the horizontal fuel assembly model stiffness to [ 

] instead of modeling the stiffness as [ 

a [ 

fuel assembly model deflects [ 

] . The model is essentially 

]. When the 

] , the error between 

the model prediction and the real expected behavior of the fuel assembly deflection 

grows. This error can be related to the elastic energy stored in the model at a given 

imposed deflection. Plot the elastic energy contained in the model of Appendix B 

[ ] over a range of first mode deflections from zero to 150% of the 

maximum gap stack-up. Then [ ] and plot the elastic 

Page 7-1 

energy curves over the same range of first mode deflections. It is necessary to consider 

150% of the maximum gap stack-up to account for grid elastic compression. It is also 

necessary to consider beginning-of-life (BOL) and end-of-life (EOL) conditions. Provide 

the energy vs. deflection curves and use them to justify the [ ] benchmark proposed 

in the TR. 

Response: 

The requested comparison of elastic energy curves based on [ ] has 

been performed and is provided in Figure 7-1. The comparison in Figure 7-1 and Figure 

7-2 shows that a model tuned [ 

] Conversely, a model tuned to [ 

] For a given deflection, a 
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model tuned to [ 

] 

In addition to the request above, an additional comparison has been provided that 

compares [ 

] 

Based on the discussion above, it is concluded that a model tuned to [ ] provides a 

sound balance between a representative model and conservatism for high energy 

excitations. 

Page 7-2 

I 

i 

_J 



AREVA Inc. 

Response to Request for Additional lnformation-ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report 

Figure 7-1 Comparison of Strain Energy from Various Model 
Benchmarks 
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Figure 7-2 Comparison of Strain Energy from Various Model 
Benchmarks (Detail) 
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8.0 RAI 8 

Question: 

Section 6.1.1.2 states: "Forced vibration tests can be used in lieu of free vibration tests 

for fuel assembly dynamic characterization for overlapping ranges of amplitudes." 

Clarify the intent of this sentence. Is the methodology proposing that free vibration tests 

can be replaced by forced vibration tests? 

Response: 

It is difficult, if not impossible, with current test equipment, to achieve vibration 

amplitudes on the order of dmax in forced vibration testing. However, if this were 

achievable, then a single forced vibration test should provide all the necessary 

information required to characterize a fuel assembly [ 

] lfnew 

equipment becomes available the forced vibration tests may in the future replace free 

vibration tests. 
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9.0 RAl9 

Question: 

The sample problem provided in the TR Appendix B provides a reasonable example of 

the application of the methodology but the loading conditions are relatively weak 

compared to the guide tube stress and grid impact force. This RAI requests AREVA to 

create an additional sample problem that increases the lateral seismic loads to 

approach the limits of the guide tube stress and grid impact force. It is anticipated that 

the only changes to the sample problem will be a set of revised core plate motions. 

Document the results of this new sample problem, identify any other changes to the 

model documented in Appendix B, and provide the new core plate motions as digital 

data. 

Response: 

The sample problem presented in Appendix B of ANP-10337P has been updated and 

replaced with the following two changes: 

1 Updated properties for the lateral spacer grid impact model. 

A new set of external and internal stiffness and damping parameters has been 

provided for the Spacer Grid Model in Table B-1 of AN P-10337P. 

2 Updated time histories. 

The lateral safe shutdown earthquake (SSE) time histories have been amplified 

by a factor of three. The altered time histories replace those represented by 

Figure B-10 through Figure B-13 in ANP-10337P. All other time histories (lateral 

and vertical LOCA and vertical SSE) remain unaltered from the original 

ANP-10337P sample problem. 

Change pages to ANP-10337P are provided in Section 22 of this document to update 

Appendix B to reflect the new inputs and results for this problem. 

Page 9-1 
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10.0 RAI 10 

Question: 

ANP-10337Q1 NP 
Revision 0 
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Section 5.3.1.1 of the TR states: "The transient hydrodynamic forces are the primary 

driver of the fuel assembly response. In cases where the core plate motions are shown 

to be negligible, this modeling of the core plates can be simplified to a rigid, stationary 

plate." 

• Clarify how core plate motions are shown to be negligible. What is to be done 

when they are not negligible? 

• Clarify how plant specific licensing bases affect the availability of vertical motion. 

• Clarify how the methodology will treat cases when vertical motion is not 

available. 

• Confirm the methodology will adopt this limitation: If vertical motion is not 

available, an explanation is required on a case-by-case basis. 

Revise the TR to provide the requested clarification and confirm the limitation regarding 

a lack of vertical core plate motion. Provide change pages. 

Response: 

The last two sentences of the second paragraph of Section 5.3.1.1 will be deleted. With 

this change, the four points requested in this RAI are no longer relevant. 
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11.0 RAI 11 

Question:, 

. The detailed procedure for defining the grid impact parameters appears to permit grid 

buckling below the allowable crushing load (P AcL) as long as the buckling takes place 

outside dimension tolerances. Is this the intent of the procedure, or should the 

procedure state: "PAcL is never greater than buckling load, Pcrit?" 

Response: 

[ 

] 
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12.0 RAI 12 

Question: 

ANP-10337Q1 NP 
Revision 0 
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Regarding Section 6.2.2.1 of the TR, explain how grid slip load (a force) is related to the 

material modulus. 

Response: 

The slip load is established based on the grip force between the spacer grid cell and the 

fuel rod. This is related to the stiffness of the spacer grid spring. The stiffness of the 

spacer grid spring will scale with modulus and thus the grip force on the rod will also 

scale. This grip force directly correlates with the slip load force required to push rods 

through the grid. 
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13.0 RAI 13 

Question: 

Regarding Section 6.1.3.2 of the TR, clarify the damping [ ] proposed to be 

used during loss of offsite power (LOOP). Address the following points: 

. [ 

. [ 

. [ 

. [ 

. [ 

Response: 

] 

] 

] 

Damping Ratios for the Non-Irradiated Condition: 

] 

] 

As shown in Section C.2 of ANP-10337P, the temperature adjusted damping ratio 

based on a test of a non-irradiated bundle is [ 

] 
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[ 

] 

Applying the same temperature scaling method (see Equation C-1) for the damping 

ratio measured at [ 

] 

Damping Ratios for the Irradiated Condition: 

Page 13-2 
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Applying the same treatment for the irradiated condition using the values presented in 

Section C.3 of ANP-10337P, the temperature adjusted damping ratio, taken from test 

data presented in Figure C-5, [ 

] 

Applying the same temperature scaling method (see Equation C-1) for the damping 

ratio measured at [ 

] 

Change pages to ANP-10337P are provided in Section 22 of this document to add 

Section 6.1.3.3.1. The new Section 6.1.3.3.1 addresses this response. 
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14.0 RAI 14 

Question: 

Figure D-13 shows a [ 

] . 

Response: 

[ 
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[ 

] 
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15.0 RAI 15 

Question: 

Section 4 defines grid spacer acceptance criteria in the form of allowable plastic 

deformation for OBE and SSE+LOCA (or LOCA-alone). No maximum allowable 

permanent grid deformation is described for SSE-alone. Identify and justify the 

maximum allowable permanent grid deformation that the analysis methodology 

supports. Alternatively, provide a new methodology for justifying the maximum 

allowable permanent grid deformation under SSE-alone loads. As part of the response, 

describe the impact of permanent grid deformation on (1) local thermal-hydraulic 

conditions and DNB calculations and (2) the performance of safety-related SSCs to 

prevent or mitigate the consequences of accidents that could result in potential offsite 

exposures. Provide change pages to TR. 

Response: 

Maximum Spacer Grid Deformation Limits 

The topical report will be modified to contain an additional limitation on the maximum 

spacer grid deformation for SSE, LOCA and SSE+LOCA events. This limitation will be 

in addition to the limitations currently in the topical report. [ 

The justification for spacer grid deformation in the topical report is considered to be 

sufficient for deformations up to the maximum values proposed above. 

Change pages to ANP-10337P are provided in Section 22 of this document to reflect 

this change. In addition, Appendix E will be deleted and Appendix F renumbered to 

Appendix E. 

Impact of Spacer Grid Deformation on DNB for SSE Only Loads 

] 



AREVA Inc. ANP-10337Q1NP 
Revision O 

Response to Request for Additional Information- ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report 

As discussed in Chapter 3 Regulatory Requirements AREVA does not believe that 

DNBR is a criterion for an SSE only event. [ 

] 

Modeling Basis 

Three fuel assembly types were evaluated to illustrate [ 

] a Westinghouse 17x17 HTP, a Westinghouse 15x15 

and a CE 14x14 HTP. Two models were created for the study for each fuel assembly 

type: 

1. A "base" model to be used as a basis for comparison 

2. [ ] 

[ 

] 

Page 15-2 
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Impact 

The base and deformed model were used to evaluate the limiting loss of flow event for 

the three fuel types in a representative plant. The results are presented in Table 15-1. 

[ 

] 

The base and deformed model were also used to evaluate all AOOs for representative 

plant for each fuel assembly type. The results are presented in Figure 15-1 through 

Figure 15-3. [ ] 

Conservatisms 

There are several characteristics of the evaluation that result in conservatisms for the 

[ ] calculated: 

1. [ 

] 

2. [ 

] 

3. [ 

1 
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Interior Fuel Assemblies versus Exterior Fuel Assemblies 

[ 

] 

Conclusion 

[ 

] 

Performance of Safety Related SSC 

The performance of safety related SSCs is addressed in Chapter 3 of the FSARs. This 

is not a topic that is addressed by this topical report. This topical report looks at the 

impact of SSE, LOCA or SSE+LOCA from a load perspective on the fuel assembly and 

other safety related SSCs are assumed to function as required. This topical report 

evaluates the criteria defined in the Standard Review Plan for an SSE, LOCA or 

SSE+LOCA from a load perspective and can be used to demonstrate that the criteria 

are met. 

Table 15-1 DNBR Impact of a [ ] for a 
Loss of Flow Event 
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Figure 15-1 W17x17 MDNBR Differences 
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Figure 15-2 W15x15 MDNBR Differences 
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Figure 15-3 CE14x14 MDNBR Differences 
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16.0 RAI 16 

Question: 

AREVA typically checks [ ] using the 

coefficient of determination, R2
, but does not have an acceptance criteria. Identify and 

justify R2 acceptance criteria for [ ] to be 

modeled in the methodology. 

Response: 

[ 

] 

Change pages to ANP-10337P are provided to modify Section 6.1.2.1.2 to add the R2 

criteria. 

Page 16-1 
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17.0 RAI 17 

Question: 

Clarify the use of the [ ] . The TR suggests that 

rotational springs are used in all cases, but [ 

]. Clarify the use of rotational springs and [ 

]. Identify and justify error limits for tuning the model to the target mode 

frequencies. 

Response: 

[ ] can typically be matched with acceptable 

error by just tuning the rotational spring. Tuning the model by varying the rotational 

spring alone is the default choice. [ 

] 

The error limits for tuning the model are [ 

] As noted on page 6 of 

NUREG/CR-1018, "Forcing function variations tend to test the overall subsystem 

stability to small changes in other parameters since input function frequency and 

magnitude shifts produce a response similar to that which would be obtained by varying 

such parameters as mass, stiffness, and gap sizes with the input force held constant." 

[ 

] 
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Change pages to ANP-10337P are provided in Section 22 of this document to modify 

Section 6.1.1 to add the error limits for benchmarking the model. 
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18.0 RAI 18 

Question: 
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Clarify the process for determining the limiting deflection case for evaluation of non-grid 

component stresses. Explain how [ 

] are used to find the most limiting deflection shape. 

Response: 

Unlike the spacer grid impact loads, which can be analyzed in one ~imension, the non

grid component stresses that result from lateral bending are the result of a cumulative 

loading in two orthogonal directions (X and Z). The process of evaluating this stress 

·state has two unique challenges: (1) the identification of the critical deflection shapes 

(X and Z) to analyze for component stresses, and (2) the construction of a cumulative 

load state from models that independently analyze loadings in each dimension. 

Identification of Critical Deflection Shapes: 

The first challenge is in identifying the critical deflection shapes that should be 

considered when calculating stresses. The component stresses are derived by 

analyzing the response of a detailed fuel assembly finite element model to the imposed 

deflections calculated from the lateral analysis. Considering the number of row models 

evaluated in a typical analysis, multiplied by the number of time steps in each row 

model analysis, the number of individual fuel assembly deflection configurations to 

consider from a typical analysis would be a few million. Given this large volume of data, 

it is prohibitive to perform a detailed finite element evaluation for each unique 

configuration. The practical solution to this problem introduced by ANP-10337P is to 

perform a review of parameters that are directly output from the lateral analysis. These 

parameters define the critical deflection shapes, defined by time step and core location, 

that correlate to the maximum component stresses. [ 

] 
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Construction of Cumulative Load State: 
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Figure 18-2 provides a simple illustration of how the motion of a single fuel assembly in 

both X and Z directions is defined from the output of two independent row models. The 

X and Z motions of the fuel assembly denoted by the purple core location is the 

intersection of the red and blue rows. Specifically, the purple location is defined as the 

intersection of the second assembly from the left of the ?-assembly row analyzed in the 

X-direction (red) and the fourth assembly from the left of the 5-assembly row analyzed 

in the Z-direction (blue). 

[ 

] 



AREVA Inc. 

Response to Request for Additional lnformation-ANP-10337 
PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations Topical Report 

Figure 18-1 Illustration of Nodal Deflection Calculation 
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Figure 18-2 Illustration of Core Location Defined by Two Intersecting 
Rows in a Simple Core 

z 
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ANP-10337Q1 NP 
Revision 0 

Page 19-1 

A number of minor error corrections and clarifications were identified at the May 2017 

audit. Provide change pages for any necessary corrections and clarifications. 

Response: 

Table 19-1 provides a listing of changes made to ANP-10337P as a result of various 

errata noted after submittal. Change pages to ANP-10337P are provided in Section 22 

of this document, consistent with the changes noted in Table 19-1. 
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Table 19-1 Changes to ANP-10337P 

New Page Original Page 
Section Number Comments Number 

3.1 3-1 Added reference to 10 CFR 100 Appendix A. 3-1 

3.1.2 3-3 Deleted content regarding offsite exposure. 3-3 

3.1.2 3-4 
Deleted statement regarding accident induced 3-4 
loads. 

3.1.2 3-5 Clarified consideration of QBE. 3-5 

3.1.2 3-5 Corrected reference to point to 10 CFR 50. 3-5 

3.1.4 3-7 
Deleted statement regarding radiological 3-7 
consequences of fuel failure. 

4.3 4-7 
Added statement regarding special fuel rod 4-7 
criterion. 

5.2.2.2 5-12 Typo. 5-12 

Table 5-2 5-31 Footnote added. 5-27 

Figure 5-2 5-33 Typo. 5-29 

Figure 5-7 5-38 Typo. 5-34 

6.1.1.1 6-3 
Clarified use of damping ratio from free vibration 6-3 
test. 

6.1.1.2 6-5 
Clarified the importance of the third mode 6-5 
frequency. 

6.1.2.1.1 6-8 Corrected typo in equation 6-4. 6-8 

[ 6-8 
6.1.2.1.1 6-8 

] 
[ 6-10 

6.1.2.1.2 6-10 
] 

6.1.2.2 6-13 
Expanded definition of Young's modulus in 6-13 
Equation 6-6. 

6.1.4 6-20 Added note to Equation 6-9 6-18 

Figure 6-1 6-39 Typo. 6-35 

8.1.1.1 8-3 Typo. 8-3 

8.1.1.1 8-4 Typo. 8-4 

B.2.1.1.3 B-4 Clarified definition of elastic modulus B-4 

Figure F-9 F-18 Replaced with correct figure. F-18 
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20.0 RAI 20 

Question: 

The methodology is proposing to use new stress-based control rod insertability criteria. 

Guide tube stresses are calculated according to the methodology described in the TR 

and are compared to the insertability criteria. If the stresses meet the insertability 

criteria then control rod insertion is ensured. The technical basis for the insertion 

criteria is contained in an internal AREVA document, [ ], which 

includes experimental testing and analysis related to inserting control rods into 

permanently deformed guide tubes. 

• Provide a summary of [ ] 

o Include a summary of the materials and geometry of the guide tubes and 

control rods that were investigated with insertion testing. 

o Include a summary of the set of deformation shapes that were evaluated 

during insertion testing. 

o Include a summary of the magnitude of deformations performed in testing 

and relate them to American Society of Mechanical Engineers Boiler and 

Pressure vessel Committee stress limits (primary membrane (Pm) and 

primary membrane plus bending (Pm+Pb)). 

o Include a summary of the geometric constraints in the core that limit the 

magnitude of deformation. 

o Include a summary of the relationship between guide tube deformation 

and control rod insertion times. 

o Did the testing and analysis consider three-dimensional guide tube 

deformation? 
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• Section B.3.3.3.2 of the TR proposes different definitions for minimum strength 

(Sm) in non-irradiated and irradiated conditions. This indicates different guide 

tube deformation levels are being proposed for non-irradiated and irradiated 

conditions. Explain how this was accounted for in the testing and analysis 

documented in [ ]. 

Response: 

Provide a summary of [ ]: 

The main test campaign discussed in this document is CIGARE. The tests were 

performed in a loop circulating coolant, at ambient and partial temperatures. The 

program consisted of drag force and drop time measurements with various test 

parameters and fuel assembly deflections. For the 17x17 14 ft assembly the test 

parameters were as follows: 

[ 

[ ] 

] 

Page 20-2 

The results of this test program retained for this discussion are the mode 1 and mode 3 

drop times as a function of amplitude. We don't consider mode 2, because mode 2 is a 

zero participation factor mode and it is difficult to excite by lateral inertial loading. The 

temperature of these tests is much lower than operating temperature. [ 

] This makes these test results conservative, and as such they can be used 

directly for comparison purposes, with substantial margin. 
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Include a summary of the materials and geometry of the guide tubes and control rods 

that were investigated with insertion testing: 

Page 20-3 

The main test campaign discussed in this document is the CIGARE tests, which 

were performed on actual 17x17 fuel assemblies, using corresponding actual RCCA 

assemblies. The materials were Zr-4 alloys and the geometry was the typical 17x17 

arrangement with a 0.496 inch fuel rod pitch. 

Include a summary of the set of deformation shapes that were evaluated during 

insertion testing: 

The following deformed shapes were evaluated in the CIGARE test campaign: 

Include a summary of the magnitude of deformations performed in testing and relate 

them to ASME BPVC Pm and Pm+Pb stress limits: 

It is important to point out that these tests are focused on the effect of lateral fuel 

assembly deformation on drop time. These tests are performed without regard as to 

how that deformation was achieved. The drop time results are primarily controlled 

by the lateral deflection of the guide tube, and are deemed independent of the 

material response (purely elastic or elastic-plastic strain). 
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In this test, due to the low temperatures and the corresponding high yield strength of 

the zirconium alloy materials, the fuel assembly components were maintained within 

the elastic range during testing. Therefore, the fuel assembly deflections covered in 

the drop time tests must be compared to the residual deformation a fuel assembly 

would have if subjected to a total deformation capable of challenging the Level C 

stress limits. This assessment has been performed through analytical studies on an 

elastic-plastic model in which lateral loading was applied to the fuel assembly and 

comparisons were made between the elastic limit and the Level C limit point in mode 

1 and mode 3. The permanent deflection after reaching the Level C limit in the 

limiting Guide Tube (treated individually) was computed by simply removing the 

load, without reversal, which is conservative compared to the way the loading on a 

real fuel assembly would unfold. For mode 1, the total lateral fuel assembly 

deflections that result in Level C limits are typically in the order of [ 

] For mode 3, an elastic

plastic finite element model is used to define the correlation between total lateral 

deflection and residual deflection. The total deflection reached in order to produce 

[ ] When this total 

deflection is applied to an elastic finite element model, the elastically-calculated 

stresses exceed the Level C limits. Thus, Level C limits calculated on an elastic 

material finite element model, in accordance with guidance from the ASME B&PV 

code as discussed in [ ], will limit the mode 3 residual 

deformations to within the tested range. 

Regarding the definition of Level C limits in accordance with ASME B&PV code, the 

sample problem in Appendix B erroneously defines Sm as the minimum of either 1/3 

Su or 0.9 Sy in the non-irradiated condition. A change page is included to modify this 

to the minimum of either 1 /3 Su or 2/3 Sy. 
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Include a summary of the geometric constraints in the core that limit the magnitude of 

deformation: 

A distinction is drawn between mode 1 (a one sided deflection mode) and the higher 

modes (two-sided deflection modes). A schematic of the maximum attainable fuel 

assembly deflection in mode 1 is shown in Figure 20-3. From this figure it can be 

seen that the maximum deflection possible occurs in a peripheral fuel assembly, as 

all the assemblies occupy a gradually larger mode 1 configuration, and the core 

gaps all collapse on the same side. Intuitively, this is consistent with a seismic 

event. Therefore, the maximum available deformation for a fuel assembly in mode 1 

would be the sum of the collapsed core gaps, plus the elastic deflection of the grids. 

By contrast, the higher modes are two-sided deformation modes, and therefore, in 

order to maximize the deflection in mode 3 (Figure 20-4) an un-realistic pattern of 

deformation must occur. The fuel assembly with the largest deformation is the one 

in the center, and all the assemblies occupy the same mode of deformation but with 

gradually smaller maximum deflections as they are closer to the periphery. In this 

mode, the maximum deflection is only half of the collapsed core gaps. This mode of 

deformation has no physical basis, as no inertial excitation uniformly applied to the 

core plates can produce it. Furthermore, this pattern of deformation would require a 

zero participation in the response from mode 1, which is a practical impossibility, 

especially given that the susceptibility of mode 1 to inertial loading (as reflected by 

the participation factor) is much higher (normally -3.5 times) than that of mode 3. 

Include a summary of the relationship between guide tube deformation and control rod 

insertion times: 

The control rod drop test results for the mode 1 (C shape) deformation are 

presented in Figure 20-1 in the form of two sets of curves: time to dash pot (T5), and 

subsequent time to full insertion (T6). The T5 data shows a [ 

] 
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[ 

] 

As noted above, the level of residual deformation in pure mode 1 and mode 3 

resulting from reaching the Level C limit is approximately [ 

Page 20-6 

] 

respectively. This level of permanent deformation is at or lower than the deflections 

tested for drop time. 
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Did the testing and analysis consider three-dimensional guide tube deformation?: 

The tests were performed with two-dimensional shapes in which the deflection was 

applied in one lateral direction. The analytical study was performed postulating both 

2-D and 3-D loading on the fuel assembly, and the most demanding cases were 

retained for comparison with the available core gap space and the drop time tests. 

TR Section B.3.3.3.2 proposes different definitions for Sm in non-irradiated and 

irradiated conditions. This indicates different guide tube deformation levels are being 

proposed for non-irradiated and irradiated conditions. Explain how this was accounted 

for in the testing and analysis documented in [ . ]: 

In ANP-10337P, the Level C limit is implemented via elastic analysis, which is the 

most conservative implementation. This simplifies the analysis in that there is no 

need to derive distinct elastic-plastic material models for the non-irradiated and 

irradiated condition. The strain limits that define the Level C limit are independent of 

the value of the yield strength of the material, [ 

] This strain has been derived from the guide 

tube segment tests discussed in Appendix F of ANP-10337P, by equating the design 

based limit load with the load on the test curve (see Figure 20-5). 

The only difference the irradiated condition imparts on the Level C stress limit is that 

the [ ] will occur at higher levels of actual stress, as is to be 

expected, since the yield strength of the material is - 200% higher compared to the 

non-irradiated condition. 

The definition of Sm in either the non-irradiated or irradiated condition follows the 

same principles in Section II of the ASME Code. The applicability of the Sm 

definition to the guide tube irradiated condition is justified by the substantial total 

ultimate elongation Zr-4 and MS® materials have in the irradiated state. 
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Figure 20-1 CIGARE 1300 - C Shape Drop Time vs. Deflection 
Amplitude and Flow Rate 
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Figure 20-2 CIGARE 1300 - W Shape Drop Time vs. Deflection 
Amplitude and Flow Rate 
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Figure 20-3 Schematic of C-Shape Gap Closure for Maximum 
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Figure 20-4 Schematic of W-Shape Gap Closure for Maximum 
Deflection 
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Figure 20-5 Determination of Level-C strain from Three-Point 
Bending Test Simulation 
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Appendix A provides information on the AREVA finite element code used for horizontal 

and vertical analysis . This appendix also provides experimental results of fuel assembly 

seismic tests that are used to validate the methodology and finite element code. 

Appendix B summarizes the application of the methodology within this topical report to a 

sample problem. 

Appendix C presents the information necessary to support derived values of percent 

critical damping used in the methodology. 

Appendix D provides experimental results on the spacer grid strength for irradiated and 

non-irradiated conditions, which are used to support the definition of grid strength 

criteria in the methodology. 

Appendix E provides the methodology used to evaluate the effect of grid deformation on 

EGGS coolability evaluations. 

Appendix F-E provides justification for the application of specific guide tube stress limits 

in the analysis of SSE and LOCA events. 
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2.2 Spacer Grid Behavior 
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As noted in Section 2.1, lateral impacts between fuel assemblies are transmitted 

through the spacer grids. To characterize this impact phenomenon, a spacer grid 

impact element is defined within the fuel assembly model. This element is described in 

Section 5.2.2.2 and Section 6.1.2.1.1 as a [ 

] In this case, the methodology 

can be shown to appropriately predict peak impact loads and rebound velocity. [ 

] 
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3.1 Definition of Regulatory Requirements 
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The methodology described in this report is intended to address the licensing 

requirements defined in 10 CFR Part 50. Specifically, this section will discuss the 

pertinent requirements defined in Appendices A and S (References 1 and 2) and 10 

CFR Part 50.46 (Reference 6). Note that some plants are licensed under 10 CFR 100 

Appendix A Section VI (a)(3) instead of 10 CFR 50 Appendix S. This section will also 

discuss the guidance pertaining to these criteria provided in NUREG-0800, Chapter 4.2 

(Reference 3). 

3.1.1 10 CFR Part 50, Appendix A 

The General Design Criteria (GDC) from Appendix A of 10 CFR Part 50, which are 

addressed within this topical are the following: 

• GDC 2: Design bases for protection against natural phenomena 

"Structures, systems, and components important to safety shall be designed to 

withstand the effects of natural phenomena such as earthquakes, tornadoes, 

hurricanes, floods , tsunami , and seiches without loss of capability to perform their 

safety functions. The design bases for these structures, systems, and components 

shall reflect: (1) Appropriate consideration of the most severe of the natural 

phenomena that have been historically reported for the site and surrounding area, 

with sufficient margin for the limited accuracy, quantity, and period of time in which 

the historical data have been accumulated , (2) appropriate combinations of the 

effects of normal and accident conditions with the effects of the natural phenomena 

and (3) the importance of the safety functions to be performed." 

This GDC requires fuel to be designed to withstand natural phenomena such as 

earthquakes without a loss of capability to perform safety functions . This GDC also 

requires an appropriate combination of the effects of normal and accident conditions 

with the effects of the natural phenomenon. 
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In summary, generic design criteria 2 establishes the need to evaluate the structural 

response of the fuel under both seismic and LOCA loadings. Generic design criteria 27 

and 35 establish the basis for shutdown requirements following a seismic or LOCA 

event and coolability following a LOCA event. 

Further detail regarding the regulatory requirements for seismic and LOCA evaluations 

are attained from Appendix S of 10 CFR Part 50 and 10 CFR Part 50.46 , respectively. 

3.1.2 10 CFR Part 50, Appendix S 

Appendix S of 10 CFR Part 50 implements GDC 2 as it pertains to seismic events, and 

defines specific earthquake engineering criteria for nuclear power plants. This appendix 

establishes definitions for the Safe Shutdown Earthquake (SSE), Operating Basis 

Earthquake (OBE) and safety requirements for relevant structures, systems, and 

components (SSCs). These SSCs must assure the integrity of the reactor coolant 

boundary, the capability to shut down the reactor and maintain it in a safe-shutdown 

condition, and the capability to prevent or mitigate the consequences of accidents that 

could result in potential offsite exposures. Regarding the potential for offsite exposures, 

10 CFR Part 100 (Reference 7) prescribes the requirement to evaluate radiological 

dose consequences associated with a postulated reactor accident while 10 CFR Part 

50.34 (Reference 8) establishes guideline exposure levels. 10 CFR Part 50.67 

(Reference 19) also addresses the requirements for accident source term considered in 

design basis radiological consequence analyses. These regulatory requirements 

clearly specify that fuel rod failures , defined as a loss of the fuel rod hermeticity, are 

permitted during postulated accidents and must be accounted for in the dose analysis . 
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For SSE events, Appendix S of 10 CFR Part 50 defines the following requirements 

associated with fuel assemblies and their components : 

a. During SSE events certain Structures Systems and Components (SSCs) must 

remain functional and within applicable stress, strain and deformation limits. 

Furthermore, concurrent to seismic loads, additional loads due to normal 

operating , functional and accident-induced load conditions must be taken into 

account as appropriate in the design of these safety-related SSCs. Accident 

induced load conditions caused by seismic events will be accounted. 

b. The required safe functions of SSCs must be assured during and after the 

vibratory motion caused by SSE ground motion through design , testing, or 

qualification methods. 

c. It is permissible to design for strain limits in excess of yield strain in some of 

these safety-related SSCs during the SSE ground motion and under the 

postulated concurrent loads, provided the necessary safety functions are 

maintained. 

The regulatory requirements for SSE events, stated above, indicate that functional 

integrity, rather than structural integrity, of certain SSCs must be assured . Further, the 

functional integrity requirement must be met not only for SSE events alone, but also as 

appropriate for combined loads from SSE, Normal Operation , and functional and 

accident-induced events. This functional integrity must be established during and after 

the duration of the aforementioned combined events. Nevertheless, it is permitted to 

design SSCs for non-elastic operation for SSE events as long as the functional integrity 

requirement is met. 
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The regulation in Appendix S of 10 CFR Part 50 also specifies that an OBE event does 

not need to be considered supported by explicit response or design analysis if its 

severity is 1/3 or less of the SSE ground motion associated with the same system. For 

OBE events with a severity greater than 1/3 of the SSE ground motion, an analysis 

must be performed , in combination with normal operating loads, to demonstrate that all 

SSCs necessary for continued safe operation will remain functional and within 

applicable stress, strain, and deformation limits. 

Section Vl(a)(3) in Appendix/\ of 10 CFR Part 1 OOSection IV (a)(4) in Appendix S of 10 

CFR 50 does require suitable instrumentation such that the seismic response of plant 

features that are important to safety can be determined promptly to support a decision 

regarding the continued safe operation of the plant. The requirement is discussed in 

further detail in Regulatory Guide 1.166 (Reference 14 ), where a time interval is defined 

for performing the earthquake severity assessment. During this time interval the plant is 

allowed (but not required) to operate at full load, provided a trip signal is not initiated by 

any of the safety systems. The allowed time interval is similar in nature to the time 

intervals allowed in Technical Specifications when a limiting condition for operation 

(LCO) is not met. 

3.1.3 10 CFR Part 50.46 

While GDC 35 requires a system to maintain coolability following a LOCA, 10 CFR Part 

50.46 provides additional detail behind this design criteria. 10 CFR Part 50.46 defines 

specific limits for peak cladding temperature, maximum cladding oxidation , and 

maximum hydrogen generation in the cladding. Of particular importance for this topical, 

10 CFR Part 50.46 also establishes a requirement of coolable geometry, that mandates 

that any changes in core geometry shall be such that the core remains amenable to 

cooling. In other words, the fuel limits defined above must consider any deformation in 

the fuel if it is present. This topical will address the potential for changes in core 

geometry (up to a limit) due to the externally applied forces imparted on the fuel 

assembly during a LOCA event. 
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Guidance regarding acceptance criteria is provided for both LOCA and SSE events. 

For a LOCA, three criteria are acknowledged: 

1. Fuel rod fragmentation must not occur as a direct result of the blowdown loads, 

2. The 10 CFR 50.46 temperature and oxidation limits must not be exceeded , and 

3. Control rod insertability must be demonstrated for the most severe LOCA loads 

that require control rod insertion in combination with the SSE loads. 

The requirement that fuel rod fragmentation must not occur due to blowdown loads is 

related to the requirement to assure coolability. If the fuel rods fragment then the rod 

geometry assumed in the coolability evaluation is disrupted. Section 11.B.vi ii of Chapter 

4.2 of the SRP expands on the mechanical fracturing criteria and suggests that failures 

by this mechanism will not occur if the applied stress is less than 90 percent of the 

irradiated yield stress at the appropriate temperature. Furthermore, by establishing 

conservative criteria that prevents fuel rod fragmentation , this conservatively addresses 

the requirements regarding the radiological consequences of design basis accidents 

(i .e. 10 CFR 100, 10 CFR 50.34 , 10 CFR 50.67). 

The second criterion stems from GDC 35 and 10 CFR Part 50.46. This requirement is 

satisfied by an ECCS analysis. If the fuel assembly spacer grids remain below a 

loading that prevents significant distortion of the fuel assembly, the standard ECCS 

analysis is sufficient. If the combined loads on the spacer grids result in significant fuel 

assembly distortion , then the ECCS analysis must consider th is change to the coolable 

geometry. In addition to the evaluation of the spacer grid loading , the criteria for a 

coolable geometry is satisfied by assuring that the loadings on non-grid components are 

below limits that will prevent structural failure (Section 111.2 of Appendix A of Chapter 4.2 

of the SRP). 
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With the exception of the fuel rod and guide tube assemblies, fuel assembly 

components are designed for the LOCA event to meet Level D service limits (maintain 

structural integrity) per Appendix F of Section Ill of the ASME B&PV Code. The other 

components are addressed below. LOCA, as a design basis event, does not require a 

fatigue analysis . Therefore, the components need to be evaluated only for a single 

application of the limiting load during the event. 
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The first criterion is met by limiting guide tube stresses to the Level C criteria in the 

ASME Code, Subsection NG, Table NG-3224-1. [ 

] The second criterion is satisfied by evaluating the critical 

buckling load margin. Together, these two limits ensure that the functional requirement 

of the guide tubes is maintained. 

Note that the guide tube upper connection (connection between the guide tube and top 

nozzle) is also subjected to Level C criteria because of its function in defining a control 

rod insertion path. 

In the case of a LOCA event that does not require control rod insertion , generic service 

Level D limits can be applied to the entire guide tube assembly instead of Level C limits. 

Furthermore, the Level C criterion for guide tube stress is only required when the fuel 

assembly is positioned in a rodded location within the core. All other fuel assembly 

locations in the core that are not in a control rod location can be subjected to the Level 

D limits noted in Section 4.2.2. 

Additional discussion regarding the justification for the use of Level C limits in this 

analysis is provided in Appendix ~E. 
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The Safe Shutdown Earthquake is a design basis natural phenomenon which the plant 

must withstand without a loss of capability to perform safety functions. Unlike an OBE, 

it is permitted to design components for non-elastic operation beyond their design 

tolerances as long as their functional integrity is maintained. In accordance with 10 

CFR 50, Appendix S, the functional integrity of the fuel is satisfied if it can be shown that 

1) fuel rod fragmentation does not occur as a result of the seismic loads and 2) control 

rod insertability (reactivity control) is assured. For most components in the fuel 

assembly, including fuel rods, safety is maintained if the structural integrity of the 

component is maintained. As such, this design basis event is generally subject to Level 

D service limits as defined in Appendix F of ASME B&PV Code Section Ill , Division 1. 

However, the requirement for control rod insertion leads to special criteria for the spacer 

grids and guide tubes, due to their special function in forming a path for control rod 

insertion. The fuel rod requirement is also special and is specified in Section 4.2.2.1. 

As the resulting criteria to demonstrate control rod insertion and fuel rod fragmentation 

are the same as that for the combined LOCA and SSE evaluation , an SSE only 

evaluation is only necessary in cases 1.vhere the licensing basis for the host plant does 

not require an analysis for combined loads. 
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For a design basis earthquake or SSE, the acceptance criterion for the spacer grid shall 

be such that the grid [ 

] 

The SSE load limit shall be based on the 95-percent confidence level on the true mean 

of a distribution of measured loads on a number of grids at this level of deformation . 

The SSE spacer grid load limit shall not be exceeded by the design impact loads for an 

SSE event. 

4.3.2 Non-Grid Component Acceptance Criteria 

With the exception of fuel rod and guide tube assemblies, fuel assembly components 

are designed for the design basis earthquake to meet Level D service limits as defined 

in Appendix F of Section Ill of Reference 9. The special criteria defined for the fuel rods 

and guide tubes in Section 4.2.2 apply for the SSE event as well . 

SSE, as a design basis event, does not require a fatigue analysis. Therefore, the 

components need to be evaluated only for a single application of the limiting load during 

the event. 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

ANP-10337NP 
Revision 0 

Page 4-11 

Table 4-1: Summary of Acceptance Criteria by Component 
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For the in-core condition two additional structural elements are required . The two 

structural elements are: i) a spring connecting the upper core plate to the top nozzle 

which represents the hold-down spring ; and , ii) a gapped spring connecting the top 

nozzle to the upper core plate which has the capability to capture possible impacts at 

this interface. Normally, the vertical excitation is not severe enough to overcome hold

down loads; therefore , the fuel assembly does not impact the upper core plate. 

However, the model must have the capability to detect and simulate these impacts if 

they occur. 

5.3.1.1 Boundary Conditions 

Aside from the gap between the top nozzle and the upper core plate, no additional 

geometric parameters are necessary to define the external boundary conditions for the 

model. This gap together with the hold-down spring characteristics is used to define the 

spring hold-down force. The vertical motion of the upper and lower core plates during a 

seismic event serves as the excitation for the fuel assembly response. In addition to the 

core plate motions, the steady state hydraulic lift forces must be input to the model. 

In a LOCA event, the hydrodynamic lift forces become transient in nature due to a 

pressure wave traveling through the core. In this case, direct forces are applied to fuel 

assembly components to simulate the pressure drop across the fuel assembly. This 

input is characterized by i) a set of force time histories that are applied to the fuel 

assembly model at the main pressure drop locations (i.e . at a minimum, the spacer grid 

and nozzle locations), and ii) a set of core plate (upper and lower) displacement time 

histories. The transient hydrodynamic forces are the primary driver of the fuel assembly 

response. In cases 1.vhere the core plate motions are shown to be negligible, this 

modeling of the core plates can be simplified to a rigid , stationary plate. 
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Figure 5-2: Simplified Schematic of the Single Fuel Assembly Model 
for Horizontal Analysis 
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Figure 5-7: Vertical Fuel Assembly model schematic 
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Four items from Table 6-1 require testing and/or analyses in order to be defined. These 

items are: [ 

The definition of each of these parameters will be discussed in the subsections that 

follow. 

6.1.1 Grid Rotational Stiffness 

The primary elements of the single assembly horizontal model are the [ 

] 

] While the beam properties 

can be based directly on the geometric and material properties of the fuel rods, guide 

tubes, and instrument tube, the values for the rotational springs [ 

] Rotational spring stiffnesses are adjusted until 

the dynamic model duplicates the dynamic characteristics of the fuel assembly that are 

determined through tests. [ 

. ] These techniques are consistent with 

the approved methodology in Reference 5. The dynamic characteristics of the fuel 

assembly model are experimentally determined through two tests : 1) Free vibration , 

and 2) Forced vibration . These tests are performed in air at ambient temperature. 

Subsequently, the initial model benchmarks are created to match in-air conditions and 

the models are later re-adjusted to account for the presence of a dense fluid medium in 

actual operating conditions. 
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] The 

adjustment to in-water conditions is addressed in Section 6.1.3 and Section 6.1.4. 

The tests required to benchmark the fuel assembly model to the behavior of the specific 

fuel assembly design are described below. 

6.1.1.1 Free Vibration Test 

The objective of the free vibration test is to determine the first natural frequency and 

damping characteristics of the fuel assembly in-air at room temperature conditions. The 

test is performed by laterally deflecting the test assembly at the midplane to 

predetermined displacement values and then quickly releasing the bundle. The test 

configuration has prototypical upper and lower core plate supports at the ends, including 

the effects of hold-down loads, when present. Upon release , the fuel assembly is 

allowed [ 

] The damping ratio [ 

] 
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] 

The objective of the forced vibration test is to obtain the relationship between higher 

mode frequencies (at a minimum the third mode frequency) (the first five natural 

frequencies) and the fundamental frequency. [ 

] This test is performed in

air at room temperature conditions by exciting the fuel assembly at [ 

] The test configuration is prototypical 

for the fuel assembly to the upper and lower core plate interface, including the effects of 

hold-down, when present. The assembly response is recorded as a function of time at 

the intermediate grid locations [ 

] Forced vibration tests can be used 

in lieu of free vibration tests for fuel assembly dynamic characterization for overlapping 

ranges of amplitudes. However, [ 

] 
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Similarly, a representative n average value of F 2 
/ Msp v/ can be calculated over the 

appropriate range of test data through linear regression . [ 

] 

6.1.2.1.3 Determination of Grid Load Limit 

The spacer grid acceptance criteria , in the form of a load limit, for QBE, SSE, and LOCA 

is defined in Section 4.0. 

Using the measurements of peak impact load and corresponding residual (or 

permanent) deformation after each impact, the load limit can be defined from the test 

data using the criteria given in Section 4.0. A representative result for a grid that 

experiences critical deformation before buckling is shown in Figure 6-3 to illustrate the 

application of these grid load limit definitions. 
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For illustration only, this entire sequence of events has been evaluated for a given plant 

to require on the order of [ 

] This 

yields additional conservatism in the consideration of reduced flow rates on damping 

values. 

6.1.3.3.1 Assigning Damping Values for Flow Rates [ ] 

The following discussion provides the rules for assigning damping values for flow rates 

[ ] for the non-irradiated and the irradiated condition . 

Damping Ratios for the Non-Irradiated Condition : 
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As reported in Section C.2, the temperature adjusted damping ratio based on a test of a 

non-irradiated bundle is [ 

] 

Applying the temperature scaling method from Equation C-1 for the damping ratio 

measured at [ 

] 

Damping Ratios for the Irradiated Condition: 
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Applying the same treatment for the irradiated condition using the values presented in 

Section C.3, the temperature adjusted damping ratio taken from test data presented in 

Figure C-5 is [ 

] 

Applying the temperature scaling method from Equation C-1 for the damping ratio 

measured at [ 

] 

6.1.4 Hydrodynamic Coupling 

Based on the theoretical framework discussed in Section 5.2 .2.3, the dimensionless 

added mass parameters for the fuel assembly and fuel assembly-to-baffle interaction 

are given in the following paragraphs. 
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] then the displaced mass is given by the following expression: 

( ) 
2 Jr 2 2 

md = p -V · n =-d l · p·n 
4 ' 

(6-9) 

where pis the average coolant density in a fuel assembly for a given reactor condition , 

dis the fuel rod outer diameter, and n is the number of fuel rods per row (square array 

nx n) . 

(Note: Equation 6-9 is presented here in the context of the derivation of the coefficients 

in Equation 6-13. When calculating displaced water mass for application of this 

methodology, consideration should be given to the presence of guide tubes/instrument 

tube.) 

Assuming a consistency relationship between the added mass coefficients , given in 

Equation 5-15), the non-dimensional form of the added mass, m: and that of the 

coupling between fuel assembly and baffle plate, m~ , relationship is given by 

m: + m~ = -1 . (6-10) 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

6.1.5 Modeling Co-resident Fuel for Mixed Core Applications 

ANP-10337NP 
Revision 0 

Page 6-22 

Scenarios exist in which a reactor core may simultaneously contain fuel from different 

vendors . For all fuel vendors that follow the guidance provided in Appendix A of SRP 

4.2, the dynamic representation of the fuel is performed under the same general 

framework. This framework establishes a similar methodology and a common language 

that facilitates the transfer of basic fuel assembly characterization data between 

vendors for use in mixed-vendor core studies for fuel transitions. 

Beyond basic characterization data that is typically shared between vendors (e.g. 

frequency, stiffness, etc.), information regarding fuel performance against safety criteria 

is typically held as proprietary (e.g. spacer grid strength, design margins, etc.). 

Practical barriers limit access to proprietary information regarding non-AREVA fuel or 

prevent the characterization of this fuel through the test protocols in ANP-10337P. As 

such , special exceptions must typically be made when representing fuel designed by 

vendors other than AREVA. The term "non-10337 fuel" is introduced to represent fuel 

for which certain exceptions to ANP-10337P are taken in the modeling of the fuel. The 

exceptions to be addressed apply to Sections 4, 5, and 6. Section 7 is unaltered for 

mixed-vendor core analyses and Section 8 will not be applied for non-10337 fuel. 
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Beyond the exceptions noted above, the remaining methodology in ANP-10337P is 

applied without alteration in the analysis of mixed-vendor cores. 

The methodology defined in this topical can be used to model mixed core conditions . In 

mixed core conditions, it is possible that the co resident fuel may be designed by an 

entity other than the author of this topical report. In this scenario , the fuel assembly and 

spacer grid model inputs (Sections 5.2.1 and 5.2.2.2) from Table 6 1 must be provided 

by the fuel designer. For those inputs based on design definition documents, there is 

no change in the basis for the parameter definition . However, parameters that are 

based on characterization through tests (rotational stiffness of intermediate spacer grids 

and the grid impact stiffness and damping) are now defined based on other approved 

protocols that are specific to the co resident fuel designer. These protocols are outside 

of those defined in Sections 6.1.1 and 6.1 .2. 

In these cases, the co resident fuel is represented in row models to assess the effect 

that mixed core conditions will have on the criteria for fuel which has been tested in 

accordance with this topical report . For this purpose, the representation of co resident 

fuel , although not defined by the protocols in this topical, is adequate to assess the 

performance of fuel which has been tested in accordance \Nith this topical report . 
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Figure 6-1: Frequency Benchmarking Technique for Irradiated and 
Non-Irradiated Fuel Assemblies 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externa lly Applied Dynamic Excitations 
Topical Report 

ANP-10337NP 
Revision 0 

Page 6-45 

Figure 6-7: Alternative Schematic of a Non-AREVA Single Fuel 
Assembly Model for Horizontal Analysis (alternative to Figure 5-2) 
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The connection between the fuel rod to grid rigid region is implemented using non-linear 

spring and slider elements. In the axial direction , [ 

] 
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The generic characteristics and the conceptual implementation are shown in Figure 8-1. 

Note that the [ 

] 

The lateral stiffness test is performed in ambient temperature for both non-irradiated 

and simulated irradiated fuel assembly conditions. It involves the mono directional 

lateral deflection of a fuel assembly to a pre-determined maximum displacement 

(measured from the middle spacer grid of the fuel assembly). The value of the 

maximum displacement during testing should be representative of the displacements 

anticipated during operation but should not be so large as to introduce structural 

damage to the fuel assembly. The lateral displacement versus external force curve is 

used to benchmark the numerical model for the lateral fuel assembly stiffness. 

-- __j 
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Targeting the frequencies above, the rotational stiffness values are benchmarked to 

values presented in Table 8-2. 

The frequency comparison between the benchmarked model and the tested values is 

presented in Table 8-3. 

As a final step, the rotational stiffness values are adjusted to reflect operating 

temperatures by using the ratio of the elastic modulus of the grid materialbundle 

components at 600°F to 70°F. The final values used in the model are reported in Table 

8-4. 

B.2.1.2 Grid Impact Characteristics 

The grid impact characteristics are defined by stiffness and damping parameters for a 

set of external and internal impact elements. The external impact parameters are 

measured from dynamic grid crush tests. After the external impact parameters have 

been set, the internal impact parameters are benchmarked to match the results of the 

fuel assembly lateral impact test. 

B.2.1.2.1 Dynamic Grid Crush 

Dynamic crush testing was performed on a total of four grid types: 

• Non-irradiated intermediate spacer grids 

• Simulated-irradiated intermediate spacer grids 

• Non-irradiated intermediate flow mixers 

• Simulated-irradiated intermediate flow mixers 
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Given the pressurized state of the fuel rod , the steady state stress condition has a 

tangential , axial , and radial component. Therefore, a maximum stress intensity is 

calculated based on a combined stress state that includes the accident stress. The 

combined stress state is summarized in Table B-15. 

The fuel rods are also evaluated for buckling [ 

] These loads are then combined with the vertical 

loads obtained under vertical excitations. 

The limiting case for fuel rod buckling occurs [ 

] The loads corresponding to this condition and the resulting stress, 

[ 

l 
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The guide tube stresses are summarized in Table B-17. The lateral SSE and LOCA 

loads in the guide tubes are extracted from the finite element model defined above 

[ ] and used to calculate stress based on the cross-

sectional properties of the guide tube. [ 

] Likewise, the vertical SSE and LOCA loads for the guide tubes are 

extracted from the vertical model and used to calculate stresses. [ 

] The combined 

load is calculated as the SRSS of the individual components. 

The allowable stress in the guide tube is established based on the ASME Level C 

service limits, as defined in Appendix ~E.2, where Sm is defined as the minimum of 

either 1/3 Su (ultimate strength) or ~ 2/3 Sy (yield strength) in the non-irradiated 

condition and either 1/3 Su or 2/3 Sy in the irradiated condition . For Zirc-4 , defining Sm 

based on 1/3 Su is limiting. The ultimate strength for Zirc-4 at 600F in the non-irradiated 

and irradiated condition is [ ] and [ ], respectively. Zirc-4 

maintains sufficient ductility in the fully irradiated condition to warrant the use of the 

ASME code criteria and techniques. Furthermore, this definition of the allowable stress 

intensity applies to any zirconium alloy that can be demonstrated to have similar 

properties. The allowable stress limits are defined in Table B-17. 
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] These loads are then 

combined with the vertical loads obtained under vertical excitations. For conservatism, 

a mal-distribution coefficient of 1.5 is applied to the vertical excitation induced guide

tube axial loads. This mal-distribution coefficient considers that the vertical loads are 

carried by the peripheral guide tubes only, i.e. 16 out of 24. 

The limiting case for buckling is [ 

corresponding to this condition and the resulting stress, [ 

] are shown in Table B-18. 

B.3.3.3.3 Instrumentation Tube 

] The loads 

In this evaluation , the instrumentation tube is not evaluated directly. For the W17 

HTP™ design , the instrumentation tube is only retained at the lower end grid . As such , 

the instrumentation tube does not have a load path to bear significant vertical loads. 

The instrumentation tube will be subjected to bending loads as a result of lateral 

deflections, but the overall loading condition of the instrumentation tube will be bounded 

by that of the guide tube. Given that the guide tube and instrumentation tube have the 

same outer and inner diameters (non-dashpot) and that the guide tube is evaluated to a 

more conservative criteria (Level C for the guide tube versus a Level D criteria for the 

instrumentation tube), the guide tube evaluation is considered bounding for the 

instrumentation tube. 
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Table B-2: Rotational Stiffness Determined Through Benchmarking 

Table 8-3: Benchmark Comparison to Test Data 

Table B-4: Rotational Stiffness Values at Operating Conditions 

Table 8-5: External Grid Stiffness and Damping 

Table B-6: Grid Load Limits 
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1 In this revision of the sample problem, the internal stiffness values are directly prescribed without processing an 
equivalent stiffness. 
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Table B-1 O: Critical Fuel Assembly Deflections from LOCA 
Excitation (in m) 
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Table B-11: Critical Fuel Assembly Deflection from Seismic 
Excitation (in m) 

Table B-12: Peak Grid Internal Impact Loads 
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Table B-13: Vertical Seismic and LOCA Loads 

Table B-14: Fuel Rod Accident Stresses 
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Table B-15: Fuel Rod Combined Stress and Margin 
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Table B-16: Fuel Rod Buckling Margin, Non-irradiated Condition 
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Table B-17: Guide Tube Stresses and Margins 

Table B-18: Guide Tube Buckling Margin 

ANP-10337NP 
Revision 0 

Page 8-32 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

Table 8-19: GT-to-Grid Connection Loads and Margins 

Table 8-20: GT-to-Nozzle Connection Loads and Margins 

Table 8-21: Nozzle Loads and Margins 

ANP-10337NP 
Revision 0 

Page B-33 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

ANP-10337NP 
Revision 0 

Page B-43 

Figure B-10: Safe Shutdown Earthquake - Velocity in X-Direction 
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Figure B-11: Safe Shutdown Earthquake - Displacement in X
Direction 
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Figure B-12: Safe Shutdown Earthquake - Velocity in Z-Direction 
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Figure B-13: Safe Shutdown Earthquake - Displacement in 2-
Direction 
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Figure F-9: Typical FA Loading Curve - BOL - 2D - Mode 3 - Case 3 
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This report presents a generic methodology to evaluate the structural response of 

Pressurized Water Reactor (PWR) fuel assembly designs subjected to dynamic loads 

under seismic and Loss of Coolant Accident (LOCA) events. The methodology is used 

to develop analytical models to describe the structural response of fuel assemblies in 

the horizontal and vertical directions. These structural response results are evaluated 

to satisfy the criteria defined in the Nuclear Regulatory Commission's (NRG) 

regulations, specifically Title 10 of the Code of Federal Regulations, Part 50, 

Appendices A and S (References 1 and 2). 

This topical report defines: 

• the development, benchmarking, and implementation of analytical models to 

represent the fuel assembly structural response, 

• the protocol used for benchmark testing, and 

• the acceptance criteria used to meet regulatory requirements. 

The methodology defined within this topical report follows the guidance provided in 

NUREG-0800 (Standard Review Plan), Chapter 4.2, Appendix A (Reference 3). In 

addition, this report consolidates the methodology defined in BAW-10133-P(A), 

Revision 1 and Addenda 1 and 2 of the same report (Reference 4 and 5). The 

methodology addresses the issues raised in NRG Information Notice 2012-09 

(Reference 18). Furthermore, this report updates the methodology described in 

BAW-10133-P(A) incorporating the following advancements: 

• definition of methodology for evaluating fuel in the irradiated condition, including the 

effect on spacer grid structural response as well as the overall fuel assembly, 

• definition of the spacer grid allowable impact load both in the irradiated and non

irradiated condition, 
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• update of the protocol for benchmarking fuel assembly dynamic characteristics from 

tests, 

• update of the methodology for calculating non-grid component loads and stresses, 

• update of the acceptance criteria for guide tube stresses under LOCA and Safe 

Shutdown Earthquake (SSE), 

• clarification of the description of the numerical model for vertical load analysis, 

• clarification of the methodology for combining loads from the horizontal and vertical 

analyses, 

• implementation of Rayleigh or generalized proportional damping in the analysis 

models, and 

• augmentation of the basis for fuel assembly damping in the horizontal direction due 

to the changes in bundle frequency due to irradiation. 
/ 

1.2 Method Overview 

This topical report defines a generic method of evaluating the structural response of a 

PWR fuel assembly subjected to externally applied forces from earthquakes and 

postulated pipe breaks. The events considered in this topical include an Operational 

Basis Earthquake (OBE), Safe Shutdown Earthquake (or other site-specific design 

basis earthquake), and Loss of Coolant Accident. 

The underlying objective of the methodology presented in this report is to demonstrate 

that the fuel assembly is capable of withstanding these events without loss of capability 

to perform the safety functions that are commensurate with the event being analyzed. 

The analysis is performed independently in horizontal and vertical directions using 

numerical models developed to simulate the mechanical behavior of fuel assemblies. 

__ _J 
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In the horizontal analysis, this is accomplished using two-dimensional models that 

represent rows of fuel assemblies within the reactor core. These models capture the 

motion of the fuel and the interaction between neighboring fuel assemblies as well as 

between the fuel assemblies and the baffle. The primary output from these horizontal 

models are the fuel assembly impact loads, which are transmitted via the spacer grids, 

and the deflections experienced by the fuel, which are subsequently used to evaluate 

loads and stresses on non-grid components within the assembly. The inputs to this 

analysis are the displacement time histories of the core boundaries (upper and lower 

core plates and the baffle plate). The motion of these boundaries provides the dynamic 

excitation applied to the fuel within the core. 

In the vertical analysis, a model of a single fuel assembly is subjected to external 

excitation. The seismic loading consists only of displacement time histories for the core 

plates, whereas for the LOCA analysis, an additional loading is present due to the 

pressure wave travelling through the core. The LOCA pressure wave input is provided 

in the form of time-dependent forces applied at discrete locations (e.g. spacer grids, top 

and bottom nozzles, and fuel rods) along the fuel assembly. The response of the fuel 

assemblies depends on the excitation and the fundamental characteristics of each fuel 

assembly design which are obtained using experimental procedures. 

Once both the horizontal and vertical analyses have been performed, post-processing 

of the independent seismic and LOCA results provide the maximum design impact 

loads and stresses which are then compared against the allowable values. These 

allowable values are defined to satisfy the underlying NRC requirements (Reference 1 

and 2). Generally, the mechanical acceptance criteria established for the fuel assembly 

ensure that the fuel assembly components will remain fully operational when subjected 

to an QBE. For an SSE event, these criteria ensure both the safe shutdown of the 

reactor and prevent fuel rod fragmentation. For a LOCA, the coolability of the fuel must 

be maintained in addition to ensuring safe shutdown of the reactor and prevention of 

fuel rod fragmentation. 

A flow chart of the analysis is given in Figure 1-1. 
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Section 1.0 defines the purpose of this topical report and provides an overview of the 

method presented. 

Section 2.0 discusses the applicability of this topical to PWR fuel assembly designs. It 

also presents a brief description of a representative fuel assembly design and its 

components. 

Section 3.0 discusses the regulatory requirements that are relevant to the methodology 

described within this topical report. 

Section 4.0 presents the acceptance criteria necessary to satisfy the regulatory 

requirements discussed in Section 3.0. 

Section 5.0 describes the model architecture for both the lateral and vertical loading 

analyses. The main features and modeling assumptions are discussed, and the model 

parameters are listed. In addition, the external loads for Safe Shutdown Earthquake and 

Loss of Coolant Accident events are discussed in this section. 

Section 6.0 describes the method of defining model parameters for a given fuel design. 

This section includes a description of the experimental testing required to determine the 

mechanical characteristics of each fuel assembly and its components. The results from 

these tests are used as input to validate and benchmark the numerical models used in 

the horizontal and vertical load analyses. 

Section 7.0 describes the methodology for horizontal and vertical analysis. 

Section 8.0 describes the post-processing analysis of the results obtained from the 

horizontal and vertical analyses and provides the methodology to compare the 

theoretical results against the allowable limits defined in Section 4.0. 
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Appendix A provides information on the AREVA finite element code used for horizontal 

and vertical analysis. This appendix also provides experimental results of fuel assembly 

seismic tests that are used to validate the methodology and finite element code. 

Appendix B summarizes the application of the methodology within this topical report to a 

sample problem. 

Appendix C presents the information necessary to support derived values of percent 

critical damping used in the methodology. 

Appendix D provides experimental results on the spacer grid strength for irradiated and 

non-irradiated conditions, which are used to support the definition of grid strength 

criteria in the methodology. 

Appendix E provides justification for the application of specific guide tube stress limits in 

the analysis of SSE and LOCA events. 
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Figure 1-1: Fuel Assembly Seismic and LOCA Analyses Chart 
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This topical report is generically applicable to PWR fuel assembly designs. As 

discussed in Section 2.1, PWR fuel designs exhibit a similar geometry and structure that 

is appropriately represented by the modeling architecture defined in this topical report 

(Section 5.0). However, the actual numerical values used to define the structural 

characteristics of a given fuel assembly will vary from one design to another. This level 

of design specificity is incorporated into the methodology through the testing and model 

benchmarking processes defined in Section 6.0. Therefore, this methodology is 

applicable to any fuel assembly geometry that can be characterized by the testing and 

model benchmarking processes defined in this topical. Furthermore, this methodology 

can be applied to any reactor core geometry for which the seismic and LOCA boundary 

conditions can be defined. As such, the specifics of the fuel and reactor core geometry 

are unimportant in defining the generic methodology, but they are an important 

parameter in the application of the methodology to a specific fuel design and reactor. 

Section 2.1 provides a discussion of typical PWR fuel assembly structure, but the 

specific fuel designs discussed are for illustration only and do not limit the range of 

applicability of this methodology. Section 2.2 does identify specific spacer grid behavior 

that must be satisfied for the methodology defined herein to be applicable to a given 

PWR fuel design. 

Sections 3.0 and 4.0 address the regulatory requirements and acceptance criteria for 

generically recognized events (operating basis earthquake, safe shutdown earthquake, 

and loss of coolant accident). Additionally the methodology defined in Sections 5.0 

through 8.0 can be applied to evaluate other site-specific design basis earthquakes. 
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A broad range of PWR fuel assemblies are shown in Figure 2-1 through Figure 2-5. 

These fuel assemblies share the same basic structure. This structure is composed of 

two nozzles (also referred to as end fittings or tie plates), guide tubes, fuel rods, and 

spacer grids. Note that the number of guide tubes, fuel rods, and spacer grids varies 

depending on the design. In addition, an instrumentation tube may be positioned at a 

location within the fuel assembly and it may or may not be considered as a structural 

element, depending on the design. Dimensionally, these assemblies may also vary in 

overall length and envelope as well as detailed component dimensions, but the overall 

basic structure remains the same. Table 2-1 lists a set of typical PWR fuel assembly 

components. A specific description of each component and its function is provided 

below. 

Spacer Grids 

Spacer grids are constructed from strips slotted and fitted together in an egg-crate 

fashion. The interlaced strips form cells that provide support for the fuel rods, guide 

tubes and instrument tubes. The grids can be captured on the guide tubes through 

welding or a restraining device such as a ring. From a structural standpoint, the spacer 

grids serve the function of preserving the desired cross-sectional geometry of the fuel 

assembly (i.e. fuel rod pitch and guide tube array). 
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There are three sub-types of spacer grids: end grids, intermediate spacer grids, and 

intermediate flow mixing grids. The end grids are the grids located nearest the top and 

bottom nozzles. Lower end grids are typically made of a unique material (e.g. nickel 

alloy) compared to intermediate spacer grids to prevent complete relaxation of the grids. 

This enables the grids to maintain an adequate grip on the fuel rods throughout 

operation. Depending on the unique requirements of the fuel design, upper end grids 

may either be of the same design as the intermediate spacer or the lower end grid. 

Intermediate spacer grids (ISGs) can serve multiple functions, including maintaining 

bundle geometry, providing flow mixing for thermal performance, and providing the 

vehicle through which external loads are applied and transmitted across a row of fuel 

assemblies. In this sense, the ISGs are an important component to be considered in 

this methodology. Intermediate flow mixing (IFM) grids are used primarily to increase 

thermal performance, but they can also be engaged in transmitting external loads. 

Top Nozzle 

The top nozzle positions the fuel assembly in the upper core grid plate (also named 

upper core plate, or fuel alignment plate) structure. The top nozzle typically utilizes a 

hold-down spring device to provide positive hold-down margin to oppose the hydraulic 

forces. Holes in the top nozzle grillage are provided for attaching the guide tubes and to 

permit coolant to flow out of the upper end of the assembly. 

Bottom Nozzle 

The bottom nozzle positions the assembly in the lower core grid plate (also named 

lower core plate or core support plate). Holes in the bottom nozzle are provided for 

attaching the control rod guide tubes and to permit coolant to flow directly into the 

bottom of the assembly. 
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The guide tubes provide an insertion path into the core for the control rods. They also 

provide the structural continuity for the fuel assembly as the main element that connects 

nozzles and spacer grids. The connection to the top and bottom nozzle provides the 

structural boundary condition for the guide tubes. 

One exception to this fundamental aspect of design is noted in the 15x15 fuel design for 

a Combustion Engineering reactor. The fuel for this plant is unique among PWRs in 

that it uses control blades for reactivity control. This fuel assembly design has guide 

bars placed along the periphery of the fuel assembly to provide a path for control blade 

insertion instead of guide tubes that are internal to the assembly. From a structural 

standpoint, the CE 15x15 fuel design can be effectively represented in the same way as 

an assembly with guide tubes, using the numerical models presented in Sections 5.0 

and 6.0. 

Instrumentation Tube 

The instrumentation tube is a channel that guides and contains the in-core 

instrumentation within the fuel assembly. The instrumentation tube is typically located 

on the axial centerline of the fuel assembly. Depending on the fuel design, the 

instrument tube may or may not function as a structural element. 

Fuel Rods 

Each fuel rod is composed of cladding, fuel pellets, end caps, and internal support 

components. Springs axially locate the fue_l column within the cladding. The fuel rod is 

sealed by welding an end cap at each end of the cladding and is pressurized with inert 

gas. The fuel rod is captured and supported within the fuel assembly through contacts 

at spacer grid elevations, and typically, at EOL, through contact with the bottom nozzle 

grillage. 
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As noted in Section 2.1, lateral impacts between fuel assemblies are transmitted 

through the spacer grids. To characterize this impact phenomenon, a spacer grid 

impact element is defined within the fuel assembly model. This element is described in 

Section 5.2.2.2 and Section 6.1.2.1.1 as a [ 

] In this case, the methodology 

can be shown to appropriately predict peak impact loads and rebound velocity. [ 

] 
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Table 2-1: Typical PWR Designs and Assembly Components 

~ 
Combustion Engineering Westinghouse Babcock & Wilcox 

y 
14x14 15x15 16x16 15x15 17x17 15x15 14x14 

p 
Guide Tubes 4 0 4 16 20 24 16 
Guide Bars 0 8 0 0 0 0 0 
Fuel Rods 176 216 236 179 204 264 208 

Instrumentation Tube 1 1 1 1 1 1 1 
Total number of Grids 1 9 10 11 7 10 11 8 

Intermediate Spacer Grids 7 8 9 5 5 6 6 
Intermediate Flow Mixing Grids 0 0 0 0 3 3 0 

Upper End Grid 1 1 1 1 1 1 1 
Lower End Grid 1 1 1 1 1 1 1 

Assembly Overall Length (in) 
146 to 

149 178 161 161 161 166 
157 

Top Nozzle Hold-Down Spring 
Yes2 No Yes Yes Yes Yes Yes 

System 

1 The values shown for Total number of grids is typical for each design type, but numbers can vary in specific 
applications. 

2 An exception is the fuel design for Ft. Calhoun, which does not include a hold-down spring system. 

17x17 

24 
0 

264 
1 

10 
8 
0 
1 
1 

166 

Yes 
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Figure 2-2: CE 16 x 16 Schematic 
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Figure 2-3: Mk-8 15x15 Schematic 
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Figure 2-4: W 15x15 Schematic 
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Figure 2-5: W 17x17 Schematic 
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The methodology described in this report is intended to address the licensing 

requirements defined in 10 CFR Part 50. Specifically, this section will discuss the 

pertinent requirements defined in Appendices A and S (References 1 and 2) and 10 

CFR Part 50.46 (Reference 6). Note that some plants are licensed under 10 CFR 100 

Appendix A Section VI (a)(3) instead of 10 CFR 50 Appendix S. This section will also 

discuss the guidance pertaining to these criteria provided in NUREG-0800, Chapter 4.2 

(Reference 3). 

3.1.1 10 CFR Part 50, Appendix A 

The General Design Criteria (GOG) from Appendix A of 10 CFR Part 50, which are 

addressed within this topical are the following: 

• GDC 2: Design bases for protection against natural phenomena 

"Structures, systems, and components important to safety shall be designed to 

withstand the effects of natural phenomena such as earthquakes, tornadoes, 

hurricanes, floods, tsunami, and seiches without loss of capability to perform their 

safety functions. The design bases for these structures, systems, and components 

shall reflect: (1) Appropriate consideration of the most severe of the natural 

phenomena that have been historically reported for the site and surrounding area, 

with sufficient margin for the limited accuracy, quantity, and period of time in which 

the historical data have been accumulated, (2) appropriate combinations of the 

effects of normal and accident conditions with the effects of the natural phenomena 

and (3) the importance of the safety functions to be performed." 

This GDC requires fuel to be designed to withstand natural phenomena such as 

earthquakes without a loss of capability to perform safety functions. This GDC also 

requires an appropriate combination of the effects of normal and accident conditions 

with the effects of the natural phenomenon. 
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"The reactivity control systems shall be designed to have a combined capability, in 

conjunction with poison addition by the emergency core cooling system, of reliably 

controlling reactivity changes to assure that under postulated accident conditions 

and with appropriate margin for stuck rods the capability to cool the core is 

maintained." 

This GDC requires reactivity control systems to be designed to reliably control reactivity 

changes under postulated accident conditions such that the capability to cool the core is 

maintained. This GDC establishes the reactivity control requirement that is 

subsequently satisfied by ensuring that control rods can be inserted into a fuel assembly 

following a design basis earthquake or a LOCA event which requires control rod 

insertion. 

• GDC 35: Emergency core cooling 

"A system to provide abundant emergency core cooling shall be provided. The 

system safety function shall be to transfer heat from the reactor core following any 

loss of reactor coolant at a rate such that (1) fuel and clad damage that could 

interfere with continued effective core cooling is prevented and (2) clad metal-water 

reaction is limited to negligible amounts. 

Suitable redundancy in components and features, and suitable interconnections, 

leak detection, isolation, and containment capabilities shall be provided to assure 

that for onsite electric power system operation (assuming offsite power is not 

available) and for offsite electric power system operation (assuming onsite power is 

not available) the system safety function can be accomplished, assuming a single 

failure." 

This GDC requires a system to provide abundant emergency core cooling following a 

loss of reactor coolant. This GDC establishes the requirement to ensure that the fuel 

assembly is maintained in a configuration that preserves the cooling capability of the 

emergency core cooling system (ECCS) following a LOCA. 
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In summary, generic design criteria 2 establishes the need to evaluate the structural 

response of the fuel under both seismic and LOCA loadings. Generic design criteria 27 

and 35 establish the basis for shutdown requirements following a seismic or LOCA 

event and coolability following a LOCA event. 

Further detail regarding the regulatory requirements for seismic and LOCA evaluations 

are attained from Appendix S of 10 CFR Part 50 and 10 CFR Part 50.46, respectively. 

3.1.2 10 CFR Part 50, Appendix S 

Appendix S of 10 CFR Part 50 implements GDC 2 as it pertains to seismic events, and 

defines specific earthquake engineering criteria for nuclear power plants. This appendix 

establishes definitions for the Safe Shutdown Earthquake (SSE), Operating Basis 

Earthquake (OBE) and safety requirements for relevant structures, systems, and 

components (SSCs). These SSCs must assure the integrity of the reactor coolant 

boundary, the capability to shut down the reactor and maintain it in a safe-shutdown 

condition, and the capability to prevent or mitigate the consequences of accidents that 

could result in potential offsite exposures. 
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For SSE events, Appendix S of 10 CFR Part 50 defines the following requirements 

associated with fuel assemblies and their components: 

a. During SSE events certain Structures Systems and Components (SSCs) must 

remain functional and within applicable stress, strain and deformation limits. 

Furthermore, concurrent to seismic loads, additional loads due to normal 

operating, functional and accident-induced load conditions must be taken into 

account as appropriate in the design of these safety-related SSCs. 

b. The required safe functions of SSCs must be assured during and after the 

vibratory motion caused by SSE ground motion through design, testing, or 

qualification methods. 

c. It is permissible to design for strain limits in excess of yield strain in some of 

these safety-related SSCs during the SSE ground motion and under the 

postulated concurrent loads, provided the necessary safety functions are 

maintained. 

The regulatory requirements for SSE events, stated above, indicate that functional 

integrity, rather than structural integrity, of certain SSCs must be assured. Further, the 

functional integrity requirement must be met not only for SSE events alone, but also as 

appropriate for combined loads from SSE, Normal Operation, and functional and 

accident-induced events. This functional integrity must be established during and after 

the duration of the aforementioned combined events. Nevertheless, it is permitted to 

design SSCs for non-elastic operation for SSE events as long as the functional integrity 

requirement is met. 
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The regulation in Appendix S of 10 CFR Part 50 also specifies that an OBE event does 

not need to be supported by explicit response or design analysis if its severity is 1/3 or 

less of the SSE ground motion associated with the same system. For OBE events with 

a severity greater than 1/3 of the SSE ground motion, an analysis must be performed, in 

combination with normal operating loads, to demonstrate that all SSCs necessary for 

continued safe operation will remain functional and within applicable stress, strain, and 

deformation limits. 

Section IV (a)(4) in Appendix S of 10 CFR 50 does require suitable instrumentation 

such that the seismic response of plant features that are important to safety can be 

determined promptly to support a decision regarding the continued safe operation of the 

plant. The requirement is discussed in further detail in Regulatory Guide 1.166 

(Reference 14 ), where a time interval is defined for performing the earthquake severity 

assessment. During this time interval the plant is allowed (but not required) to operate 

at full load, provided a trip signal is not initiated by any of the safety systems. The 

allowed time interval is similar in nature to the time intervals allowed in Technical 

Specifications when a limiting condition for operation (LCO) is not met. 

3.1.3 10 CFR Part 50.46 

While GDC 35 requires a system to maintain coolability following a LOCA, 10 CFR Part 

50.46 provides additional detail behind this design criteria. 10 CFR Part 50.46 defines 

specific limits for peak cladding temperature, maximum cladding oxidation, and 

maximum hydrogen generation in the cladding. Of particular importance for this topical, 

10 CFR Part 50.46 also establishes a requirement of coolable geometry, that mandates 

that any changes in core geometry shall be such that the core remains amenable to 

cooling. In other words, the fuel limits defined above must consider any deformation in 

the fuel if it is present. This topical will address the potential for changes in core 

geometry (up to a limit) due to the externally applied forces imparted on the fuel 

assembly during a LOCA event. 
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Additional insight regarding the application of these regulatory requirements is gained 

from Chapter 4.2 of the SRP. Section I of Chapter 4.2 of the SRP begins by defining 

the four basic objectives of the fuel system review: 

1. The fuel system is not damaged as a result of normal operation including 

anticipated operational occurrences (AOOs ), 

2. Fuel system damage is never so severe as to prevent control rod insertion when 

it is required, 

3. The number of fuel rod failures is not underestimated for postulated accidents, 

and 

4. Coolability is always maintained. 

The first requirement expands on GDC 10. Within this context, the SRP defines "not 

damaged" to mean that the fuel rods do not fail, fuel system dimensions remain within 

operational tolerances, and functional capabilities are not reduced below those 

assumed in safety analysis. The second and fourth requirements expand on GDC 27 

and 35, respectively. With regards to "coolability", the SRP specifies that any significant 

fuel assembly deformation resulting from external loads must be considered in the 

emergency core cooling system (ECCS) analysis. This analysis must ensure that 

adequate coolant channels exist to permit removal of residual heat even after a severe 

accident. The third requirement echoes the need to account for fuel rod failures in the 

dose analysis required by 10 CFR Part 100 for postulated accidents. 

Appendix A of Chapter 4.2 of the SRP specifically addresses the evaluation of the fuel 

assembly structural response to externally applied forces from earthquakes and 

postulated pipe breaks. This appendix defines specific details that will be addressed in 

this type of analysis. This discussion will only focus on the guidance provided in this 

section regarding acceptance criteria. 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
T apical Report 

ANP-10337NP 
Revision 0 

Page 3-7 

Guidance regarding acceptance criteria is provided for both LOCA and SSE events. 

For a LOCA, three criteria are acknowledged: 

1. Fuel rod fragmentation must not occur as a direct result of the blowdown loads, 

2. The 10 CFR 50.46 temperature and oxidation limits must not be exceeded, and 

3. Control rod insertability must be demonstrated for the most severe LOCA loads 

that require control rod insertion in combination with the SSE loads. 

The requirement that fuel rod fragmentation must not occur due to blowdown loads is 

related to the requirement to assure coolability. If the fuel rods fragment then the rod 

geometry assumed in the coolability evaluation is disrupted. Section 11.B.viii of Chapter 

4.2 of the SRP expands on the mechanical fracturing criteria and suggests that failures 

by this mechanism will not occur if the applied stress is less than 90 percent of the 

irradiated yield stress at the appropriate temperature. 

The second criterion stems from GDC 35 and 10 CFR Part 50.46. This requirement is 

satisfied by an ECCS analysis. If the fuel assembly spacer grids remain below a 

loading that prevents significant distortion of the fuel assembly, the standard ECCS 

analysis is sufficient. If the combined loads on the spacer grids result in significant fuel 

assembly distortion, then the ECCS analysis must consider this change to the coolable 

geometry. In addition to the evaluation of the spacer grid loading, the criteria for a 

coolable geometry is satisfied by assuring that the loadings on non-grid components are 

below limits that will prevent structural failure (Section 111.2 of Appendix A of Chapter 4.2 

of the SRP). 
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The third criterion stems from GDC 27. The SRP suggests that if the combined loads 

on the spacer grids remain below a limit at which significant deformation of the fuel 

assembly would not occur, then the lateral displacement of the guide tubes would be 

limited and would not interfere with control rod insertion. The SRP further states that 

additional analysis will be needed to demonstrate control rod insertion if the combined 

loads cause significant deformation of the spacer grids. SRP 4.2 Section 11.1.A.vii 

provides an additional consideration that control rod insertion could be challenged by 

the unseating of a fuel bundle. For this reason, it will be shown that the worst-case 

hydraulic loads from a LOCA event will not cause the fuel assembly to become 

unconstrained from its indexed position, even under liftoff. 

These three criteria from the SRP fully address the relevant regulatory requirements 

pertaining to LOCA from GDC 27, GDC 35, and 10 CFR Part 50.46. 

For an SSE event, two criteria are acknowledged in the SRP: 

1. Fuel rod fragmentation must not occur as a result of the seismic loads, 

2. Control rod insertability must be assured. 

Both of these criteria can be satisfied through the combined analysis discussed above 

and only need to be evaluated for SSE alone in the event that a combined analysis is 

not performed. These two criteria address the relevant regulatory requirements 

pertaining to SSE from GDC 2, GDC 27, and Appendix S of 10 CFR Part 50. 

-- -- ----, 
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The fuel assembly is designed to withstand the loads from an OBE, SSE (or other 

design basis earthquake), or LOCA without loss of the capability to perform the safety 

functions that are commensurate with these events. This section will establish the 

appropriate selection of acceptance criteria to satisfy the underlying regulatory 

requirements defined in Section 3.1. For the purpose of defining acceptance criteria for 

non-grid components, the guidance provided by SRP 4.2, Appendix A (Reference 3) 

allows the use of the methods of the ASME Boiler and Pressure Vessel Code 

(Reference 9). 

The analyzed events are categorized by different severity levels using the general 

principles outlined in Section NCA-2142 of the ASME Boiler and Pressure Vessel Code. 

The general service limits for OBE events are set at Level B, and for SSE and LOCA 

events at Level D. Although Chapter4.2 of the SRP does not provide specific guidance 

oh setting service limits for fuel components for faulted operation these settings are 

consistent with SRP 3.9.3 (Appendix A, Section 4.C) which sets the ASME code service 

limits for pressure boundary and core support components. Certain components which 

must also remain functional during the event (as discussed in Section 3.1.2) are subject 

to more stringent service limits which will be identified in subsequent sections. The 

service limits are implemented either by stress intensity limits or tested allowable loads. 

Material properties are obtained from the ASME Code, standard industry specifications, 

Topical Reports, or specifications, as applicable. 

4.1 Operating Basis Earthquake (OBE) 

A precise definition of OBE ground motion is provided in 10 CFR 50 Appendix S 

(Reference 2) as "the vibratory ground motion for which those features of the nuclear 

power plant necessary for continued operation without undue risk to the health and 

safety of the public will remain functional." This event will be subject to Service Level B 

limits as defined in ASME B&PV Code Section Ill, Division 1. 
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As noted in Section 3.1.2, if the QBE ground motion response spectra is less than one

third of the Safe Shutdown Earthquake ground motion design response spectra, then 

according to 10 CFR 50 Appendix S no explicit design analyses are required to satisfy 

the requirements for an QBE event. 

Specific QBE acceptance criteria for spacer grids are presented in the subsection 

below. QBE acceptance criteria for non-grid components are specified in other topical 

reports covering the analysis of fuel assemblies at normal operation. 

4.1.1 Spacer Grid Acceptance Criteria 

The criteria to be satisfied for an QBE are defined in 10 CFR 50 Appendix S Paragraph 

(a)(2)(i)(B)(I) as: 

"When subjected to the effects ofthe Operating Basis Earthquake Ground Motion in 

combination with normal operating loads, all structures, systems, and components of 

the nuclear power plant necessary for continued operation without undue risk to the 

health and safety of the public must remain functional and within applicable stress, 

strain, and deformation limits" 

Considering the above requirement, any spacer grid deformation experienced during an 

QBE should not exceed the magnitude of the tolerance band to which the grid was 

designed. Within this negligible band of deformation, the functionality of the grid under 

normal operating conditions will not be challenged. 
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This acceptance criterion can be established in the form of a grid impact load limit. The 

spacer grid load limits are determined by impact tests that are performed to determine 

the load-deflection behavior of the spacer grid. The QBE load limit is that which 

corresponds to a small amount of plastic deformation in the spacer grid that is within the 

envelope tolerance and does not exceed the deformation at the buckling point of the 

grid. Per the guidance provided in SRP 4.2, Appendix A 111.1, the QBE load limit shall 

be based on the 95-percent confidence level on the true mean of a distribution of 

measured loads at this level of deformation. The QBE spacer grid load limit shall not be 

exceeded by the calculated impact loads for an QBE event. See Section 6.1.2 for a 

definition of the impact test protocol for spacer grids. 

4.2 LOCA or combined SSE and LOCA 

A LQCA event is a design basis accident for which the plant must withstand without a 

loss of capability to perform safety functions. The functional integrity of the fuel must be 

maintained as it relates to the safety criteria for this event. Thus, it must be 

demonstrated that 1) fuel rod fragmentation does not occur as a result of the blowdown 

loads; 2) control rod insertability (reactivity control) is assured if required; and, 3) 10 

CFR 50.46 temperature and oxidation limits are not exceeded, as demonstrated through 

an ECCS analysis. These criteria must be satisfied for combined loads from both SSE 

and LQCA, when applicable (see Section 7.4). For most components in the fuel 

assembly, including fuel rods, safety is maintained if the structural integrity of the 

component is maintained. As such, this design basis event is generally subject to Level 

D service limits as defined in ASME B&PV Code Section Ill, Division 1. However, the 

requirement for control rod insertion leads to special criteria for the spacer grids and 

guide tubes, due to their special function in forming a path for control rod insertion. 

Special consideration must also be given to the spacer grid criteria, because of its role 

in defining the coolable geometry for the bundle, to ensure that 10 CFR 50.46 criteria 

are met. 
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For evaluation of the LOCA event, the acceptance criterion for the spacer grid shall be 

such that the grid [ 

] 

Consistent with Appendix A 111.1 of Chapter 4.2 of the SRP, the LOCA load limit shall be 

based on the 95-percent lower confidence limit on the true mean of a distribution of 

measured loads at this acceptable level of deformation. The LOCA spacer grid load 

limit shall not be exceeded by the design impact loads for a LOCA event, or combined 

SSE plus LOCA when it is required to consider this combined event. 
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With the exception of the fuel rod and guide tube assemblies, fuel assembly 

components are designed for the LOCA event to meet Level D service limits (maintain 

structural integrity) per Appendix F of Section Ill of the ASME B&PV Code. The other 

components are addressed below. LOCA, as a design basis event, does not require a 

fatigue analysis. Therefore, the components need to be evaluated only for a single 

application of the limiting load during the event. 
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A special note is made here regarding the fuel assembly hold-down springs. The hold

down springs [ 

l 

[ 

l 

4.2.2.1 Fuel Rods 

Fuel rods must be protected against mechanical fracturing. As defined in Section 4.2 of 

the SRP, fuel rod cladding integrity may be assumed if the applied stress is less than 90 

percent of the irradiated yield stress at the appropriate temperature. Note that some 

materials (e.g. M5®) may be limited to criteria based on specific commitments made in 

applicable topical reports. Design of the fuel rods must also consider the limiting 

buckling load. 

4.2.2.2 Guide Tubes 

Guide tubes must ensure the functional requirement of control rod insertability. The 

control rod insertion path provided by the guide tube can be adequately maintained if it 

can be shown that sudden and severe changes in the geometry of the guide tube (e.g. 

local collapse or plastic hinge) do not occur. To this end, a two-part criteria is applied in 

the design of the guide tube to assure that (1) stresses do not exceed a limit prohibiting 

local collapse of the guide tube, and (2) the structural stability of the guide tube must be 

maintained. 
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The first criterion is met by limiting guide tube stresses to the Level C criteria in the 

ASME Code, Subsection NG, Table NG-3224-1. [ 

] The second criterion is satisfied by evaluating the critical 

buckling load margin. Together, these two limits ensure that the functional requirement 

of the guide tubes is maintained. 

Note that the guide tube upper connection (connection between the guide tube and top 

nozzle) is also subjected to Level C criteria because of its function in defining a control 

rod insertion path. 

In the case of a LOCA event that does not require control rod insertion, generic service 

Level D limits can be applied to the entire guide tube assembly instead of Level C limits. 

Furthermore, the Level C criterion for guide tube stress is only required when the fuel 

assembly is positioned in a rodded location within the core. All other fuel assembly 

locations in the core that are not in a control rod location can be subjected to the Level 

D limits noted in Section 4.2.2. 

Additional discussion regarding the justification for the use of Level C limits in this 

analysis is provided in Appendix E. 
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The Safe Shutdown Earthquake is a design basis natural phenomenon which the plant 

must withstand without a loss of capability to perform safety functions. Unlike an QBE, 

it is permitted to design components for non-elastic operation beyond their design 

tolerances as long as their functional integrity is maintained. In accordance with 10 

CFR 50, Appendix S, the functional integrity of the fuel is satisfied if it can be shown that 

1) fuel rod fragmentation does not occur as a result of the seismic loads and 2) control 

rod insertability (reactivity control) is assured. For most components in the fuel 

assembly, including fuel rods, safety is maintained if the structural integrity of the 

component is maintained. As such, this design basis event is generally subject to Level 

D service limits as defined in Appendix F of ASME B&PV Code Section Ill, Division 1. 

However, the requirement for control rod insertion leads to special criteria for the spacer 

grids and guide tubes, due to their special function in forming a path for control rod 

insertion. The fuel rod requirement is also special and is specified in Section 4.2.2.1. 

4.3.1 Spacer Grid Acceptance Criteria 

For a design basis earthquake or SSE, the acceptance criterion for the spacer grid shall 

be such that the grid [ 

] 
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The SSE load limit shall be based on the 95-percent confidence level on the true mean 

of a distribution of measured loads on a number of grids at this level of deformation. 

The SSE spacer grid load limit shall not be exceeded by the design impact loads for an 

SSE event. 

4.3.2 Non-Grid Component Acceptance Criteria 

With the exception of fuel rod and guide tube assemblies, fuel assembly components 

are designed for the design basis earthquake to meet Level D service limits as defined 

in Appendix F of Section Ill of Reference 9. The special criteria defined for the fuel rods 

and guide tubes in Section 4.2.2 apply for the SSE event as well. 

SSE, as a design basis event, does not require a fatigue analysis. Therefore, the 

components need to be evaluated only for a single application of the limiting load during 

the event. 

4.4 Summary of Acceptance Criteria 

The acceptance criteria defined in Sections 4.1 through 4.3 are summarized in the 

Table 4-1. 

4.5 Reporting of Margin of Safety 

The margin of safety for each individual fuel assembly component is determined for 

each accident condition as follows: 

Margin of safety= (allowable load - applied load)/applied load 

The allowable loads are based on the preceding criteria. 
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Table 4-1: Summary of Acceptance Criteria by Component 
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In this section the architecture of two analytical models used for the lateral and vertical 

directions in accident analyses are presented and discussed in detail. In addition, the 

necessary input parameters to the models are also identified. 

The lateral model is based on a two-dimensional representation of a complete row of 

fuel assemblies. This model captures the dynamic response of individual fuel 

assemblies and allows for impact between assemblies as well as hydrodynamic 

coupling. The vertical model describes the response of a single fuel assembly 

subjected to vertical excitations. Both models are based on the principles defined in the 

NRC approved topical reports (References 4, 5, and 16). 

The objectives of this section are twofold: i) to present in detail the models for horizontal 

and vertical fuel assembly response to dynamic excitations; and ii) to identify the 

required model inputs for both horizontal and vertical models. The means of defining 

the necessary inputs for use in the models are discussed in section 6.0. 

5.2 Horizontal Fuel Assembly Model 

The horizontal analysis is performed on a set of two-dimensional finite element models 

representing separate planar sections through the core (see Figure 5-1 ). Each model 

captures a different row length of fuel assemblies. Thus, the analysis covers all fuel 

assemblies in the core. The model is capable of describing the motions of each fuel 

assembly within the row during external loading. 

Any energy losses due to interaction between fuel assemblies of neighboring rows, due 

to sliding friction or other interference, are conservatively neglected, thus maximizing 

grid impact loads and assembly deflections. This modeling assumption is consistent 

with NUREG-CR1019 (Reference 23), which constitutes one of the foundation 

documents for SRP 4.2, Appendix A (Reference 3). 
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Figure 5-1 provides a visual representation of how the horizontal model relates to the 

physical system. For the core shown in Figure 5-1, a total of four row models are 

required to represent the 7, 11, 13, and 15-fuel assembly row configurations. 

The basic element of the two-dimensional row model is a structural representation of a 

single fuel assembly. When multiple fuel assemblies are combined together for a row 

model, as shown in Figure 5-1, then additional boundary conditions associated with the 

baffle plate interaction are applied. In addition, the fluid flow effects are captured 

through hydrodynamic coupling, and the interaction between fuel assemblies due to 

impacts is modeled using appropriate dynamic contact elements. 

Thus, the horizontal model architecture description is structured around the following 

three topics: i) definition of the single fuel assembly horizontal model; ii) definition of the 

boundary conditions used in the horizontal analysis; and iii) definition of the 

hydrodynamic and impact coupling parameters between fuel assemblies. This 

modeling approach is consistent with the row model architecture developed in NUREG

CR1019. 

5.2.1 Single Assembly Model 

The dynamic behavior of a single fuel assembly is simulated by using a simplified finite 

element model (see Figure 5-2). The structural element model is constructed using a 

combination of beam and rotational spring elements. 

The slender components of the fuel assembly (guide tubes, fuel rods, instrument tube 

and/or guide bars) are grouped into a 1-D column with equivalent properties modeled 

with [ ] The overall column length is set to match 

the fuel assembly length, defined as the distance from the bottom surface of the upper 

nozzle to the top surface of the bottom nozzle. In some cases beam elements can have 

varying cross sectional properties and density values to describe the geometrical 

features of specific guide tube designs [ ] 
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The beam elements characterize the aggregate bending and shear stiffness of all fuel 

rods, guide tubes, and instrument tube (when present) that comprise the assembly. 

The total moment of inertia, and cross-sectional area of the beam and elements are 

calculated for each fuel assembly span by summing up all individual inertias and areas 

of all guide tubes, the instrumentation tube, and all fuel rods. In addition, the effective 

Young's modulus (see Section 6.1) of the model preserves the combined bending 

stiffness of the fuels rods, guide tubes and instrumentation tube per unit length of the 

modeled assembly. In addition, the effective density per span is calculated considering 

all slender components in each span. 

[ 

1 

The end boundary conditions represent the connection between the core plate, fuel 

assembly nozzles, and guide tubes. The uppermost and lowermost end grids are not 

modeled explicitly. [ 

1 

The final finite element model is one-dimensional with in-plane degrees of freedom at 

each node (translation and rotation). The nodes positioned at the intermediate spacer 

grid elevations (visible in Figure 5-2) provide an interface for possible spacer grid impact 

(to be discussed in Section 5.2.2.2). 
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Because of the importance of capturing the dynamic response of the fuel in this 

analysis, this model is benchmarked against tested fuel assemblies. This 

benchmarking is performed by adjusting the rotational stiffness of the intermediate 

spacer grids [ ] in order to match the 

[ 

1 

5.2.1.1 Fuel Assembly Damping 

Damping is considered in the horizontal fuel assembly model and it has been 

categorized based on the following three mechanisms: 

i. Structural damping: This damping is associated with the internal friction at all 

contact points within the fuel assembly. The damping coefficient, ds, is largely a 

function of grid cells spring load, which, as will be discussed later, is a function of 

bundle condition (irradiated versus non-irradiated). 

ii. Still water damping: This damping is caused by the irrecoverable pressure 

losses that occur as the fuel rod lattice moves through water and the water is 

forced to accelerate and decelerate through the bundle. 

iii. Axial coolant flow damping: This damping is caused by the hydrofoil lift effect 

associated with the axial flow rate and the lateral motion of the fuel assembly. 
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The techniques discussed in this report implement a fuel assembly damping 

formulation, which lumps together the dissipation mechanisms discussed above into an 

effective viscous damping term. Damping is modeled in accordance with SRP Section 

3.7.2 (NUREG-0800). SRP Section 3.7.2 defines the use of composite modal damping 

or modal synthesis techniques, allowing for the specification of damping values at the 

individual element level. Two subsets of these techniques discussed in this report are 

the Rayleigh damping technique and a generalized proportional damping technique. 

These techniques present the advantage that the formulation is less complex, [ 

] 
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The Rayleigh damping method defines the full coordinate fuel assembly damping matrix 

as a linear combination of the mass and stiffness matrices. This formulation is given in 

the following expression: 

cCf) = aMCf) + f]KCf) (5-1) 

where a and /J are the Rayleigh damping coefficients . As a linear combination of the 

full coordinate set mass and stiffness matrices, the C(f) matrix has the orthogonal 

property with respect to the full coordinate set fuel assembly modes. Consequently, the 

modal damping ratio {;;, of mode i, can be written as: 

(5-2) 

where Ji is the natural frequency of mode i. The coefficients a and /3 are derived using 

Equations (5-3) and (5-4) for two modes i and} for which the frequencies and damping 

ratios are known from tests. The final expressions for the Rayleigh damping coefficients 

a and f3 are given below: 

(5-3) 

(5-4) 

[ 

] 
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The generalized proportional damping technique constructs a synthetic damping matrix 

which is capable to match the system modal damping ratios for all modes of interest 

rather than only two modes as in the case of the Rayleigh method. The generalized 

proportional damping technique can match the modal damping ratios of all modes. 

Conceptually the method is formulated with respect to the independent coordinate set, 

and then it is expanded to the full coordinate set. 
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To create the core model, the single fuel assembly model described in Section 5.2.1 is 

used as the basic building block to construct a row of fuel assemblies in co-planar 

fashion. In addition to the single fuel assembly element, the process of building a row 

model requires the introduction of additional features consisting of the boundary 

conditions that define the overall core geometry, the elements to characterize 

interaction between fuel assemblies and/or the baffle, and the hydrodynamic effects 

associated with the reactor coolant. Each of these items will be discussed in more 

detail in the following sections. 

Heterogeneous core models can be created to account for mixed core conditions. In 

this case, more than one type of single fuel assembly model is used to build row models 

in which dissimilar fuel assembly designs are adjacent to each other. Mixed core 

studies can be performed using the actual row configurations for a specific core design, 

or in cases where the core design is not available, the mixed core study can be 

performed generically by evaluating multiple row model permutations that reasonably 

encompass the fuel assembly response. Sections 5.2.2.1.1 and 5.2.2.2 respectively 

address the definition of fuel assembly gaps and spacer grid impact elements in 

heterogeneous row models. 

5.2.2.1 Boundary Conditions 

Two different sets of boundary conditions are described in the following subsections. 

One set of boundary conditions deals with the geometry of the fuel assembly and the 

row model configurations. The other set of boundary conditions describe the seismic 

and LOCA excitations considered as external forcing functions applied to fuel assembly 

row models. 
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The geometric boundary conditions, prescribed by the location of the core plates, baffle 

plates, and the fuel assembly pitch, define the physical configuration of each row model. 

As discussed in Section 5.2.1, the single fuel assembly model applies the boundary 

conditions to both ends of the fuel assembly. The other geometric constraint required to 

establish the row model is the distance between neighboring fuel assemblies as well as 

the distance between peripheral fuel assemblies and the baffle plates. These values 

are defined specifically for a given fuel design and core. The gap parameters for 

homogeneous rows, used in the model, are given by the following equations: 
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] 

Figure 5-3 shows a diagram detailing the geometrical parameters used in the equations 

for the gaps. 

5.2.2.1.2 External Loading Function 

While the geometry of the core plates and baffle plates define the resting configuration 

of the row model, their motion during a seismic or a LOCA event serves as the external 

excitation for the fuel assembly response. As an input to the row model, the motion of 

these boundary conditions is defined at three locations: 

i. Lower core plate 

ii. Upper core plate 

iii. Top of the baffle plate (or heavy reflector or core basket) 
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These displacement time histories are derived from models that characterize the motion 

of reactor vessel internals during seismic or LOCA events. The methods and models 

used to define these motions are generally governed by the guidance provided in 

Section 3.6 and 3.7 of NUREG-0800 (SRP), for LOCA and seismic analysis, 

respectively, and are beyond the scope of this topical report. 

5.2.2.2 Spacer Grid Impact Element 

During a seismic or LOCA excitation several assemblies aligned in the same row are 

likely to find themselves simultaneously in contact. For an assembly, contact may occur 

at the same time on two opposite sides of one or several grids. To simulate the effects 

of impact between assemblies, spacer grids are modeled [ 

1 
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Figure 5-5 illustrates a row model constructed with single fuel assembly models with the 

addition of the spacer grid impact elements. 
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The presence of a dense fluid in contact with structures modifies their vibrational 

response. The nonstationary interaction between an ideal fluid and a structure 

constitutes the hydrodynamic coupling, a non-dissipative phenomenon, which is distinct 

from damping. Thus, when an external loading (seismic or LOCA) is applied to a fuel 

assembly model, the hydrodynamic coupling element is used to account for: i) the 

added kinetic energy contained in the fluid when the fuel assembly moves in the lateral 

direction, and ii) the lateral buoyancy force resulting from the lateral acceleration of the 

reactor internals. 

When a submerged structure is subjected to forced vibration it accelerates the 

surrounding fluid which in turn produces an additional force on the structure distinctly 

different from the fluid drag force. The linearized interaction between the fluid and 

structure leads to the well-known added mass matrix concept. For a single fuel 

assembly or a set of multiple fuel assemblies fully submerged, fluid-structure interaction 

is modeled using the added mass for the fuel assemblies and coupling terms for the fuel 

assembly core baffles interaction to account for the acceleration of the fluid during an 

accident event. In the case when a set of submerged structures (fuel assemblies) and 

the fluid containment are subjected to a rigid body acceleration acontainment(f) the resulting 

force on the submerged structures is equal to the displaced fluid mass (also used in 

buoyancy force) times the acceleration. The relative motion x of each structure 

associated with the fuel assembly is given by 

(m + m A )x + CX + kx = -(m-md )acontainmen (t), (5-14) 

where m is the mass of the structure, mA is the added mass of the structure, md is the 

fluid displaced mass by the immersed structure and c and k could be the modal 

damping and structural stiffness, respectively. This coupling is similar to that between 

solids described by Fritz (Reference 10) and between rectangular plates more explicitly 

described by Scavuzzo (Reference 11 ). 
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The basic hypothesis of the coupling model can be formulated in two ways as follows: 

1) the fuel assembly row is laterally confined and is, therefore, hydraulically 

independent of its neighbors, and 

2) the motions of the rows parallel to the direction of the analyzed assembly row 

motion are identical. 

The coupling has been shown to possess the following properties: 

a. it is negligible between assemblies, and 

b. it is uniform, namely: 

• the mass term added to each assembly, mA, and the coupling term between 

the assembly and baffles, me, are practically independent of the assembly 

position in the row, and 

• the contribution of each fuel rod to the coupling terms is practically 

independent of its position within the bundle (which simplifies extrapolations 

to a complete assembly as explained in Section 6.1.3.3.1 ). 

Considering the coupling properties presented above then the added mass concept in 

matrix form for the system described in Equation (5-14) yields a set of equations of 

motion that involve the two coupling terms mA and me: (i) mA are the diagonal terms 

representing the added mass; and, (ii) me are the non-diagonal terms representing the 

coupling with the containment. Furthermore, using the formulation for the added mass 

described in Reference (11) the relationship between the added mass and the coupling 

terms (similar to buoyancy) is given by 

(5-15) 

Rewriting Equation (5-15) in matrix form clearly shows that the hydraulically-induced 

mass effects, provided by the added hydraulic mass and hydrodynamic coupling terms, 

augment the overall mass matrix of the structural system (fuel assemblies). 
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The composition of the added mass matrix, M,, is given by the following expression: 

-[mA me] M1- . 
me mA 

(5-16) 

Essentially, the added mass is a coefficient of inertia that is used to scale the fluid 

forces acting on the structure (fuel assembly) which are proportional to the acceleration 

of the structure (fuel assembly). Thus, the added mass may be smaller or larger than 

the fluid mass (total mass of coolant in containment). 

In the numerical model, the coupling elements are defined in a horizontal plane for each 

grid elevation and describe the interaction between the lateral degree of freedom of the 

grid node and the corresponding lateral degree of freedom of the baffle plate node as 

shown in Figure 5-6. Thus, the coupling approach implemented is reduced to a two

body interaction for all fuel assemblies. A detailed description of this coupling approach 

is provided in References 12 and 13. The theoretical basis and validation of this 

method of modeling hydrodynamic effects in the row model was originally presented in 

Reference 5. 

5.2.3 Summary of Required Input for the Horizontal Model 

A summary of the input parameters required by the horizontal model is given in 

Table 5-1. The input parameters are divided into four sections related to: i) fuel 

assembly mechanics; ii) fuel assembly components behavior; iii) fluid mechanics; and, 

iv) boundary conditions related to fuel assembly geometry and to external excitation 

loads from accident events. The means of assigning values to these parameters will be 

addressed in Section 6.1. 
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The vertical load analysis is performed on a single fuel assembly by applying the 

seismic or LOCA loads in the vertical (axial) direction. The vertical fuel assembly model 

calculates the axial loads primarily arising from fuel assembly impacts with the upper 

and lower core plate during seismic and LOCA excitations. The resulting axial loads 

are combined with loads from the normal operating and horizontal load analyses for 

subsequent component stress and structural integrity analysis, as discussed in 

Section 7.0. 

5.3.1 Vertical Analysis Fuel Assembly Model Description 

Given that this model is used for accident condition analysis, it is structured to be 

commensurate with the accident operation analytical requirements. The main focus of 

accident condition analysis is net section loads, which are considered as being evenly 

distributed over the fuel rods or guide tubes. These average loads are then compared 

to the component capability either on a linearized stress basis, or a tested collapse load 

basis. Consequently, the vertical analysis model is based on the following engineering 

simplifying assumptions: 

• All points on the fuel rods move in the same fashion. A horizontal planar section 

through the fuel rods remains horizontal and planar. This is an approximation, 

which discards the bending stiffness of the spacer grids. In addition, for analyses 

using end-of-life (EOL) conditions, this statement means that the bottom nozzle 

upper face does not bend under the inertial load of the fuel rods. This modeling 

approach means that the models will only be able to predict the total force 

exerted on the bottom nozzle by the fuel rods and the guide tubes, but not the 

spatial distribution of this force. 
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The uneven distribution of axial loads in the guide tubes and fuel rods can only 

result in stresses due to the self-constraint of the structure, which are classified 

as secondary stresses per Section NG-3200 of Reference 9. Therefore, the 

variation in distribution can be disregarded for the primary stress evaluation of 

the fuel assembly components but it must be taken into account for the buckling 

evaluation (Section 8.2.1 ). 

As a further simplifying assumption, the energy losses due to interactions between 

neighboring assemblies in the vertical direction are conservatively neglected. Hence, 

only one fuel assembly is modeled for the vertical analysis. 

Consistent with the overall assumptions discussed, the general architecture of the 

vertical analysis model is shown in Figure 5-7. This model is consistent with previously 

approved topical report BAW-10172P(A) (Reference 16). This model consists of two 

columns representing the guide tubes and the fuel rods. These columns are modeled 

as beam elements or linear translational springs with lumped mass. All nodal degrees 

of freedom (D0Fs) in the lateral and rotational directions are constrained and hence, no 

extraneous reaction forces or moments are produced. As a result, the moment of 

inertia and thickness inputs for the beam elements are irrelevant. 

The cross-sectional properties of the guide tube beam element can be varied along the 

axial length to account for the presence of a dash pot. Furthermore, when necessary, a 

third column can be added to the model to represent an instrument tube. The 

instrument tube may have unique boundary conditions from the regular guide tubes. 

The hold-down spring force is accounted for by using a linear translational spring 

element. The spacer grids are included in the model as point-mass elements only on 

the guide tube column. 

The elements presented up to this point comprise the linear part of the model. The non

linear capabilities of the model consist of a number of gap-springs, gap dampers, and 

slider elements, as shown in Figure 5-7. A brief discussion of these elements follows: 
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• The non-linear gap-spring-damper element representing the bottom nozzle: The 

stiffness of this element is used to account for the stiffness of the load-path 

between the guide tube connections and the lower core plate for the non

irradiated case, and from the bottom nozzle upper face and the lower core plate 

for the irradiated case. In the irradiated case, the load is distributed on the upper 

face of the bottom nozzle, since the fuel rods are resting against this surface. 

This element has damping capability, which is necessary to accurately capture 

the fuel assembly rebound height in the case of an impact. 

• The non-linear gap-spring-damper element between the fuel rod lower end and 

the top face of the bottom nozzle: The element gap is a function of the fuel 

design and non-irradiated or irradiated condition. In the non-irradiated condition 

the gap may be closed or open depending on the fuel design. In the irradiated 

condition the gap is typically considered closed due to the subsequent seating of 

the rods on the upper face of the bottom nozzle and the impact load is carried 

through the stiffness of the bottom nozzle grillage. 

• The non-linear gap-spring-damper element between the top of the fuel rods and 

the top nozzle: The characteristics of this spring are similar to the element 

above, with the gap being different. This gap is designed to remain open over 

the service life of the fuel assembly under normal operating conditions (including 

irradiation growth), but could close due to impacts produced by seismic or LOCA 

loading. 

• The non-linear slider elements between the fuel rod nodes and the 

corresponding spacer grid nodes on the guide tube column: These elements are 

characterized by stiffness (or slope) and a saturation force at which the fuel rods 

begin to slip within the spacer grids (i.e. the grid slip load). 
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For the in-core condition two additional structural elements are required. The two 

structural elements are: i) a spring connecting the upper core plate to the top nozzle 

which represents the hold-down spring; and, ii) a gapped spring connecting the top 

nozzle to the upper core plate which has the capability to capture possible impacts at 

this interface. Normally, the vertical excitation is not severe enough to overcome hold

down loads; therefore, the fuel assembly does not impact the upper core plate. 
? 

However, the model must have the capability to detect and simulate these impacts if 

they occur. 

5.3.1.1 Boundary Conditions 

Aside from the gap between the top nozzle and the upper core plate, no additional 

geometric parameters are necessary to define the external boundary conditions for the 

model. This gap together with the hold-down spring characteristics is used to define the 

spring hold-down force. The vertical motion of the upper and lower core plates during a 

seismic event serves as the excitation for the fuel assembly response. In addition to the 

core plate motions, the steady state hydraulic lift forces must be input to the model. 

In a LOCA event, the hydrodynamic lift forces become transient in nature due to a 

pressure wave traveling through the core. In this case, direct forces are applied to fuel 

assembly components to simulate the pressure drop across the fuel assembly. This 

input is characterized by i) a set of force time histories that are applied to the fuel 

assembly model at the main pressure drop locations (i.e. at a minimum, the spacer grid 

and nozzle locations), and ii) a set of core plate (upper and lower) displacement time 

histories. 

Both the displacement and force time histories are derived from models that 

characterize the response of the reactor and its internals during seismic or LOCA 

events. The methods and models used to define these motions are generally governed 

by the guidance provided in Section 3.6 and 3.7 of NUREG-0800 (SRP), for LOCA and 

seismic analysis, respectively, and are beyond the scope of this topical report. 
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Similar to the horizontal model, damping is considered in the vertical fuel assembly 

model. Damping in the vertical model can be characterized based on two mechanisms: 

i. Structural damping: This damping is associated with the internal friction at all 

contact points within the fuel assembly. 

ii. Coolant induced damping: This damping is caused by the irrecoverable pressure 

losses that occur as the fuel assembly moves through water. 

The structural damping in the system is explicitly introduced through the non-linear 

gapped spring and slider elements. In addition, structural damping is also characterized 

via stiffness proportional damping terms for all the beam or spring elements of the 

model. 

An additional damping term is applied to the overall model to characterize the viscous 

damping due to rigid body motion through a fluid (see Section 6.2.6). As discussed in 

Section 5.2.1.1, this damping of the rigid body motion can be characterized through the 

use of either Rayleigh damping coefficients or generalized proportional damping, or 

dedicated damper elements. [ 

1 

An additional damping mechanism is manifested during the impacts with the lower and 

possibly upper core plates. The model incorporates this damping in the form of 

damping coefficients associated with the gapped spring-damper elements located 

between the bottom nozzle and the lower core plate or top nozzle and upper core plate, 

respectively. The values for these damping coefficients are benchmarked to the fuel 

assembly drop test results as discussed in Section 6.2.3.1. 
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Hydrodynamic coupling elements are added to the model to account for the presence of 

fluid. The concept is the same as discussed in Section 5.2.2.3. As discussed earlier, 

this hydrodynamic effect is captured in the model through the definition of an added 

mass and a coupling mass. The added mass represents the virtual water mass that is 

displaced by the fuel assembly and is applied at each fuel rod and guide tube node. 

The coupling mass represents the hydrodynamic coupling between the core plates and 

fuel assemblies within the confined reactor environment and these are only applied 

between the fuel assembly and the core plates. The coefficients are discussed in 

Section 6.2.5. 

5.3.2 Summary of Required Input for the Vertical Model 

A summary of the input required by the vertical model is given in Table 5-2 below. The 

inputs are divided into four sections related to: i) fuel assembly mechanics; ii) fuel 

assembly components behavior; iii) fluid mechanics; and, iv) boundary conditions 

related to fuel assembly geometry and to external excitation loads from accident events. 

The means of assigning values to these parameters is addressed in Section 6.2. 
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Table 5-1: Required Input for the Horizontal Analysis Model 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

ANP-10337NP 
Revision 0 

Page 5-24 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

Table 5-2: Required Input for the Vertical Analysis Model 

ANP-10337NP 
Revision 0 

Page 5-25 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
T apical Report 

ANP-10337NP 
Revision O 

Page 5-26 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
To ical Re art 

ANP-10337NP 
Revision 0 

Pa e 5-27 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Appl ied Dynamic Excitations 
Topical Report 

Figure 5-1: 2-D Horizontal Model Architecture 
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Figure 5-2: Simplified Schematic of the Single Fuel Assembly Model 
for Horizontal Analysis 
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Figure 5-3: Geometrical Boundary Conditions: Gaps Between Fuel 
Assemblies and Baffle Plate 
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Figure 5-4: Impact Grid Model for Horizontal Analysis 
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Figure 5-5: Assembly Row Model with Impact Elements 
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Figure 5-6: Schematic of Hydrodynamic Coupling Model for the 
Horizontal Accident Analysis 
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Figure 5-7: Vertical Fuel Assembly model schematic 
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As stated in Section 2.0, all PWR fuel assembly designs have similar geometry and 

structure, and thus, the modeling architecture defined in Section 5.0 is generically 

applicable to all PWRs. The unique characteristics of each fuel assembly, discussed in 

Section 5.0, are established through design-specific testing, for which the protocol is 

defined in this section. In addition, as discussed in Section 4.0, specific design criteria 

are required to evaluate the performance of fuel assembly components. These criteria 

are also determined through testing described in this section. 

In summary, this section of the report will establish the means of defining both modeling 

parameters and design-specific criteria. The section is divided into three subsections: 

the first two subsections define the numerical input for the horizontal and vertical 

models, respectively, and the third subsection provides a summary of the testing 

program. 

6.1 Input Definition for the Horizontal Analysis Model 

This section defines the process of assigning numerical value~ to the horizontal model 

parameters defined in Section 5.2. The summary table from Section 5.2.3 is repeated 

below with a new column ("Basis for Parameter Definition") added. Two models are 

constructed to represent the fuel in both the non-irradiated and irradiated condition, but 

the model architecture is the same. 

As can be seen in Table 6-1, many parameters are simply based solely on the design 

definition, as established through a reference to design documents such as drawings 

and specifications. In general, these parameters reflect fuel assembly geometry or 

material properties and do not require additional testing or analysis for definition or 

verification. Both geometric values and material properties will be considered at 

appropriate temperatures for the event being modeled. 
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Four items from Table 6-1 require testing and/or analyses in order to be defined. These 

items are: [ 

The definition of each of these parameters will be discussed in the subsections that 

follow. 

6.1.1 Grid Rotational Stiffness 

The primary elements of the single assembly horizontal model are the [ 

] 

] While the beam properties 

can be based directly on the geometric and material properties of the fuel rods, guide 

tubes, and instrument tube, the values for the rotational springs [ 

] Rotational spring stiffnesses are adjusted until the dynamic 

model duplicates the dynamic characteristics of the fuel assembly that are determined 

through tests. [ 

] These techniques are consistent with the approved 

methodology in Reference 5. The dynamic characteristics of the fuel assembly model 

are experimentally determined through two tests: 1) Free vibration, and 2) Forced 

vibration. These tests are performed in air at ambient temperature. Subsequently, the 

initial model benchmarks are created to match in-air conditions and the models are later 

re-adjusted to account for the presence of a dense fluid medium in actual operating 

conditions. 
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] The 

adjustment to in-water conditions is addressed in Section 6.1.3 and Section 6.1.4. 

The tests required to benchmark the fuel assembly model to the behavior of the specific 

fuel assembly design are described below. 

6.1.1.1 Free Vibration Test 

The objective of the free vibration test is to determine the first natural frequency and 

damping characteristics of the fuel assembly in-air at room temperature conditions. The 

test is performed by laterally deflecting the test assembly at the midplane to 

predetermined displacement values and then quickly releasing the bundle. The test 

configuration has prototypical upper and lower core plate supports at the ends, including 

the effects of hold-down loads, when present. Upon release, the fuel assembly is 

allowed [ 

] The damping ratio [ 

] 
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] For 

illustrative purposes, Figure 6-1 presents a typical frequency-displacement relationship. 

From the free vibration test results, the fundamental frequency is extracted and used to 

benchmark the horizontal model. The model is constructed with [ 

] 

[ J (6-1) 

Figure 6-1 illustrates two unique frequency curves for a non-irradiated and a simulated 

irradiated fuel assembly. This testing shall be performed in both conditions, thus 

leading to unique benchmarked models for both the non-irradiated and irradiated 

conditions. 
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] 

The objective of the forced vibration test is to obtain the relationship between higher 

mode frequencies (at a minimum the third mode frequency) and the fundamental 

frequency. [ 

] This test is performed in-air at room temperature conditions 

by exciting the fuel assembly at [ 

] The test configuration is prototypical for the fuel assembly to the upper and 

lower core plate interface, including the effects of hold-down, when present. The 

assembly response is recorded as a function of time at the intermediate grid locations 

[ ] 

However, [ 

] 
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In the above equation, [ 
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(6-2) 

] Like the free vibration test, all forced vibration tests are performed for 

both non-irradiated and irradiated fuel assemblies. 

6.1.1.3 Lateral Stiffness Test 

In this test a lateral load is applied to the fuel assembly to determine the force/deflection 

curve. A straight assembly is mounted to the test apparatus and an axial preload is 

applied to the hold-down springs of the assembly. The axial preload has an insignificant 

effect on the results, but it ensures that the bottom nozzle is fully seated. The test is 

performed by laterally deflecting the center of the assembly to maximum predetermined 

deflection (avoiding fuel assembly damage due to excessive deformation). The lateral 

load is applied to a spacer grid near the middle of the fuel assembly as shown in 

Figure 6-2. The force required to deflect the assembly and the corresponding 

displacement are recorded continuously for the complete loading and unloading cycle. 

During the test both fuel assembly nozzles are constrained. The results from this test 

are not used directly in the establishment of the dynamic model. However, this test data 

does support more detailed finite element models used to characterize fuel assembly 

loading for component stress analyses (Section 8.1.1 ). The lateral stiffness test is 

performed for both non-irradiated and irradiated fuel assemblies. 
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As discussed in Section 5.2.2.2, the spacer grid impact model is characterized by a 

[ 

] Each test will be addressed separately in the 

following sections. 

6.1.2.1 Dynamic Grid Crush Test 

The objective of the dynamic grid crush test is to establish the external (through-grid) 

stiffness and damping for a given spacer grid design. This test also establishes the 

spacer grid load limits discussed in Section 4.1.1, Section 4.2.1, and Section 4.3.1. 

Both aspects of the test will be discussed in this section. 

6.1.2.1.1 Test Description and Protocol 

. The test consists of a [ 

] 
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This test is performed in both non-irradiated and irradiated configurations. For the non

irradiated conditions, the dynamic impact tests are conducted at reactor operating 

temperatures of approximately 600°F (-315°C) with prototypical spacer grids. For the 

irradiated test, the test protocol is modified to simulate the irradiated condition. [ 

] 

For some grid designs, a measurable difference in grid strength and stiffness can be 

observed depending on which [ 

This difference [ 

properties. 

6.1.2.1.2 Determination of Grid Dynamic Properties 

] 

] grid 

From the test, the velocity coefficient of restitution, s, can be determined by averaging 

the individual coefficient of restitution values over the appropriate range of test data (up 

to the maximum allowable deformation). Based on this average value of s, the damping 

ratio, (, can be determined using Equation (6-3). 
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Similarly, a representative value of F 2 
/ M 8PV/ can be calculated over the appropriate 

range of test data through linear regression. [ 

] 

6.1.2.1.3 Determination of Grid Load Limit 

The spacer grid acceptance criteria, in the form of a load limit, for OBE, SSE, and LOCA 

is defined in Section 4.0. 

Using the measurements of peak impact load and corresponding residual (or 

permanent) deformation after each impact, the load limit can be defined from the test 

data using the criteria given in Section 4.0. A representative result for a grid that 

experiences critical deformation before buckling is shown in Figure 6-3 to illustrate the 

application of these grid load limit definitions. 
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A detailed discussion on the effects of irradiation on the spacer grid behavior and its 

strength is provided in Appendix D.3. 
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6.1.2.2 Fuel Assembly Lateral Impact Tests 
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The objective of this test is to derive the internal stiffness and damping values for the 

grid impact elements. This test is very similar to the free vibration test described in 

Section 6.1.1.1, with the only difference being [ 

] 

Following the test, the data is post-processed by building a model of the test 

configuration as shown in Figure 6-5. The gapped springs/dampers at the impacted 

spacer grid in Figure 6-5 are [ 

] 
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6.1.3 Damping 

The analytical fuel assembly damping formulation under lateral motion was presented in 

Section 5.2.1.1. In this section the damping ratio values to be used in the lateral 

seismic and LOCA analysis are presented. The damping ratios discussed herein 

represent overall values accounting for all the energy dissipation mechanisms 

discussed in Section 5.2.1.1, and were established based on tests performed on full 

scale fuel assemblies in [ 

] 

The damping ratios are generically used for all PWR fuel assembly designs for which 

this topical report is applicable. 

6.1.3.1 Fuel Assembly Damping Values - Non-irradiated condition 

The modal damping values for the non-irradiated condition are consistent with those 

described in Addendum 2 of BAW-10133PA Revision 1 (Reference 5). 

As discussed in more detail in Appendix C.2, the axial coolant flow damping testing on 

fuel assemblies under flow rates consistent with reactor operating conditions 

demonstrated [ 

] 

Therefore, based on a conservative approach, the damping of a non-irradiated fuel 

assembly in axial flow at in-reactor operating conditions is defined based on the 

following modal damping ratios: 
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For the irradiated condition, the tests discussed in Appendix C.3, performed on a 

simulated irradiated fuel assembly under flow rates consistent with reactor operating 

conditions demonstrated [ 

] Therefore, based on a conservative approach, the damping of an irradiated fuel 

assembly in axial flow at in-reactor operating conditions is defined based on the 

following modal damping ratios: 

6.1.3.3 Consideration of Loss-of-Offsite Power on Fuel Assembly Damping 
Values 

The specific concern with a Loss-of-Offsite Power (LOOP) occurring in concurrence with 

an SSE is that the maximum ground acceleration could occur in conjunction with 

decreased flow before the reactor is shutdown. The reduced flow could reduce the flow 

rate dependent critical damping ratio, which in turn could change the fuel assembly 

response. The potential for a LOOP to negatively affect the damping ratio must be 

considered in the SSE analysis. 
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The regulatory basis for considering a combined SSE + LOOP event is 1 O CFR 50 

Appendix A General Design Criterion 2, which is implemented with regards to 

earthquakes through 10 CFR 50 Appendix S. The basic criterion stated in 10 CFR 50 

Appendix S to be considered here is reactor shutdown. It will be conservatively 

assumed for the purpose of this methodology that reactor shutdown occurs at the time 

that all control rods insert completely during a LOOP+ SSE event. 

The crux of the LOOP evaluation is the assessment of the sequence of events and the 

corresponding time required to fully insert control rods after a LOOP has occurred. 

Based on this sequence and the total duration of time, an evaluation of reduction in flow 

rate can be ascertained based on reactor coolant pump coast-down behavior. Note that 

when defining this sequence, it must be conservatively assumed that the LOOP can 

occur at any time during the SSE. 

For illustration, a possible event sequence relative to control rod drop following a LOOP 

is as follows: 

1. The LOOP immediately de-energizes the RCPs, which begin to coast down. 

2. The control rods may not de-energize on the LOOP. The decrease in RCP 

speed, at some percentage of the nominal triggers the signal for a reactor trip. 

There is a finite amount of time after the LOOP event is initiated before this trip 

signal is initiated. 

3. A small finite amount of time is required after the initiation of the trip signal to 

open the reactor trip circuit breakers and release the control rod gripper device. 

At this time, the control rods begin to drop. 

4. Per Technical Specifications for a given plant, the control rod must reach the top 

of the guide tube dashpot within an allowable period of time. 

5. Additional time will be required for the control rods to transverse the dashpot 

before reaching full insertion. 
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For illustration only, this entire sequence of events has been evaluated for a given plant 

to require on the order of [ 

] This 

yields additional conservatism in the consideration of reduced flow rates on damping 

values. 

6.1.3.3.1 Assigning Damping Values for Flow Rat~s [ l 
The following discussion provides the rules for assigning damping values for flow rates 

[ ] for the non-irradiated and the irradiated condition. 

Damping Ratios for the Non-Irradiated Condition: 
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As reported in Section C.2, the temperature adjusted damping ratio based on a test of a 

non-irradiated bundle is [ 

] 

Applying the temperature scaling method from Equation C-1 for the damping ratio 

measured at [ 

] 

Damping Ratios for the Irradiated Condition: 
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Applying the same treatment for the irradiated condition using the values presented in 

Section C.3, the temperature adjusted damping ratio taken from test data presented in 

Figure C-5 is [ 

] 

Applying the temperature scaling method from Equation C-1 for the damping ratio 

measured at [ 

] 

6.1.4 Hydrodynamic Coupling 

Based on the theoretical framework discussed in Section 5.2.2.3, the dimensionless 

added mass parameters for the fuel assembly and fuel assembly-to-baffle interaction 

are given in the following paragraphs. 
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] then the displaced mass is given by the following expression: 

(6-9) 

where pis the average coolant density in a fuel assembly for a given reactor condition, 

dis the fuel rod outer diameter, and n is the number of fuel rods per row (square array 

nxn). 

(Note: Equation 6-9 is presented here in the context of the derivation of the coefficients 

in Equation 6-13. When calculating displaced water mass for application of this 

methodology, consideration should be given to the presence of guide tubes/instrument 

tube.) 

Assuming a consistency relationship between the added mass coefficients, given in 

Equation 5-15), the non-dimensional form of the added mass, m: and that of the 

coupling between fuel assembly and baffle plate, m~, relationship is given by 

m: +m~ =-1. (6-10) 
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A CFO calculation was performed to calculate the non-dimensional added mass 

parameters for the horizontal accident model (Reference 12). The dimensionless 

values derived from the CFO study are 
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Scenarios exist in which a reactor core may simultaneously contain fuel from different 

vendors. For all fuel vendors that follow the guidance provided in Appendix A of SRP 

4.2, the dynamic representation of the fuel is performed under the same general 

framework. This framework establishes a similar methodology and a common language 

that facilitates the transfer of basic fuel assembly characterization data between 

vendors for use in mixed-vendor core studies for fuel transitions. 

Beyond basic characterization data that is typically shared between vendors (e.g. 

frequency, stiffness, etc.), information regarding fuel performance against safety criteria 

is typically held as proprietary (e.g. spacer grid strength, design margins, etc.). 

Practical barriers limit access to proprietary information regarding non-AREVA fuel or 

prevent the characterization of this fuel through the test protocols in ANP-10337P. As 

such, special exceptions must typically be made when representing fuel designed by 

vendors other than AREVA. The term "non-10337 fuel" is introduced to represent fuel 

for which certain exceptions to ANP-10337P are taken in the modeling of the fuel. The 

exceptions to be addressed apply to Sections 4, 5, and 6. Section 7 is unaltered for 

mixed-vendor core analyses and Section 8 will not be applied for non-10337 fuel. 
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Beyond the exceptions noted above, the remaining methodology in ANP-10337P is 

applied without alteration in the analysis of mixed-vendor cores. 

6.2 Input for the Vertical Accident Analysis Model 

This section defines the process of assigning numerical values to the parameters 

defined in Section 5.3.2. The summary table from Section 5.3.2 is repeated below with a 

new column ("Basis for Parameter Definition") added. Two models are constructed to 

represent the fuel in both the non-irradiated and irradiated condition. 

As can be seen in Table 6-2, many parameters are based solely on the design 

definition, as established through documents such as drawings and specifications. In 

general, these parameters reflect fuel assembly geometry or material properties and do 

not require additional testing or analysis for definition or verification. 

Both geometrical values and material properties will be considered at appropriate 

temperatures for the event being modeled. Several items from Table 6-2 require specific 

testing and/or analyses in order to be defined. [ 

] 
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Both top and bottom nozzles shall be subjected to axial stiffness testing. In this testing, 

performed in air and in ambient conditions, a hydraulic ram (or equivalent) is used to 

compress the nozzle against a fixture which is prototypical for the fuel assembly to Core 

Support Plate interface and ensures that the load path through the component is 

representative of the faulted condition scenario. Also, the application of the test load to 

the nozzle should [ 

] A dial indicator, linear variable displacement 

transformer (LVDT), or other suitable measuring instrument, will be used during the test 

to record the deflection of the grid area near the guide tube connection locations. The 

final results will be plotted in the form of deflection versus load curves to identify a 

stiffness value over the linear proportional range of behavior. The measured stiffness 

from this test will be used directly to [ 

] However, prior to use to 

simulate in-reactor conditions, these stiffness values must be adjusted for temperature 

based on the ratio of Young's modulus. 

In addition to determining stiffness, this testing can also be used to determine the 

collapse load [ 

] for the nozzles. This collapse load can be used to assess the strength 

of the nozzles in the case that a finite element analysis is not performed. The flatness 

of the nozzles will be monitored throughout the test for acceptability. 
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6.2.2 Slider Element (Spacer Grid) Definition (Slip Load and Stiffness) 

The slider elements represent the non-linear connection between spacer grids and fuel 

rods. These elements are characterized by two parameters: i) stiffness; and, ii) the 

saturation load (i.e. slip load) at which the fuel rods begin to slip through the spacer grid. 

These parameters are determined through two tests. First, a slip load test is performed 

on individual spacer grid components. Second, a static axial stiffness test is performed 

on a test fuel assembly to derive the slider stiffness. Each test is discussed below. 

6.2.2.1 Grid Slip Load Test 

The objective of the slip load test is to characterize the saturation load at which fuel rods 

will begin to slip through the spacer grid. In this test, the spacer grid is fully loaded with 

fuel rod segments. Fuel rod cladding segments are adequate for this purpose as this 

test is only affected by the friction force between the fuel rod and spacer grid. The fuel 

rod segments extend completely through the spacer grid, allowing room for the 

segments to slide through the grid. Once all fuel rod segments are aligned in the same 

plane, they are simultaneously and uniformly loaded until they begin to slip. The total 

reaction force from the fuel rods is recorded throughout this test such that the maximum 

static and dynamic global slip load values are captured. This testing is performed in air 

at ambient conditions. The static slip load value from this testing is input directly into 

the model for benchmarking as the slider element slip load value. 

[ 

] 
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For spacer grids that are near fully-relaxed or non-contacting by design (e.g. 

intermediate flow mixers and spacer grids in the irradiated condition), it [ 

1 

6.2.2.2 Fuel Assembly Axial Stiffness Test 

The objective of this test is to set the stiffness of the axial slider element. The general 

test arrangement is shown in Figure 6-6. In this arrangement, the fuel assembly is 

secured at the top and bottom nozzles with a simulated core plate fixture. A screw jack, 

or other mechanism to impart a translational displacement, is mounted between the 

simulated core plate and the top nozzle. A load cell is moun~ed between the lower 

support plate and the floor plate. The screw jack is used to compress the fuel assembly 

and the applied load is recorded by the load cell. During the loading phase, the load is 

distributed to the fuel assembly bypassing the top nozzle hold-down springs. Axial 

deflections of the fuel assembly are measured at key locations along the length of the 

bundle (e.g. top nozzle, top end grid, intermediate grids) throughout the loading and 

unloading phase. As a result, the test data will consist of assembly axial deflection 

(measured at key elevations) versus axial load. Lateral displacements (orthogonal to 

the direction of the applied load) will be checked to validate that any lateral deflection is 

minimal and does not interfere with the axial response of the bundle. 

This test is performed for both non-irradiated and simulated irradiated fuel assembly 

conditions. The test bundle configuration for both non-irradiated and irradiated 

configurations is the same as discussed in Section 6.1.1.1. [ 

1 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

The axial stiffness of the assembly is largely [ 

] 

However, for the irradiated case [ 
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] 

6.2.3 Bottom Nozzle-to-Lower Core Plate Gap Element (Stiffness and 
Damping) 

6.2.3.1 Fuel Assembly Axial Drop Test 

The objective of this test is to derive the parameters necessary to define the bottom 

nozzle-to-lower core plate gap element that is engaged during impact. In this test, the 

tested assembly is suspended at a predetermined elevation, above a plate attached to a 

load cell. The assembly is subsequently released and allowed to fall onto the plate and 

load cell. While the load cell captures the impact load during the event, a LVDT (or 

equivalent measuring device) is used to record the displacement of the bottom nozzle. 

The test produces a set of data that can be characterized through plots of impact force 

versus time and impact force versus displacement. 

The [ 

] 
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The test bundle configuration for both non-irradiated and irradiated configurations is the 

same as discussed in Section 6.1.1.1. The [ 

] 

6.2.4 Beam or Spring Element Stiffness Proportional Damping 
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The added mass effect of the displaced fluid is captured in the vertical model. The 

overall analysis follows the formulation described for the horizontal model. Similarly the 

interaction between the moving boundaries (upper or lower) and the coolant produces 

the fuel assembly coupling added mass. The values for these coupling coefficients in 

the vertical model are listed in Table 6-3. [ 

] are necessary. [ 

] 

6.2.6 Viscous Damping Ratio 

[ 

] 

6.3 Summary of Fuel Assembly Testing Program 

A summary of the fuel assembly and component tests required for this methodology is 

provided in Table 6-4. 
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Table 6-2: Input Definition for Vertical Model 
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Table 6-3: Added Mass Coefficients for the Vertical Accident Model 
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Figure 6-1: Frequency Benchmarking Technique for Irradiated and 
Non-Irradiated Fuel Assemblies 



AREVA Inc. ANP-10337NP 
Revision 0 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report Page 6-40 

Lateral load 

Figure 6-2: Lateral Stiffness Test 
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Figure 6-3: Representative Load-deformation Curve for a Grid that 
Experiences Critical Deformation Before Buckling 
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Figure 6-4: Representative Load-deformation Curve for a Grid that 
Experiences Buckling Prior to Critical Deformation 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

Figure 6-5: Fuel Assembly Impact Test Model 
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Figure 6-6: Representative Fuel Assembly Vertical Stiffness Test 
Arrangement 
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Figure 6-7: Alternative Schematic of a Non-AREVA Single Fuel 
Assembly Model for Horizontal Analysis (alternative to Figure 5-2) 
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Once models are fully developed and benchmarked, the external loading input for 

seismic and LOCA events are applied to determine the fuel assembly structural 

response to these events. This section will address key aspects of this analysis. 

7 .1 Horizontal Seismic and LOCA 

For the horizontal analysis, the fuel assembly row model positions the assemblies in the 

XY or ZY plane, as shown in Figure 5-1, where X and Z are two orthogonal horizontal 

directions and Y is the vertical direction, respectively. The horizontal analysis model 

allows for displacements only in the X-direction and rotations around the Z-axis (defined 

to be perpendicular to the XY plane), or vice versa for the other horizontal plane. 

Therefore, when fuel assemblies are subjected to horizontal seismic and/or LOCA 

loading, defined in Section 5.2.2.1.2, the oscillatory movement of the fuel assemblies 

could result in lateral impacts between adjacent fuel assemblies and between the outer 

fuel assemblies and the baffle plates. When leak-before-break (LBB) has been included 

as part of the LOCA licensing basis for a given plant, this analysis will use the external 

loading functions consistent with an LBB LOCA event if they are available. 

Finite element analysis is used to implement the model architecture defined in Section 

5.0 and calculate the fuel assembly displacement and impact forces at each spacer grid 

elevation as a function of time. The calculated grid impact loads are compared to spacer 

grid load limits defined in Section 4.0. Additional [ 

] This analysis is performed for both non-irradiated and 

irradiated conditions. 
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The fuel assembly model shown in Figure 5-7 is used to analyze the fuel assembly for 

vertical seismic conditions. [ 

] 

[ 

] These loads are compared to the acceptance 

criteria presented in Section 4.0. It shall also be verified that the fuel assembly [ 

] This analysis is performed for both non-irradiated and irradiated 

conditions. 

7 .3 Vertical LOCA 

[ 

] When leak-before-break (LBB) has been included as part of the LOCA licensing 

basis for a given plant, this analysis will use the external loading functions consistent 

with an LBB LOCA event if they are available. 
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The peak loads on the various components are extracted and combined with bending 

loads from the horizontal seismic analysis to evaluate the acceptability of those 

components (See Section 8.1.2). [ 

] This analysis is performed for both non-irradiated and 

irradiated conditions. 

7 .4 Combination of SSE and LOCA Results 

As an added conservatism in the horizontal LOCA analysis, the grid impact loads from 

the worst-case LOCA break are combined with the loads from the SSE to determine a 

maximum fuel assembly load. This combination of loads is performed to demonstrate 

conservatism and satisfy the requirements of GDC 2 (Reference 2), [ 

] The maximum resulting loads from these two 

events are combined by a square root of the sum of squares method and compared to 

the appropriate criterion. 

The maximum impact load [ 

] 

The treatment of combined LOCA and SSE loads should be con~istent with the 

licensing basis for the plant for which the analysis is being performed. If the licensing 

basis does not require an analysis for combination of loads, then the criteria in 

Section 4.2 should be applied for LOCA loads only. 
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Per the recommendation in Section 4.2 Appendix A of NUREG-0800 (Reference 3), the 

sensitivity of the horizontal and vertical model results to variations in seismic input 

motion is studied. Variations in the input forcing functions for amplitude (+10%) and 

frequency(± 10%) content are considered in the analysis. The variations in amplitude 

and frequency shall be made separately. A factor is developed for resultant load 

magnitude variations that are in excess of 15%. For example, if a 10% variation in 

seismic input motion amplitude or frequency produces a maximum resultant increase of 

35%, then a sensitivity factor of 1.2 is applied to all loads resulting from the nominal 

analysis. 
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8.0 NON-GRID COMPONENT STRENGTH EVALUATION METHODOLOGY 

The fuel assembly structural component strength evaluation is performed using the 

loads generated by the seismic and LOCA analysis. There are typically three load cases 

to be analyzed, namely: 

i. Operating Basis Earthquake (only if its severity is larger than 1/3 of SSE 

severity), 

ii. Safe Shutdown Earthquake, and 

iii. Loss of Coolant Accident (combined with SSE, if required). 

The seismic and LOCA analyses of the fuel assembly are performed for two orthogonal 

horizontal loading directions and one vertical loading direction. 

While the combined spacer grid impact loads can be compared directly with the test

based grid strength, the non-grid components necessitate an extra step which consists 

of [ 

] These loads are then combined with the vertical loads for the 

purposes of completing the component strength assessment under the combined 

seismic and LOCA analysis. 

8.1 Load Combination Method for Non-Grid Components 

This section discusses the load combination and general analysis methodology for the 

non-grid components. 
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8.1.1 Fuel Assembly Finite Element Model for Non-Grid Component Evaluation 

The model used to derive the loading resulting from fuel assembly lateral deflections is 

to be developed in a general purpose structural finite element program with non-linear 

spring/slider element and constraint equation capability. Either ANSYS or CASAC 

(described in Appendix A) or another finite element analysis software package is to be 

used for this purpose. The key model characteristics are discussed below. 

8.1.1.1 Fuel Assembly Finite Element Model Characteristics 

The model (a 17x17 design example being shown in Figure 8-2) contains one beam 

column representing each guide tube in the fuel assembly (and instrument tube if 

present), placed at their actual physical location. [ 

] 
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The connection between the fuel rod to grid rigid region is implemented using non-linear 

spring and slider elements. In the axial direction, [ 

l 
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The generic characteristics and the conceptual implementation are shown in Figure 8-1. 

Note that the [ 

] 

The lateral stiffness test is performed in ambient temperature for both non-irradiated 

and simulated irradiated fuel assembly conditions. It involves the lateral deflection of a 

fuel assembly to a pre-determined maximum displacement (measured from the middle 

spacer grid of the fuel assembly). The value of the maximum displacement during 

testing should be representative of the displacements anticipated during operation but 

should not be so large as to introduce structural damage to the fuel assembly. The 

lateral displacement versus external force curve is used to benchmark the numerical 

model for the lateral fuel assembly stiffness. 
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The OBE, SSE, and LOCA analyses of the fuel assemblies are performed for two 

orthogonal horizontal directions (XY plane and ZY plane) and one vertical direction. 

The resultant fuel assembly forces are determined in compliance with Section 2.2 of 

Regulatory Guide 1.92 (Reference 15), which describes the resultant as a combination 

of elements from all three directions. Regulatory Guide 1.92 states that when using the 

time history method for seismic analysis, the horizontal and vertical seismic load 

components are combined using the square-root-of-sum-of-squares (SRSS) method or, 

if the three earthquake component motions are statistically independent at the basemat 

level, by using the algebraic summation technique at each time step. LOCA events are 

deterministic, and therefore, it is acceptable to perform the algebraic summation on the 

directional loading components at each time step, or the square-root-of-sum-of-squares 

of the maximum values. 
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In the first step the entire time history response from the lateral analysis is searched to 

identify the fuel assembly deflection that produces the component load to be considered 

in the stress evaluation. [ 

] 

8.2 Component Specific Strength Evaluation Procedures 

This section discusses specific aspects of the non-grid component strength evaluation 

using the loads derived in the previous sections, and component specific allowables for 

the margin calculation. Specifically, the following non-grid components are considered 

in this section: 

• Guide tube-to-spacer grid connections 

• Guide tube-to-nozzle connections (upper and lower) 

• Top and bottom nozzles 

• Fuel rods 
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• Instrumentation Tube (when designed as a structural member) 

• Guide tubes 

The evaluation procedures for the first four components are presented in the following 

paragraphs of this section. The procedure for the guide tube strength evaluation 

analysis is detailed in the next subsection (see Section 8.2.1 ). 

Guide tube-to-spacer grid connections: 

Spacer grids are retained or captured at particular guide tube locations through various 

means. The strength of this connection is established through ultimate collapse load 

testing under axial loads (i.e. loads applied along the length of the guide tube). Testing 

shall consider the connection strength under tensile and compressive loading, as 

appropriate. [ 

] 

Guide tube-to-nozzle connections: 

The upper connection is on the insertion path of the control rods. Loss of functionality 

of this connection could potentially challenge control rod insertability. The loss of 

function could either be due to separation of the guide tube from the nozzle or due to 

excessive local deformation that impedes control rod insertion. The first mechanism is 

governed by ultimate failure loads, whereas the second mechanism is governed by 

stability of deformation. If the first mechanism is controlling, it would appropriately be 

evaluated against level D service limits. 
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Conversely, if the second mechanism is controlling, it would appropriately be evaluated 

against level C service limits. For conservatism, and to always ensure control rod 

insertability, this connection is evaluated against a level C service limit. The upper 

connection (disconnect mechanism, sleeve, spot weld) strength is normally determined 

by [ 

] 

The lower guide tube connection with the bottom nozzle is not located on the path for 

control rod insertion; therefore, the measured limiting compressive load associated with 

the impact of the bottom nozzle and the lower tube connection mechanism is compared 

against Level D service limits. [ 

] 

Top and bottom nozzles 

The top nozzle strength is assessed [ 

] The service limits are consistent with Level D as 

defined in Appendix F, of Reference 9. [ 

] 
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The bottom nozzle is qualified for service in a similar manner as the top nozzle, using 

[ 

] The service limits used for the lower nozzle 

are consistent with Level D (Appendix F in Reference 9). 

Fuel rods 

The specific criteria used to evaluate fuel rods are governed by other topical reports 

such as in References 20, 21, and 22. This topical defines the seismic and LOCA 

loads, including the maximum deflection in the internal grid stiffness spring element, to 

be provided as inputs for the fuel rod analysis. 

Instrumentation Tube 

In cases where the instrumentation tube acts as a structural member, its loading is 

compared against Level D service limits. 

8.2.1 Guide Tube Analysis 

To evaluate the guide tube stresses, the primary axial and bending loads obtained from 

the load combination are resolved into stresses and compared against the limits defined 

in Section 4.2.2.2. [ 

] 
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Figure 8-1: Conceptual Non-Linear Rotational Spring at Fuel Rod to 
Spacer Grid Interface 
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Figure 8-2: Finite Element Model Arrangement 
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CASAC is the numerical tool used to implement the lateral model/analysis defined in 

Sections 5.0, 6.0, and 7.0. CASAC is the numerical tool reviewed and approved by the 

NRC in the Reference A4 topical report to perform lateral external load analysis. 

CASAC is a general-purpose structural code developed by AREVA to solve a wide 

range of mechanical problems. This software is dedicated to the study of structures 

composed of slender parts, concentrated masses, and connecting elements featuring 

linear or non-linear behavior. With the CASAC package, numerical solutions can be 

obtained for four different types of analyses: 

• Steady-state and stability analyses of non-linear structures. 

• Modal analysis of linear and linearized structures including spectrum response. 

• Time dependent solutions for elastic, elastic-plastic and visco-plastic structures. 

• Transient response of non-linear structures subjected to dynamic loadings. 

Regardless of complexity and size, the CASAC computer program handles all types of 

structural models, among which the following two models are most frequently analyzed 

with CASAC: 

i. Mass-spring models, which generally allow analysis of the axial behavior of linear 

or non-linear mechanical systems along one single axis. 

ii. Models featuring beams interconnected by linear or gapped springs, 

sticking/sliding friction elements, generalized contact elements and/or 

fluid/structure coupling elements. 
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Although CASAC has a broad-range of applications, the code was specifically 

developed by AREVA to evaluate the dynamic behavior of fuel assemblies subjected to 

loading resulting from a Loss of Coolant Accident or from an earthquake. Thus, the 

ability of CASAC to analyze the non-linear transient response of structures subjected to 

dynamic loadings is the primary focus. In this type of analysis, dynamic equilibrium at 

each time step is given by: 

• Nodal displacements, velocities, accelerations, and elastic forces. 

• The state and internal forces of non-linear elements. 

• Loads and stresses in the beam elements. 

The numerical integration technique implemented by CASAC is the explicit direct 

integration method. This technique is applied to the equations of motion by 

transforming the dynamic equilibrium equations of a system, shown in 

[M J{x }+ [cXx }+ [K ]{x}= (F(t)), (A.1-1) 

where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, (X) is 

the displacement vector, {x} is the velocity vector, {x} is the acceleration vector and 

(F(t )) is the external force vector. Rearranging Equation (A.1-1) for a positive definite 

mass matrix, [M], yields: 

{x}= [MJ-l(F(t)-[c]{x}-[KKx}). 

Using (v) = d(X) in Equation (A.1-2) gives 
dt 

d(v) = [MJ-1(F(t)-[cKv}-[KKx}). 
dt 

(A.1-2) 

(A.1-3) 
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Therefore, the introduction of the velocities as independent unknowns has transformed 

the original set of N differential equations given in (A.1-1) into a system of 2N first order 

differential equations given in Equation (A.1-3). The integration of this system of 

equations is performed using the HAMMING predictor-corrector method (Reference A1) 

employing a RUNGE-KUTTA method for initialization (Reference A2). 

As discussed in the following paragraphs, CASAC has unique features to facilitate 

dynamic transient analyses. 

Visco-Elastic Gapped Element Activated in Displacement and Force 

The visco-elastic gapped element used for spacer grid modeling in core row models has 

a special feature. The relative displacements of the nodes C?n either side of the gap are 

monitored and when gap closure is detected, the element is activated. For deactivation, 

the criterion is switched to the total element force, which includes the elastic and 

viscous component. 
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] 

Damping is a critical feature in the determination of time solutions for structures 

subjected to external dynamic loadings. Particular attention is given to the modeling of 

the dissipative forces that dampen the dynamic response of the structures analyzed. 

The traditional damping modeling technique used for direct integration of the dynamic 

equations, known as Rayleigh damping, is widely accepted. This model is well-suited 

for structures in which the dissipative forces are neither fully identified, nor fully 

characterized. Besides its simplicity, the main advantage of this method is that the 

damping matrix meets the orthogonality criterion of the real modes obtained from the 

system mass and stiffness matrices. A reduced damping coefficient (proportion of 

critical damping) can therefore be expressed for each mode of the structure. Not only 

can the critical damping ratio be expressed, but it can be imposed on two natural modes 

of distinct frequencies. Generally, the two modes showing the highest participation for 

the dynamic excitation applied are considered for adjusting the Rayleigh damping 

parameters. This method provides enough flexibility to satisfy most of the needs 

encountered with the structures analyzed in the mechanical engineering of the fuel 

assembly. 
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Implementing generalized proportional damping in the direct integration of time 

solutions can be interpreted as an extension of the Rayleigh damping, by allowing the 

specification of reduced damping values to several natural modes of the same structure, 

with no limitation in the number of modes. This method is complementary to the 

traditional Rayleigh damping technique, which is automatically applied to modes that 

are not specifically assigned a reduced damping value. 

A. 1 CASA C Verification Report 

A.1.1 CASAC Verification 

A verification of the requirements for the CASAC program has been performed in which 

CASAC calculated solutions are compared with exact analytical solutions or with 

another finite element program (SYSTUS). AREVA's internal Quality Assurance (QA) 

procedure governing development and control of software documentation was followed 

in the preparation of the verification report. 
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The verification of CASAC is ensured through a set of test-cases providing optimum 

coverage of software capabilities. Test cases include real models relating to the fuel 

assembly design and include both modal and dynamic analysis. A total of fifteen 

verification problems, relevant to the methods in this topical, were reviewed. The 

collective set of verification problems were chosen to test each aspect of the key 

attributes used in the core region mechanical response analysis. In each of these 

cases, the CASAC results showed satisfactory agreement with the proven results. 

Based on this verification, CASAC has been shown to meet the basic requirements 

required for the static and dynamic simulation of fuel described in this topical. The 

verification problems are: 
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The CASAC code was validated against actual test results on a row of six full-size fuel 

assemblies. This is in addition to the original verification of the code performed in 

support of the NRG review and approval of the Reference A4 topical report. This testing 

has been presented in Reference A3. The validation included test-to-model 

comparisons for: 

• In-air single assembly free vibration. 

• In-air single assembly lateral impact test. 

• In-air six assembly row- displacements and grid impact forces. 

• In-water six assembly row - displacements and grid impact forces. 

Selected comparison plots from these studies are reproduced below to illustrate the 

results. The single assembly free vibration during a pluck test is compared to the 

CASAC model predictions in Figure A-1. The multi-assembly forced response under a 

simulated earthquake time history is compared to CASAC predictions in Figure A-2. 

Finally, the comparison between the tested and calculated maximum grid impact loads 

for a number of 15 accelerograms is shown in Figure A-3. 

The statistical comparison of the CASAC calculated versus tested maximum grid impact 

loads is summarized in Table A-1. 

All plots and tables demonstrate the capability of the CASAC code to adequately predict 

fuel assembly dynamic response and component loads in air and in water for a wide 

range of input seismic time histories. 
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Table A-1: Comparison of CASAC Model and Test Impact Loads 
(in water) 

Figure A-1: Comparison of CASAC Model and Test - Free Vibration 
(in-air) 
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Figure A-2: Comparison of CASAC Model and Test - Displacements 
(in air) 

Figure A-3: Comparison of CASAC Model and Test Impact Loads (in 
water) 
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B.1 Summary and Introduction 
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The purpose for the sample problem is to demonstrate the application of the modeling 

techniques and features outlined in the body of this Topical Report. Although the fuel 

design considered in this sample problem is a 17x17 HTP™ for use in Westinghouse

designed reactors, the method of analysis is applicable in general to all PWR fuel 

designs. Only a single sample problem is necessary for this topical because the 

methodology and modeling architecture defined for this analysis are generic. The 

design specificity is introduced through the establishment of structural characteristics 

that are based directly on design documentation or specified testing. Hence, although 

the specific parameters used in this methodology may vary from one design to another, 

it is sufficient to demonstrate the application of the method through one problem. 

Included in this appendix are the definition of acceptance criteria, detailed model inputs, 

input seismic and LOCA forcing functions, and representative analysis results. The 

analysis considers both a non-irradiated (beginning-of-life) and irradiated (end-of-life) 

condition for the fuel. For ease of analysis, a single seismic event (SSE) is evaluated 

along with two LOCA events (Accumulator Line Break (ACC) and Pressurizer Surge 

Line Break (PZR)). Although not considered in this sample problem, the analysis of an 

OBE event would follow the same process demonstrated for SSE with the exception of 

unique acceptance criteria, which is clearly defined in Section 4.0, and the OBE does 

not need to be combined with LOCA. 

The fuel design analyzed in this sample problem is an Advanced W17 HTP™ assembly. 
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The fuel assembly has the following features: 

• 24 - Zircaloy-4 (Zirc-4) MONOBLOC TM Guide Tubes (GT) 

• 1- lnconel (Alloy 718) HMP Lower End Grid with Capture Rings 

• 3 - Zircaloy-4 Intermediate Flow Mixing (IFM) spacer grids 
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• 7 - Zircaloy-4 HTP (including the upper end grid) intermediate spacer grids (ISGs) 

• Removable (Quick Disconnect) Top Nozzle (TN) Assembly 

• Robust FUELGUARD™ Lower Tie Plate (LTP) 

• Welded cage structure 

The reactor-type considered for this analysis is a 193-assembly, 4-loop reactor, utilizing 

12 ft. fuel with a 17x17 fuel rod array. Figure B-1 shows a schematic of the core cross

section for this 193-assembly core. The horizontal excitation of the full core will be 

considered in this analysis through a series of 2-D row models with lengths of 7, 11, 13, 

and 15 fuel assemblies. Excitations in both horizontal directions will be considered. 

Vertical excitations are also evaluated using a single assembly model. The seismic and 

LOCA forcing functions considered in this analysis (shown in Figure B-2 through 

Figure B-20) are representative for this type of reactor. 

B.2 Analysis Inputs 

B.2.1 Lateral Model 

Using the same definition of model parameters from Section 6.1, the model parameters 

used for the lateral analysis in the sample problems are provided in Table B-1. 

B.2.1.1 Grid Rotational Stiffness 

The rotational spring stiffness values in the model are adjusted until the dynamic model 

duplicates the dynamic characteristics of the fuel assembly that are determined through 

the free vibration and forced vibration tests. 
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B.2.1.1.1 Fuel Assembly Free Vibration Test 
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The free vibration test provides the first natural frequency of the fuel assembly. The 

free vibration test is performed at deflection values ranging from [ 

] 

B.2.1.1.2 Fuel Assembly Forced Vibration Test 

The forced vibration test provides information regarding the relationship between higher 

mode frequencies and the fundamental frequency. [ 

] 
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B.2.1.1.3 Grid Rotation Stiffness Benchmarking Results 
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Targeting the frequencies above, the rotational stiffness values are benchmarked to 

values presented in Table B-2. 

The frequency comparison between the benchmarked model and the tested values is 

presented in Table B-3. 

As a final step, the rotational stiffness values are adjusted to reflect operating 

temperatures by using the ratio of the elastic modulus of the bundle components at 

600°F to 70°F. The final values used in the model are reported in Table B-4. 

8.2.1.2 Grid Impact Characteristics 

The grid impact characteristics are defined by stiffness and damping parameters for a 

set of external and internal impact elements. The external impact parameters are 

measured from dynamic grid crush tests. After the external impact parameters have 

been set, the internal impact parameters are benchmarked to match the results of the 

fuel assembly lateral impact test. 

B.2.1.2.1 Dynamic Grid Crush 

Dynamic crush testing was performed on a total of four grid types: 

• Non-irradiated intermediate spacer grids 

• Simulated-irradiated intermediate spacer grids 

• Non-irradiated intermediate flow mixers 

• Simulated-irradiated intermediate flow mixers 
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] The average external stiffness and damping 

values for the tested grids are given in Table B-5. [ 

] 

This same test is also used to establish the grid load limit. [ 

] With [ ] grids tested of each type, and an individual 

load limit measured for each grid, the allowable grid load limit is established based on 

the calculation of a minimum 95% confidence limit. [ 

] 

The measured grid load limits are presented in Table B-6. [ 

] 
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Fuel assembly lateral impact testing was performed for both a non-irradiated assembly 

and a simulated-irradiated assembly. A model of the test configuration was built, using 

the benchmarked parameters established in Section B.2.1.1. The equivalent stiffness 

and damping impact parameters (see Section 5.2.2.2) were benchmarked to match the 

impact history measured from the test and then adjusted to operating temperature by 

the ratio of elastic modulus. Using both the benchmarked equivalent impact 

parameters and the external impact parameter values from Section 6.2, the internal 

stiffness and damping is calculated. Both the equivalent and internal stiffness and 

damping parameters are presented in Table B-7. 

B.2.2 Vertical Model 

Using the same definition of model parameters from Section 6.2, the model parameters 

used for the vertical analysis in the sample problems are provided in Table B-8. 

B.2.2.1 Slider Element Definition (Stiffness and Slip Load) 

B.2.2.1.1 Grid Slip Load Testing 

This test is used to define the grid-to-fuel rod slider slip load at non-irradiated 

conditions. In this test, a single grid is loaded with cladding segments and then a 

uniform load is applied across all of the cladding segments at once. The load at which 

the fuel rods are observed to begin slipping through the grid is noted as the global slip 

load. 
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Slip load testing is not performed for intermediate flow mixers or for grids in simulated

irradiated conditions. In both cases, grid slip load testing cannot be performed because 

the fuel rods are not actively restrained in the grid. For the purpose of this model, the 

intermediate flow mixer is [ 

] To simulate the irradiated condition, the intermediate spacer grids and 

flow mixers, both of which are constructed from Zircaloy-4, are [ 

] Similarly, the lower end grid, which is 

constructed of Alloy 718, is [ 

] 

The reported values are based on tests conducted at room temperature [ 

] 

B.2.2.1.2 Fuel Assembly Axial Stiffness Test 

This test is performed to establish the stiffness of the grid-to-fuel rod slider elements as 

well as the top nozzle interface. The test involves the application of an axial 

compressive load to the upper end of a full-scale fuel assembly and then measuring the 

deflection at key points along the length of the assembly. [ 

] 

The axial stiffness tests are performed at room temperature. [ 

] 
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B.2.2.2 Bottom Nozzle-to-Lower Core Plate and Fuel Rod-to-Bottom Nozzle Gap 
Elements (Stiffness and Damping) 

B.2.2.2.1 Fuel Assembly Drop Test 

In this test, a full-scale fuel assembly is dropped onto a rigid surface from varying 

heights. [ 

] Figure B-21 shows that the benchmarked model in the 

non-irradiated condition closely matches the test data. 

[ 

] Figure B-22 shows that the benchmarked model in the irradiated condition 

closely matches the test data. 
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] 

B.3 Analysis Results 

B.3.1 Lateral Analysis Results 
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Lateral row models were constructed using the model inputs defined in Section B.2.1. 

The core model used for this analysis is a 193-fuel assembly reactor. This core has row 

lengths of 7, 11, 13, and 15 fuel assemblies. Each row type is modeled in this sample 

problem. Seismic and LOCA time histories (Figure B-2 through Figure B-13) were 

introduced to the row models as forcing functions. 

The peak impact loads, along with margin to the grid load limit, from all of the cases 

considered are summarized in Table B-9. The peak impact loads for SSE and LOCA in 

a given direction are combined by square root of the sum of squares (SRSS) and 

margin is calculated against this SRSS impact load. 

Furthermore, the impact loads generated in the grid internal stiffness elements are 

processed from the results. [ 

] The peak internal impact loads are summarized in 

Table B-12. 
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The single assembly vertical model is constructed using the model inputs defined in 

Section B.2.2. In addition to the displacement and velocity time histories from the 

seismic and LOCA cases (Figure B-15 through Figure B-20) the LOCA events also have 

hydraulic force time histories (Figure B-14) that are applied to the model at key 

assembly components based on their pressure drop. 

Normal operating loads are applied to the model to establish the initial conditions for the 

seismic and LOCA transient events. The normal operating loads are defined by the fuel 

assembly hold-down spring preload, the dead weight of the assembly, the steady-state 

hydraulic loads, and the buoyant forces acting of the assembly due to displaced water. 

A summary of the minimum/maximum loads resulting from the vertical analyses is 

summarized in Table B-13. The reported loads include normal operation loads. 

B.3.3 Stress Analysis Results 

B.3.3.1 General Methodology 

The outputs from the lateral and vertical analyses are also used as input to load and 

stress evaluations of fuel assembly components other than the spacer grids. While the 

vertical loads can be extracted directly from the vertical model, the output from the 

lateral row models require additional processing to derive the loading resulting from 

lateral deflections. Once defined, the lateral and vertical loads are combined, along with 

steady-state normal operating loads, for each component that is evaluated. These 

combined loads are then compared to their respective acceptance criteria. 
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B.3.3.2 Processing of Component Loads from Lateral Analysis 

For this step in the analysis, a three-dimensional finite element model of the fuel 

assembly is developed. [ 

l 
The finite element model is constructed with adequate detail to derive to distribution of 

lateral deflection loads at the component level, but not a detailed stress analysis. Two 

finite-element models are built to individually represent the non-irradiated and irradiated 

conditions. [ 

] The results of the benchmarking are plotted for both the 

non-irradiated and simulated-irradiated conditions in Figure B-23 and Figure B-24. 

[ 

l 
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Once the model is benchmarked, the critical lateral deflections are imposed to the 

model through the nozzle and intermediate spacer grid nodes in order to obtain the 

reaction forces at these locations. [ 

1 

B.3.3.3 Component Evaluations 

B.3.3.3.1 Fuel Rods 

The fuel rod accident stresses are summarized in Table B-14. The lateral SSE and 

LOCA fuel rod loads resulting from fuel assembly deflection are extracted from the finite 

element model defined above [ ] and used to 

calculate stress based on the cross-sectional properties of the fuel rod. [ 

] Likewise, the vertical SSE and LOCA 

loads for the fuel rods are extracted from the vertical model and used to calculate 

stresses. An additional loading that must be considered for the fuel rods is a localized 

bending load resulting from the portion of the grid impacts that are passed through the 

fuel rods. These internal impact loads are summarized in Table B-12. [ 

] The combined load 

is calculated as the SRSS of the individual components. The stresses resulting from 

these accident conditions are axial stresses. 
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Given the pressurized state of the fuel rod, the steady state stress condition has a 

tangential, axial, and radial component. Therefore, a maximum stress intensity is 

calculated based on a combined stress state that includes the accident stress. The 

combined stress state is summarized in Table B-15. 

The fuel rods are also evaluated for buckling [ 

] These loads are then combined with the vertical 

loads obtained under vertical excitations. 

The limiting case for fuel rod buckling occurs [ 

] The loads corresponding to this condition and the resulting stress, 

[ 

] 
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B.3.3.3.2 Guide Tubes 
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The guide tube stresses are summarized in Table 8-17. The lateral SSE and LOCA 

loads in the guide tubes are extracted from the finite element model defined above 

[ ] and used to calculate stress based on the cross-

sectional properties of the guide tube. [ 

] Likewise, the vertical SSE and LOCA loads for the guide tubes are 

extracted from the vertical model and used to calculate stresses. [ 

] The combined 

load is calculated as the SRSS of the individual components. 

The allowable stress in the guide tube is established based on the ASME Level C 

service limits, as defined in Appendix E.2, where Sm is defined as the minimum of either 

1/3 Su (ultimate strength) or 2/3 Sy (yield strength) in the non-irradiated condition and 

either 1/3 Su or 2/3 Sy in the irradiated condition. For Zirc-4, defining Sm based on 1/3 

Su is limiting. The ultimate strength for Zirc-4 at 600F in the non-irradiated and 

irradiated condition is [ ] and [ ], respectively. Zirc-4 maintains 

sufficient ductility in the fully irradiated condition to warrant the use of the ASME code 

criteria and techniques. Furthermore, this definition of the allowable stress intensity 

applies to any zirconium alloy that can be demonstrated to have similar properties. The 

allowable stress limits are defined in Table 8-17. 
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] These loads are then 

combined with the vertical loads obtained under vertical excitations. For conservatism, 

a mal-distribution coefficient of 1.5 is applied to the vertical excitation induced guide

tube axial loads. This mal-distribution coefficient considers that the vertical loads are 

carried by the peripheral guide tubes only, i.e. 16 out of 24. 

The limiting case for buckling is [ 

] The loads corresponding to this condition and the resulting 

stress, [ ] are shown in Table B-18. 

B.3.3.3.3 Instrumentation Tube 

In this evaluation, the instrumentation tube is not evaluated directly. For the W17 

HTP™ design, the instrumentation tube is only retained at the lower end grid. As such, 

the instrumentation tube does not have a load path to bear significant vertical loads. 

The instrumentation tube will be subjected to bending loads as a result of lateral 

deflections, but the overall loading condition of the instrumentation tube will be bounded 

by that of the guide tube. Given that the guide tube and instrumentation tube have the 

same outer and inner diameters (non-dashpot) and that the guide tube is evaluated to a 

more conservative criteria (Level C for the guide tube versus a Level D criteria for the 

instrumentation tube), the guide tube evaluation is considered bounding for the 

instrumentation tube. 
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The loads at the intermediate spacer grids and lower end grids are summarized in Table 

8-19. The lateral SSE and LOCA loads are extracted from the finite element model 

defined above [ 

] For conservatism, a maldistribution factor of 1.5 

is applied to this load and it is assumed that only the outer 16 guide tubes carry this 

vertical load. [ 

] The combined load is calculated as the SRSS of the individual 

components. 

The allowable strength of the guide tube-to-grid connections is established by testing. 

Applying the ASME Level D service limit as the definition of the connection allowable, 

the test load is reduced by 20% in order to establish the allowable. Furthermore, to 

account for the effects of temperature, the allowable load is scaled by the ratio of the 

ultimate strength of the guide tube material at hot conditions to that of the tested 

condition. 

B.3.3.3.5 GT-to-nozzle connections 

The loads at the guide tube connections at the top and bottom nozzles are shown in 

Table 8-20. [ 

] 
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The allowable load for the top nozzle connection is established based on testing. In this 

case, the minimum allowable load established in the design specification is used. 

Applying the ASME Level C service limit as the definition of the connection allowable, 

this load is reduced by 40% and then further scaled by the ratio of the ultimate strength 

of the guide tube material at hot conditions to that of the tested condition. In the case of 

the lower connection, an allowable stress is defined based on ASME Level D service 

limits. In this case, the allowable stress is based on 70% of the ultimate strength at hot 

conditions. 

B.3.3.3.6 Nozzles 

The allowable strength of the top and bottom nozzle in this case is established by 

testing. Given that this test is a plastic collapse test and no plastic collapse occurs, the 

result is a lower bound to the collapse load of the component, which can be credited 

100% towards the ASME Level D service limit. Furthermore, to account for the effects 

of temperature, the allowable load is scaled by the ratio of the yield strength at hot 

conditions to that of the tested condition. The testing used to establish the allowable in 

this case was not carried to the extent of failure and thus, the allowable and resulting 

margin in this case is artificially low. The combined loads at the guide tube-to-nozzle 

interfaces reported in Table B-20 are used to evaluate the nozzles. The results of the 

nozzle evaluation are reported in Table B-21. 

B.4 Conclusion 

This sample problem has demonstrated the practical application of the methodology 

defined within this topical. The analysis has yielded positive margins to all criteria. 

Although a 17x17 HTP TM is considered here to illustrate the applic_ation of the 

methodology, the application to any other PWR fuel design will follow the same process. 

As such, the design margins will vary based on the specific design and reactor being 

analyzed. 
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Table B-1: Horizontal Model Parameters 
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Table B-2: Rotational Stiffness Determined Through Benchmarking 

Table B-3: Benchmark Comparison to Test Data 

Table B-4: Rotational Stiffness Values at Operating Conditions 

Table B-5: External Grid Stiffness. and Damping 

Table B-6: Grid Load Limits 
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Table B-7: Equivalent and Internal Impact Parameters 
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1 In this revision of the sample problem, the internal stiffness values are directly prescribed without processing an 
equivalent stiffness. 
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Table B-8: Vertical Model Parameters 
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Table B-9: Peak Grid Impact Loads and Margins 
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Table B-10: Critical Fuel Assembly Deflections from LOCA 
Excitation (in m} 
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Table B-11: Critical Fuel Assembly Deflection from Seismic 
Excitation (in m) 

Table B-12: Peak Grid Internal Impact Loads 
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Table 8-13: Vertical Seismic and LOCA Loads 

Table 8-14: Fuel Rod Accident Stresses 
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----------, 
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Table B-15: Fuel Rod Combined Stress and Margin 
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Table B-16: Fuel Rod Buckling Margin, Non-irradiated Condition 
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Table B-17: Guide Tube Stresses and Margins 

Table B-18: Guide Tube Buckling Margin 
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Table B-19: GT-to-Grid Connection Loads and Margins 

Table B-20: GT-to-Nozzle Connection Loads and Margins 

Table B-21: Nozzle Loads and Margins 
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Figure B-1: Full Core Configuration 
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Figure B-2: Accumulator Line Break - Velocity in X-Direction 
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Figure B-3: Accumulator Line Break - Displacement in X-Direction 
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Figure 8-4: Accumulator Line Break - Velocity in Z-Direction 
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Figure B-5: Accumulator Line Break - Displacement in Z-Direction 
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Figure B-6: Pressurizer Surge Line Break - Velocity in X-Direction 
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Figure 8-7: Pressurizer Surge Line Break - Displacement in X
Direction 
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Figure B-8: Pressurizer Surge Line Break - Velocity in Z-Direction 
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Figure 8-9: Pressurizer Surge Line Break - Displacement in Z
Direction 
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Figure B-10: Safe Shutdown Earthquake - Velocity in X-Direction 
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Figure 8-11: Safe Shutdown Earthquake - Displacement in X
Direction 
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Figure B-12: Safe Shutdown Earthquake - Velocity in Z-Direction 
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Figure B-13: Safe Shutdown Earthquake - Displacement in Z
Direction 
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figure B-15: Accumuh;1tor Line Break Velocity Profile in Y-direction 
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Figure B-16: Accumulator Line Break Displacement Profile 
in Y-direction 
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Figure B-17: Pressurizer Surge Line Break Velocity_ Profile 
in Y-direction 
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Figure B-18: Pressurizer Surge Line Break Displacement Profile 
in Y-direction 
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Figure 8-19: SSE Seismic Velocity Profile in Y-direction 
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Figure B-20: SSE Seismic Displacement Profile in Y-direction 
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Figure B-21: Non-irradiated Drop Test Benchmark 
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Figure B-22: Irradiated Drop Test Benchmark 
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Figure B-23: 3-D BOL Model Benchmarking Results 
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Figure B-24: 3-D EOL Model Benchmarking Results 
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APPENDIX C: TEST RESULTS SUPPORTING THE FUEL ASSEMBLY DAMPING 
FORMULATION 

This appendix presents an overview of the main damping mechanisms present in fuel 

assembly dynamics, followed by a discussion of the experimental results and analytical 

interpretation that constitute the basis for the fuel assembly damping ratio values used 

in Section 6.1.3. The fuel assembly damping tests encompass both the non-irradiated 

and simulated irradiated conditions, and are discussed in the following sub-sections. 

For the purposes of the analytical methodology presented in this topical report, all 

damping forms are treated as [ 

] 

There are three general sources of energy dissipation associated with the lateral motion 

of a fuel assembly: 

Structural damping is caused by the internal friction at the fuel rod spacer grid interface. 

The damping coefficient is a function of grid cells spring load which, in turn, is a function 

of bundle condition, i.e., rradiated versus non-irradiated. 

Viscous water damping is caused by the irrecoverable pressure losses that occur as the 

fuel rod lattice moves through water and the water is forced to accelerate and 

decelerate through the bundle. The main determining factors are the coolant properties, 

vibration amplitude, and lattice design. 

Axial coolant flow damping is caused by the hydrofoil effect associated with the axial 

flow rate and the lateral motion of the fuel assembly. The main factors are the coolant 

properties and axial flow rate. 
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The structural damping in a fuel assembly is a result of the interaction between the fuel 

rods and the spacer grid cells. As the assembly bends laterally, the relative axial and 

rotational displacements between the fuel rods and the spacer grids dissipate energy. 

The dissipation of energy reduced to an equivalent viscous damping, and expressed as 

critical damping ratio is plotted in Figure C-1, for a range of current AREVA fuel designs. 

The data reflects in-air, ambient temperature test conditions and corresponds to the 

beginning of life (BOL) and end of life (EOL) conditions as designated. The data 

supports a few conclusions: 

• The damping ratios for the structural energy dissipation mechanism are a 

function of amplitude. This is because of the non-linearity of the fuel rod to 

spacer grid interaction. 

• Except for the lower amplitudes of vibration, the non-irradiated damping ratios 

are higher than the corresponding simulated irradiated values. This is because 

of the fact that in the non-irradiated state the grid cells exert a higher force on the 

fuel rods, and increase the axial friction. 

• In the non-irradiated condition and for larger amplitudes of vibration, the damping 

ratio can reach values in excess of [ 

] 

The structural damping is not used in isolation in the fuel assembly model, but is 

combined with the hydrodynamic damping, which is the predominant energy dissipation 

mechanism, and is described in the following sub-sections. 
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This section contains more details on the damping forces resulting from the interaction 

of the fuel assembly with the reactor coolant, which includes two energy dissipation 

mechanisms: 

i. The irrecoverable pressure loss associated with the lateral relative motion of the 

fuel through the coolant. 

ii. The hydrofoil effect produced by the axial flow of coolant. 

The strength of the two damping mechanisms is determined by tests performed on full 

scale assemblies that are subjected to realistic flow conditions and to lateral forced 

excitation. The test data supporting the fuel assembly models comes from two test 

campaigns: 

MASSE 99 (1999) 

• These tests form the basis of the current licensed AREVA methodology in 

Addendum 2 of BAW-10133P-A (Reference C2). The test program involved 

three stages: 

the first stage consisted of pluck tests in [ 

various flow rates, 

] at 

the second stage consisted of pluck tests in water at various flow rates over a 

[ ], 

and the third stage consisted of sine sweep forced displacements applied at 

[ 

• The tests were performed on a [ 

irradiated condition. 

] water at various flow rates. 

] fuel assembly in non-
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] This flow rate data range constitutes an envelope for all current 

AREVA fuel designs. 

• The test results used to formulate the damping model discussed in this report are 

the sine sweep imposed displacement at [ ] 

CAMEOL (2004) 

• The tests were performed on a [ ] fuel assembly in 

simulated irradiated condition. The assembly was tested in [ 

] 

• The average bundle flow velocities used for the test were: [ 

] which envelopes all current AREVA designs. 

• The test consisted of sine sweep forced displacements applied at [ 

· ] water at various flow rates. 

C.2 Fuel Assembly Non-irradiated Condition Damping Test Results 

The critical results from the non-irradiated condition damping tests are the modal 
-

damping ratios at various vibration amplitudes and coolant axial flow rates, and the 

evolution of the modal damping with coolant temperature. 

The mode 1 fuel assembly damping ratios obtained from these tests in various 

environments (air and water at various flow rates) is shown in Figure C-2. The data 

supports a few important conclusions: 

. [ 

] 
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Analytical investigations matching data in Figure C-2 (Reference C1) show that: 
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] 

Based on the test results discussed in the previous paragraphs, the extrapolation of the 

ambient temperature results to in-reactor conditions is performed differently for the 

hydraulic and the structural damping terms, as follows: 

[ the preceding considerations can be grouped in the following scaling equati] (C-

1

) 
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Applying these scaling factors to the still water damping and axial coolant flow damping 

ratios in Figure C-2, and to the overall elastic modulus scaling factor, the in-reactor 

scaled damping ratio at an amplitude of [ 

In order to account for various factors that may change this result, and for added 

conservatism, the mode 1 damping value used in this methodology is decreased to 

[ ] which ensures that the model conservatively underestimates the in-reactor 

] 

damping effects, considering that mode 1 dominates the large amplitude fuel assembly 

displacements. 

For the higher modes of vibration, a plot of results for mode 3 is shown in Figure C-4. 

The trends are similar as for mode 1 (Figure C-2), but the modal damping ratio values 

are less. Using the same scaling method as for mode 1, the test results support an in-

reactor mode 3 damping of [ ] The higher 

mode damping value used for the damping formulation in Section 6.1.3 is [ a 

] which is less than the tested value, but with less conservatism than mode 1 

given that the contribution of the higher modes at large fuel assembly displacements is 

generally low. 

C.3 Fuel Assembly Irradiated Condition Damping 

The critical results from the simulated irradiated condition damping tests are the modal 

damping ratios at various vibration amplitudes and coolant axial flow rates. 

The mode 1 fuel assembly damping ratios obtained from these tests in various 

environments (air and water at various flow rates) is shown in Figure C-5. 

The damping ratio data from the CAMEOL 2004 tests supports a few important 

conclusions: 
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In order to account for various factors that may change this result, and for added 

conservatism, the mode 1 damping value used in this methodology for the irradiated 

condition is decreased to [ ] which ensures that the model conservatively 

underestimates the in-reactor damping effects by a similar margin as is used in the non

irradiated case. 
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For the higher modes of vibration, a plot of results for mode 3 in simulated irradiated 

condition is shown in Figure C-6. The trends are similar as for mode 1, but the modal 

damping· ratio values are higher than in the non-irradiated case [ 

] Using the same scaling method as for mode 1, 

the test results support an in-reactor mode 3 damping of [ 

] The higher mode damping value used for the irradiated case 

damping formulation in Section 6.1.3 is an [ 

] 
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Figure C-1: Fuel Assembly Structural Damping versus Amplitude 
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Figure C-2: Non-irradiated Damping Ratio Measurements - Mode 1 
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Figure C-3: Effect of Temperature on Fuel Assembly Damping 
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Figure C-4: Non-irradiated Damping Ratio Measurements - Mode 3 
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Figure C-5: Simulated Irradiated Damping Ratio Measurements -
Mode 1 
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Figure C-6: Simulated Irradiated Damping Ratio Measurements -
Mode3 
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APPENDIX D: SIMULATION OF THE EFFECTS OF IRRADIATION ON DYNAMIC 
CRUSH CHARACTERISTICS WITH ZIRCONIUM ALLOY SPACER GRIDS 

D.1 Background 

Revision 3 of the SRP Chapter 4.2 (Reference 03) recommends a grid strength 

definition based on the assumption that the beginning-of-life condition is limiting. It is 

assumed that the effects of material hardening under irradiation results in higher 

strength and that this added margin offsets any increased uncertainty in deformation 

behavior in the irradiated condition. However, the NRC issued Information Notice 2012-

09 (Reference 01 ), in which this base assumption is challenged and the need to 

examine the effects of irradiation on grid characteristics is identified. This appendix 

provides a review of the effects from in-reactor operation (Section 0.2) and defines the 

appropriate means of simulating these effects during design verification testing (Section 

D.3). While this appendix presents specific data to demonstrate these effects on 

Zircaloy-4 and M5®, the method derived in this appendix is applicable to spacer grids 

fabricated from other Zirconium alloys that demonstrate the same behavior. 

D.2 Effects of In-Reactor Operation on Zirconium Alloys 

This section focuses on the effects of in-reactor operation on the mechanical material 

properties of zirconium alloys. The effects are discussed in isolation, recognizing that 

while each of the factors discussed affect the alloy mechanical properties, the influence 

on grid strength is the result of the compounded effects of these factors. The 

irradiation-induced factors to be explored are the following: 

1. Hydrogen Pickup 

2. Hardening 

3. Loss of Ductility 

4. Stress Relaxation 

5. Oxidation 
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Each of these topics will be discussed in detail in the following sections. In Section 

0.2.6, the discussion of each of these five factors in isolation is bolstered by a 

discussion of dynamic crush testing performed on irradiated grids. 

D.2.1 Hydrogen Pickup 

The hydrogen concentration in zirconium alloys affects both the material strength and 

ductility, which are discussed below. 

With respect to ductility, the general trend is that higher hydrogen concentrations in 

zirconium alloys result in lower ductility levels as measured by the ultimate elongation 

as shown in Figure 0-1. For example, in the non-irradiated condition, for Zircaloy-4 

components, the ultimate elongation at [ 

] (Figure 0-1 ). In the irradiated 

condition, the effect of hydrogen concentration is weaker, with the ultimate elongation 

decreasing from [ 

] This signifies that the major effect on ductility is a result of irradiation 

itself, and that the accompanying hydrogen pickup is a secondary effect. This point is 

even stronger in the case of MS® components, since the hydrogen pick-up for MS® is 

much lower than for Zr-4. Even at [ 

] Since the structural components are exposed on 

both sides, the average hydrogen content is higher, but still lower compared with 

structural components made of Zr-4. The spacer grid hydrogen uptake was also 

measured for a number of grids at [ 

] Both the M5® and 

Zr-4 hydrogen pickup representative values are identified on Figure 0-1 and Figure 0-2. 
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The material strength, as measured by the yield strength, displays very weak effects 

with respect to the hydrogen concentration in both non-irradiated and irradiated 

condition. In the irradiated condition, the yield strength increases very slightly with 

increased hydrogen concentration [ 

] 

As a general conclusion, the hydrogen uptake, especially over the range of 

[ 

] 

D.2.2 Irradiation Hardening 

As already indicated in Figure D-2, the general trend for all zirconium alloys is that yield 

strength increases substantially with irradiation exposure at levels compatible with those 

encountered during the service life of a fuel assembly component. Figure D-3 presents 

the evolution of the yield strength of MS® with fluence. It can be seen that the irradiated 

yield strength is [ ] higher than the non-irradiated yield strength at 

operating temperatures. The same conclusion is supported by data for Zr-4 alloy in 

recrystallized condition. Also, it is clear that the entire irradiation hardening process 

reaches the asymptotic value after approximately [ 

] 
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The general trend for Zirconium alloys is that ductility, as measured by the total 

elongation decreases with increased fluence. For M5® in particular, the total elongation 

at operating temperature decreases from [ 

] as shown in Figure D-4. The ductility loss is essentially complete in 

[ 

] This point will be discussed again in the context of 

irradiated grid testing. 

D.2.4 Irradiation Induced Stress Relaxation 

Zirconium alloys lose almost all pre-stress due to irradiation relaxation over a fluence 

range commensurate with the in-reactor service life of a fuel assembly. This material 

characteristic can be [ 

] Figure D-5 presents a conservative model curve for the 

stress ratio versus fluence for a large number of zirconium alloy specimens irradiated in 

an experimental reactor. The stress ratio of the irradiated versus initial stress are 

plotted versus fluence for Zr-4 as well as Zr1 Nb, both in annealed condition, which is 

the heat treatment for grid strip material. For the purposes of this discussion the 

conservative model curve is used, which would conservatively result in a lower grid 

buckling strength. 
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D.2.5 Oxidation 

To isolate the effect of oxidation on zirconium alloy grids, non-irradiated spacer grids 

with zirconium alloy strips were conditioned to various levels of oxidation ranging 

[ 

] This range of insertion force was selected to allow 

direct comparison to values gained from testing performed on irradiated grids (See 

Section D.2.6). The grids were then subjected to dynamic lateral load tests. The 

results are shown in Figure D-6 and demonstrate that the oxide layer, taken in isolation, 

produces an [ 

thickness values. [ 

D.2.6 Irradiated Grid Testing 

] over the range of tested 

] 

· This section discusses the results of an irradiated grid test program conducted by 

AREVA. 

In 2003, AREVA submitted the "Closure of Interim Report 02-002" (Reference D2) to the 

NRC. In this communication, the conclusions of strength testing on full spacer grids 

following actual reactor operation up to [ ] were made public. The main 

point was that grid strength in irradiated condition was less than the new production grid 

strength. 
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] which 
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Another effect was observed in that the [ 
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As discussed in Section D.2.5, this observation can be partially attributed to the [ 

] 

D.2. 7 Summary of In-Reactor Operation Effects on Grid Strength 

The conclusion that can be formulated based on the available test data on irradiated 

materials and on irradiated spacer grids is that the multi-faceted effects of in-reactor 

operation are clearly distinguishable, with some of these effects being of second order 

importance. These effects are: 
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These considerations are integrated into the spacer grid irradiated condition allowable 

crushing load and test protocol. The grid dynamic crush test protocol is discussed 

below in Section D.3. 
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D.3 Simulating the Irradiated Condition in Dynamic Crush Testing with 
Zirconium Alloy Spacer Grids 

A detailed description of the in-reactor operation effects on zirconium alloys, and spacer 

grid strength is presented in Section D.2. The conclusion is that the major factors that 

influence the spacer grid strength in the irradiated condition are [ 

] The remaining effects of in-reactor operation, [ 

] were deemed secondary based on previous 

irradiated grid tests. 
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In Section D.2, as part of the review of the effects of in-reactor operation on the 

mechanical material properties of Zirconium alloys, it is concluded that [ 

] This section presents a quantitative comparison of these factors. First, the 

MS® and Zr-4 [ 

] 

A second comparison must involve the [ 

] 
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In conclusion, a more realistic, but still conservative irradiated test protocol is to test the 

[ ] grids [ ] to best approximate the full effects of 

irradiation. The general requirements in Section 4.0 still apply when deciding the 

limiting factor for defining the allowable crushing load. 

To confirm some of the theoretical considerations presented so far, two types of tests 

were performed on [ ] grids. The grids tested were [ 

] material. The first batch of [ ] grids 

was tested at [ ] and the second batch of [ ] grids was tested at 

[ ] The results are plotted in Figure D-11. Note that the only 

difference between the two sets of grid tests [ 

] 
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A further confirmation of this test protocol is obtained by comparing the results of 

irradiated grid tests performed at operating temperature to the results of the [ 

] and plotted 

together with the hot irradiated grid test results. The plot is presented in Figure D-12. 

The results are indexed on the x-axis by the average grid cell slip load (a proxy for grid 

cell relaxation) to make the comparison. It is observed that the buckling strength of the 

[ 

] adequately follows the trend of the irradiated grids tested hot. This is 

further proof that the proposed simulated-irradiated test protocol is a realistic and 

representative approach for assessing the grid allowable crushing load capability in the 

irradiated condition. 

It must be noted that two data points in Figure D-12 (the two four cycle burnt grids with 

strength below 1000 daN) appear to exhibit a higher degree of variability and fall below 

the general trend seen in the rest of the data. To better understand the significance of 

these two data points, the data in Figure D-12 are re-plotted with more details included, 

in Figure D-13. The in-reactor irradiated grid data, which are represented by green or 

blue squares, are plotted with the [ ] of the 

individual grid. The simulated irradiated condition grids are plotted with red triangles. It 

is important to note that the simulated irradiated condition grids were [ 

] 
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] However, the limiting grid impact loadings 

occur in the middle of the bundle (positions 3 and above), and for these locations, the 

simulated fully relaxed data set constitutes a lower bound. 

This observation corroborates the discussion on the effect of [ 

] 

In general, there are two major sources of conservatism in the simulated irradiated grid 

testing protocol: 

D.4 References 

D1. U.S. Nuclear Regulatory Commission Information Notice 2012-09: Irradiation 
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Figure D-1: Uniform Ultimate Elongation for Zirconium Alloy Guide 
Tube Specimens 
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Figure D-2: Tensile Strength for Irradiated and Non-irradiated 
Zirconium Alloy Guide Tube Specimens 
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Figure D-3: Irradiated M5® Yield Strength versus Fluence 
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Figure D-4: Total Elongation versus Fluence for MS® 
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Figure D-5: Irradiation Stress Relaxation for Zirconium Alloys 
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Figure D-6: Grid Buckling Load versus Oxide Layer Thickness 
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Figure D-7: Grid Buckling Load versus Cladding Insertion Force 
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Figure D-9: Variation of Grid Buckling Load with Axial Grid Position 
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Figure D-1 O: Comparison of Rate of Strength and Relaxation versus 
Fluence 
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Figure D-11: 17x17 HTP Grid - Simulated-Irradiated Test Data 
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Figure D-13: Comparison of In-Reactor Irradiated Grid Strength 
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APPENDIX E: JUSTIFICATION FOR THE USE OF LEVEL C STRESS LIMITS TO 
ENSURE GUIDE TUBE FUNCTIONALITY 

E. 1 Introduction 

Given that the guide tubes represent a special case in that they must ensure the 

functional requirement of control rod insertability, the limits must be more stringent than 

those that just ensure structural integrity (e.g. Level D stress limits). For this reason, 

both Level C stress limits (per Section NG of Section Ill, Division 1 of the ASME Code -

reference [E1]), and critical buckling load limits are used to ensure guide tube 

functionality (i.e. control rod insertability). 

The use of the Level C service limits for a fuel assembly component does allow for a 

limited amount of plastic strain. Plastic strains in safety-related structures, systems, and 

components are permissible during faulted operation, as defined in 10 CFR 50 

Appendix S, as long as the functional integrity requirement is met. 

"The nuclear power plant must be designed so that, if the Safe Shutdown Earthquake 

Ground Motion occurs, certain structures, systems, and components will remain 

functional and within applicable stress, strain, and deformation limits ... 

It is permissible to design for strain limits in excess of yield strain in some of these 

safety-related structures, systems, and components during the Safe Shutdown 

Earthquake Ground Motion and under the postulated concurrent loads, provided the 

necessary safety functions are maintained." 

The demonstration that Level C Limits ensure guide tube operability is based on the 

following: 

1. Definition of Level C Service Limits: Level C limits are appropriate for this 

application. 
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2. Guide Tube Strength Tests: Level C stress limits are sufficient to protect from 

localized collapse of the guide tube and represent a lower bound to the guide 

tube limit load. 

3. Guide Tube Load Re-Distribution: Conservatism of the application of the Level C 

limit to individual components [ 

] 

E.2 Definition of Level C Service Limits 

The Level C service limits are intended to protect a component against loss of control 

over deformation, while allowing for a limited amount of plastic deformation. The 

discussion to follow is based on the arguments presented in Reference E3, which 

summarizes the design philosophy of the ASME Code (Reference E1 ). 

The key concept for the Level C service limits is the limit load, which is an analytical 

quantity, and is defined by means of a bounding process, assuming an elastic-perfectly 

plastic material behavior (Figure E-2). The design philosophy behind the Level C limits 

is that the limit load is the boundary between: 

• loads which can be sustained while ensuring control over the deformations 

(plastic deformations on a net section basis do occur, but are contained within 

acceptable limits), and 

• loads which can be sustained from a structural point of view, but for which the 

component cannot control its own deformation state within acceptable limits. 

As such, if the component operates by itself, without support from adjacent 

components, a relatively small increase in load beyond the limit load could produce a 

disproportionately large deformation. 
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The ASME Code (reference E1) implements the Level C service limits in a variety of 

ways that are all based on the limit load concept. For the purposes of this topical, the 

Level C service limits will .be implemented via a linearized elastically calculated stress. 

In this case, stresses obtained from elastic material properties models subjected to the 

postulated loads are linearized over the cross-section and compared to Level C stress 

allowables. 

Figure E-3 illustrates the physical significance of the Level C limit. For the rectangular 

section considered in this figure, subjected to pure bending, the external bending 

moment is reacted by the internal bending stress distribution through the elastic

perfectly plastic (Figure E-2) component cross-section. The most important stages of 

loading illustrated in Figure E-3 are as follows: 

• Elastic Limit (sub-plot A) - when the bending moment reaches the elastic limit, 

the outermost fiber reaches the material yield strength. The component can 

carry additional load, but the load deflection curve will deviate from the 

proportional behavior. 

• Elastic Core Loading (sub-plot B) - Increasing the bending moment beyond that 

in sub-plot A, the outer fiber remains saturated at yield stress, and the interior 

fibers begin reaching yield stress as well. For this scenario, the stress 

distribution over the component cross-section nowhere exceeds yield, and meets 

overall equilibrium with the externally applied bending moment. This is the 

definition of a lower bound of the limit load. 

• Limit Load (sub-plot C) - Increasing the bending moment further, a point is 

reached where all fibers over the component cross-section are at yield, and this 

system of stresses meets equilibrium with the applied moment. This is the 

highest possible lower bound, and therefore represents the limit load of the 

component. Theoretically, without crediting strain hardening, any additional 

increment in the applied moment can produce an un-bounded deformation. 

Conceptually, this is the Level C limit. 
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• The last sub-plot (D) represents the concept of limit stress when based on elastic 

analysis. In this case, the cross-section is in equilibrium with the same moment 

applied in sub-plot C, but without crediting localized plastic deformation in the 

cross-section. As can be seen, the limit stress exceeds the yield stress by a 

factor which depends on the section shape. For rectangular cross-sections this 

factor is 1.5. For annular cross-sections it is a function of the inner and outer 

diameters, ID and OD, and is given by (Reference E4, Table 1- Case 15): 

K = _16_·_0_iJJ_._(_OD_
3 

_-_ID_
3
_) 

3,r · (OD 4 -JD 4
) 

(E-1) 

Here, it can be seen why the use of the plastic shape factor is required in defining Level 

C limits. The Level C stress limits listed in NG-3224.1 are: 

Pm< 1.5Sm 

Pm+Pb < K*1.5*Sm. 

The relationship between the elastically calculated applied membrane stress and the 

section limit stress for a rectangular cross-section is shown in Figure E-4. From the 

figure it is apparent that the relationship is not constant. At zero membrane stress, the 

limit stress is 1.5 times yield stress, but can be higher with the addition of membrane 

stress. To simplify the definition of the limit stress, a constant value of 1.5 CTy is 

conservatively used by the ASME Code. For an annular cross-section, the 1.5 factor 

value is replaced by the appropriate plastic shape factor, K. 
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The primary failure mode the Level C limits must protect against is the local buckling of 

the tube wall. For thin-walled structures this is a distinct possibility, and it is widely 

studied in the open literature (e.g. Reference E2). The stages of this collapse are 

shown in Figure E-1 for the case of an individual thin-walled tube in pure bending. As 

the bending moment is increased, the compressive stress on one side becomes too 

high, and the tube wall buckles. This is a shell mode buckling, which is distinct from the 

beam mode buckling addressed in the guide tube buckling criterion. When this 

happens, the annular cross-section loses its shape, and produces a severe reduction in 

the load carrying capability of the tube. A collapsed cross-section in a guide tube can 

preclude control rod insertion. As has been demonstrated in testing (summarized 

below), the guide tubes will reach the Level C stress limit (calculated based on an 

elastic analysis method) prior to experiencing localized wall buckling. 

To demonstrate the relationship between the Level C limit and the localized guide tube 

wall buckling, a set of three-point bending tests on guide tube segments was carried 

out. The tests consisted of subjecting a [ 

] to bending loads applied via a spacer grid cut segment (in order 

to simulate the correct contact conditions) while supporting the guide tube on two rollers 

(to simulate a pinned-pinned end point support). The schematic of the test is shown in 

Figure E-5, and the test apparatus is shown in Figure E-6. The tests were performed in 

displacement increments and reached extreme deflections compared to the expected 

deflections of a fuel assembly within the same axial span (Figure E-6). 
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A typical loading curve for a guide tube is shown in Figure E-7. From this plot it is 

apparent that, within the tested deflection range, the loading curve does not show any 

reduction in load which would be characteristic for a local guide tube wall buckling 

collapse. Also, shown on this plot is the Level C limit load ( calculated based on elastic 

analysis using both the design yield strength and the yield strength specific to the 

material lot for the tested guide tube). Both the design and the lot specific limit loads 

are less than the maximum test load, which demonstrates that the elastically calculated 

Level C limit offers a conservative lower bound to the component limit load at which 

local guide tube wall buckling collapse occurs. The acceptability of this component load 

limit is further supported by measurements of negligible ovality and plastic strain during 

these tests. 

E.4 Guide Tube Load Re-Distribution 

The second potentially problematic failure mode is excessive lateral deflection of a 

guide tube. Since the Level C limits are based on limit load, the concern is that once a 

guide tube reaches Level C, it cannot control its own deflection. [ 

] 
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These points are substantiated analytically through a special study using a 30 non

linear finite element model of the fuel assembly enabled with elastic-plastic material 

properties. Unlike the model discussed in Section 8.1.1 of the topical, the guide tubes 

and fuel rod elements have elastic-plastic material properties. 

The models, representing both irradiated and non-irradiated conditions for a 14ft 17x17 

assembly, are subjected to combined axial/lateral loads in order to bring the limiting 

guide tube(s) to the Level C limit. [ 

] 
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In summary, the following major points support the use of Level C stress limits in 

conjunction with buckling load limits to ensure control rod insertion: 

• Testing has demonstrated that the Level C limits offer protection against annular 

cross-section collapse (manifested as local wall buckling) as well as ensuring 

structural integrity 
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Figure E-3: Illustration of Limit Load and Limit Stress (rectangular 
section) 
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Figure E-4: Limit Stress for Combined Tension and Bending (rectangular 
section) 
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Figure E-6: Guide Tube Three-Point Bending Test - Apparatus 
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Figure E-7: Guide Tube Test Loading Curve vs. ANSYS Model vs. Level C 
Design Limit 
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Figure E-8: Typical FA Loading Curve - BOL - 20 - Mode 1 - Case 3 
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Figure E-9: Typical FA Loading Curve - BOL - 2D - Mode 3 - Case 3 
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endix A provides information on the AREVA finite element code used for horizontal 

and rtical analysis. This appendix also provides experimental results of fuel assembly 

sts that are used to validate the methodology and finite element code. 

mmarizes the application of the methodology within this topical report to a 

he information necessary to support derived values of percent 

e methodology. 

Appendix D provides experi ental results on the spacer grid strength for irradiated and 

non-irradiated conditions , whic re used to support the definition of grid strength 

criteria in the methodology. 

Appendix E provides the methodology ed to evaluate the effect of grid deformation on 

ECCS coolabi lity evaluations. 

Appendix F provides justification for the applic ·on of specific guide tube stress limits in 

the analysis of SSE and LOCA events. 
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A noted in Section 2.1, lateral impacts between fuel assemblies are transmitted 

h the spacer grids. To characterize this impact phenomenon , a spacer grid 

impact ement is defined within the fuel assembly model. This element is described in 

Section 5. . .2 and Section 6.1.2.1 .1 as a [ 

] In this case, the methodology 

can be shown to appropriately redict peak impact loads and rebound velocity. 
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Definition of Regulatory Requirements 

odology described in this report is intended to address the licensing 

Page 3-1 

requireme ts defined in 10 CFR Part 50. Specifically, this section will discuss the 

pertinent req ·rements defined in Appendices A and S (References 1 and 2) and 10 

3.1.1 

eference 6). This section will also discuss the guidance pertaining to 

d in NUREG-0800, Chapter 4.2 (Reference 3). 

The General Design Criteri GDC) from Appendix A of 10 CFR Part 50, which are 

addressed within this topical a 

henomena 

"Structures, systems, and compon nts important to safety shall be designed to 

withstand the effects of natural phen ena such as earthquakes, tornadoes, 

hurricanes, floods, tsunami , and seiches ithout loss of capability to perform their 

safety functions. The design bases for thes structures, systems, and components 

shall reflect: (1) Appropriate consideration oft most severe of the natural 

phenomena that have been historically reported the site and surrounding area , 

with sufficient margin for the limited accuracy, quant , and period of time in which 

the historical data have been accumulated, (2) appropn te combinations of the 

effects of normal and accident conditions with the effects the natural phenomena 

and (3) the importance of the safety functions to be performe " 

This GDC requires fuel to be designed to withstand natural phenom 

earthquakes without a loss of capability to perform safety functions . Th GDC also 

requires an appropriate combination of the effects of normal and accident 

with the effects of the natural phenomenon. 
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In summary, generic design criteria 2 establishes the need to eva luate the structural 

sponse of the fuel under both seismic and LOCA loadings. Generic design criteria 27 

5 establish the basis for shutdown requirements following a seismic or LOCA 

d coolability following a LOCA event. 

Further det ·1 regarding the regulatory requirements for seismic and LOCA evaluations 

Appendix S of 10 CFR Part 50 and 10 CFR Part 50.46, respectively. 

3.1.2 rt 50, Appendix S 

Appendix S of 10 CFR art 50 implements GDC 2 as it pertains to seismic events , and 

defines specific earthqua engineering criteria for nuclear power plants . This appendix 

establishes definitions for the afe Shutdown Earthquake (SSE), Operating Basis 

Earthquake (OBE) and safety re uirements for relevant structures, systems, and 

components (SSCs). These SSCs ust assure the integrity of the reactor coolant 

boundary, the capability to shut down e reactor and maintain it in a safe-shutdown 

condition , and the capability to prevent o itigate the consequences of accidents that 

could result in potential offsite exposures. garding the potential for offsite exposures, 

10 CFR Part 100 (Reference 7) prescribes the quirement to evaluate radiological 

dose consequences associated with a postulated actor accident wh ile 10 CFR Part 

50.34 (Reference 8) establishes guideline exposure vels . 10 CFR Part 50.67 

(Reference 19) also addresses the requirements for ace· ent source term considered in 

design basis radiological consequence analyses. These r ulatory requirements 

clearly specify that fuel rod failures , defined as a loss of the fu I rod hermeticity, are 

permitted during postulated accidents and must be accounted fo ·n the dose analysis . 
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For SSE events, Appendix S of 10 CFR Part 50 defines the following requirements 

sociated with fuel assemblies and their components : 

b. 

During SSE events certain Structures Systems and Components (SSCs) must 

ain functional and within applicable stress, strain and deformation limits. 

rmore, concurrent to seismic loads, additional loads due to normal 

, functional and accident-induced load conditions must be taken into 

ppropriate in the design of these safety-related SSCs. Accident 

induced load onditions caused by seismic events will be accounted. 

nctions of SSCs must be assured during and after the 

vibratory motion cau d by SSE ground motion through design , testing, or 

qualification methods. 

c. It is permissible to design for train limits in excess of yield strain in some of 

these safety-related SSCs durin the SSE ground motion and under the 

postulated concurrent loads, provi d the necessary safety functions are 

maintained. 

The regulatory requirements for SSE events, stat above, indicate that functional 

integrity, rather than structural integrity, of certain S s must be assured. Further, the 

functional integrity requirement must be met not only fo SSE events alone, but also as 

appropriate for combined loads from SSE, Normal Operati , and functional and 

accident-induced events. This functional integrity must be es blished during and after 

the duration of the aforementioned combined events. Neverthel s, it is permitted to 

design SSCs for non-elastic operation for SSE events as long as th functional integrity 

requirement is met. 
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The regulation in Appendix S of 10 CFR Part 50 also specifies that an OBE event does 

t need to be considered if its severity is 1/3 or less of the SSE ground motion 

ass ciated with the same system. For OBE events with a severity greater than 1/3 of 

ground motion, an analysis must be performed, in combination with normal 

ads, to demonstrate that all SSCs necessary for continued safe operation 

will remain f ctional and within applicable stress, strain, and deformation limits. 

Section Vl(a)(3) i Appendix A of 10 CFR Part 100 does require suitable 

instrumentation sue that the seismic response of plant features that are important to 

promptly to support a decision regarding the continued safe 

operation of the plant. Th requirement is discussed in further detail in Regulatory 

Guide 1.166 (Reference 14 ), here a time interval is defined for performing the 

earthquake severity assessmen . During this time interval the plant is allowed (but not 

required) to operate at full load , pro ided a trip signal is not initiated by any of the safety 

systems. The allowed time interval is ·milar in nature to the time intervals allowed in 

Technical Specifications when a limiting ndition for operation (LCO) is not met. 

3.1.3 10 CFR Part 50.46 

While GDC 35 requires a system to maintain cool ility following a LOCA, 10 CFR Part 

50.46 provides additional detail behind this design er ria . 10 CFR Part 50.46 defines 

specific limits for peak cladding temperature , maximum adding oxidation , and 

maximum hydrogen generation in the cladding . Of particu importance for this topical , 

10 CFR Part 50.46 also establishes a requirement of coolable eometry, that mandates 

that any changes in core geometry shall be such that the core re ains amenable to 

cooling . In other words, the fuel limits defined above must consider ny deformation in 

the fuel if it is present. This topical will address the potential for chang in core 

geometry (up to a limit) due to the externally applied forces imparted on tH 

assembly during a LOCA event. 
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Guidance regarding acceptance criteria is provided for both LOCA and SSE events. 

r a LOCA, three criteria are acknowledged : 

Fuel rod fragmentation must not occur as a direct result of the blowdown loads, 

2. Th 10 CFR 50.46 temperature and oxidation limits must not be exceeded , and 

3. d insertability must be demonstrated for the most severe LOCA loads 

that requir control rod insertion in combination with the SSE loads. 

The requirement that I rod fragmentation must not occur due to blowdown loads is 

related to the requiremen o assure coolability. If the fuel rods fragment then the rod 

geometry assumed in the co !ability evaluation is disrupted. Section 11.B.viii of Chapter 

4.2 of the SRP expands on the echanical fracturing criteria and suggests that failures 

by this mechanism will not occur i e applied stress is less than 90 percent of the 

irradiated yield stress at the appropri e temperature. Furthermore, by establishing 

conservative criteria that prevents fuel ro fragmentation, this conservatively addresses 

the requirements regarding the radiological onsequences of design basis accidents 

(i.e. 10 CFR 100, 10 CFR 50.34, 10 CFR 50.6 . 

The second criterion stems from GDC 35 and 10 C R Part 50.46. This requirement is 

satisfied by an ECCS analysis. If the fuel assembly s cer grids remain below a 

loading that prevents significant distortion of the fuel ass 

analysis is sufficient. If the combined loads on the spacer g · s result in significant fuel 

assembly distortion , then the ECCS analysis must consider thi 

geometry. In addition to the evaluation of the spacer grid loading, e criteria for a 

coolable geometry is satisfied by assuring that the loadings on non-g · components are 

below limits that will prevent structural failure (Section 111.2 of Appendix 

of the SRP). 
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With the exception of the fuel ro and guide tube assemblies, fuel assembly 

components are designed for the L.: CA event to meet Level D service limits (maintain 

structural integrity) per Appendix F of ection Ill of the ASME B&PV Code. The other 

components are addressed below. LOC as a design basis event, does not require a 

fatigue analysis . Therefore, the component need to be evaluated only for a single 

application of the limiting load during the event. 

A special note is made here regarding the fuel asse bly hold-down springs. The hold

down springs [ 

] 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

ANP-10337NP 
Revision 0 

Page 4-7 

Note that the guide tube upper connection (connection between the guide tube and top 

zzle) is also subjected to Level C criteria because of its function in defining a control 

In the c e of a LOCA event that does not require control rod insertion, generic service 

Level D lim can be applied to the entire guide tube assembly instead of Level C limits. 

e Level C criterion for guide tube stress is only required when the fuel 

assembly is posit ned in a rodded location within the core . All other fuel assembly 

at are not in a control rod location can be subjected to the Level 

D limits noted in Sectio 4.2.2. 

Additional discussion regar · g the justification for the use of Level C limits in this 

analysis is provided in Append, F. 

4.3 Safe Shutdown Earthqu 

The Safe Shutdown Earthquake is a de · n basis natural phenomenon which the plant 

must withstand without a loss of capability perform safety functions. Unlike an OBE, 

it is permitted to design components for non- stic operation beyond their design 

tolerances as long as their functional integrity is aintained. In accordance with 10 

CFR 50, Appendix S, the functional integrity of the el is satisfied if it can be shown that 

1) fuel rod fragmentation does not occur as a result of e seismic loads and 2) control 

rod insertability (reactivity control) is assured . For most c 

assembly, including fuel rods , safety is maintained if the stru ural integrity of the 

component is maintained. As such, this design basis event is g erally subject to Level 

D service limits as defined in Appendix F of ASME B&PV Code Se ion 111, Division 1. 

However, the requirement for control rod insertion leads to special cri ria for the spacer 

grids and guide tubes, due to their special function in forming a path for 

insertion. 
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As the resulting criteria to demonstrate control rod insertion and fuel rod fragmentation 

e the same as that for the combined LOCA and SSE evaluation , an SSE-only 

eva ation is only necessary in cases where the licensing basis for the host plant does 

ire an analysis for combined loads. 

4.3.1 cer Grid Acceptance Criteria 

For a design b is earthquake or SSE, the acceptance criterion for the spacer grid shall 

1 

The SSE load limit shall be based on the 9 -percent confidence level on the true mean 

of a distribution of measured loads on a numo r of grids at this level of deformation . 

The SSE spacer grid load limit shall not be exce ed by the design impact loads for an 

SSE event. 

4.3.2 Non-Grid Component Acceptance Criteria 

With the exception of fuel rod and guide tube assemblies, fu assembly components 

are designed for the design basis earthquake to meet Level D s rvice limits as defined 

in Appendix F of Section Ill of Reference 9. The special criteria de ·ned for the fuel rods 

and guide tubes in Section 4.2 .2 apply for the SSE event as well. 

SSE, as a design basis event, does not require a fatigue analysis . 

components need to be evaluated only for a single application of the limiting 

the event. 
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Table 4-1: Summary of Acceptance Criteria by Component 
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For the in-core condition two additional structural elements are required . The two 

uctural elements are: i) a spring connecting the upper core plate to the top nozzle 

represents the hold-down spring ; and , ii) a gapped spring connecting the top 

nozzle o the upper core plate which has the capability to capture possible impacts at 

th is interf e. Normally, the vertical excitation is not severe enough to overcome hold

erefore, the fuel assembly does not impact the upper core plate. 

del must have the capability to detect and simulate these impacts if 

they occur. 

5.3.1.1 

Aside from the gap betwee the top nozzle and the upper core plate , no additional 

geometric parameters are nee ssary to define the external boundary conditions for the 

model. This gap together with th hold-down spring characteristics is used to define the 

spring hold-down force . The vertica otion of the upper and lower core plates during a 

seismic event serves as the excitation r the fuel assembly response. In addition to the 

core plate motions, the steady state hydra ic lift forces must be input to the model. 

In a LOCA event, the hydrodynamic lift forces come transient in nature due to a 

pressure wave traveling through the core . In this se, direct forces are applied to fuel 

assembly components to simulate the pressure drop cross the fuel assembly. This 

input is characterized by i) a set of force time histories t t are applied to the fuel 

assembly model at the main pressure drop locations (i .e. a minimum, the spacer grid 

and nozzle locations), and ii) a set of core plate (upper and lo er) displacement time 

histories. The transient hydrodynamic forces are the primary dri r of the fuel assembly 

response . In cases where the core plate motions are shown to be n gligible, this 

modeling of the core plates can be simplified to a rigid , stationary plate. 
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Figure 5-2: Simplified Schematic of the Single Fuel Assembly Model 
for Horizontal Analysis 
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Four items from Table 6-1 require testing and/or analyses in order to be defined. These 

] 

·tion of each of these parameters will be discussed in the subsections that 

follow. 

6.1.1 

of the single assembly horizontal model are the [ 

] Whi le the beam properties 

can be based directly on the geomet and material properties of the fuel rods, guide 

tubes, and instrument tube, the values fo the rotational springs [ 

] Rotational spring stiffnesses are a ·usted until the dynamic model 

duplicates the dynamic characteristics of the fuel a embly that are determined through 

tests. [ 

] These techniques are consistent with the approved 

Reference 5. The dynamic characteristics of the fuel assembly 

experimentally determined through two tests : 1) Free vibration , an ) Forced vibration . 

These tests are performed in air at ambient temperature. Subsequent! the initial 

model benchmarks are created to match in-air conditions and the models 

adjusted to account for the presence of a dense fluid medium in actual opera · 

conditions. 
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] The 

t to in-water conditions is addressed in Section 6.1.3 and Section 6.1.4. 

The tests req ·red to benchmark the fuel assembly model to the behavior of the specific 

fuel assembly d 

6.1.1.1 

The objective of the free ·bration test is to determine the first natural frequency and 

damping characteristics oft fuel assembly in-air at room temperature conditions. The 

test is performed by laterally d ecting the test assembly at the midplane to 

predetermined displacement valu and then quickly releasing the bundle. The test 

configuration has prototypical upper d lower core plate supports at the ends, including 

the effects of hold-down loads, when pr ent. Upon release , the fuel assembly is 

allowed [ 

] 
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6.1.1.2 d Vibration Tests 

The objective of e forced vibration test is to obtain the relationship between higher 

mode frequencies (t first five natural frequencies) and the fundamental frequency. 

[ 

] 

] Th test is performed in-air at room temperature conditions by 

exciting the fuel assembly at [ ] The 

test configuration is prototypical for e fuel assembly to the upper and lower core plate 

interface, including the effects of hold- own , when present. The assembly response is 

recorded as a function of time at the inter ediate grid locations [ 

] Forced 

vibration tests can be used in lieu of free vibratio tests for fuel assembly dynamic 

characterization for overlapping ranges of amplitude 

] 
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Similarly, an average value of F 2 
/ M 5PV,2 can be calculated over the appropriate range 

] 

6.1.2.1.3 Determination of Grid L 

The spacer grid acceptance criteria, in th arm of a load limit, for OBE, SSE, and LOCA 

is defined in Section 4.0. 

Using the measurements of peak impact load an orresponding residual (or 

permanent) deformation after each impact, the load · it can be defined from the test 

data using the criteria given in Section 4.0. A represen tive result for a grid that 

experiences critical deformation before buckling is shown , 

application of these grid load limit definitions. 
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For illustration only, this entire sequence of events has been evaluated for a given plant 

to require on the order of [ 

] This 

yields additional conservatism in the consideration of reduced flow rates on damping 

values. 

6.1 .4 Hydrodynamic Coupling 

Based on the theoretical framework discussed in Section 5.2.2.3, the dimensionless 

added mass parameters for the fuel assembly and fuel assembly-to-baffle interaction 

are given in the following paragraphs. 
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For a fue l assembly immersed in water, given that the [ 

then the displaced mass is given by the following expression: 

(6-9) 

olant density in a fuel assembly for a given reactor condition , 

dis the fuel rod outer diam er, and n is the number of fuel rods per row (square array 

nxn ). 

Assuming a consistency relationshi between the added mass coefficients, given in 

Equation 5-15), the non-dimensional fa of the added mass, m: and that of the 

coupling between fuel assembly and baffl late, m~ , relationship is given by 

m: + m~ = -1 . (6-10) 
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e methodology defined in this topical can be used to model mixed core conditions. In 

mixe core conditions , it is possible that the co-resident fuel may be designed by an 

entity o er than the author of this topical report. In this scenario, the fuel assembly and 

spacer gri model inputs (Sections 5.2.1 and 5.2.2.2) from Table 6-1 must be provided 

by the fuel de ·gner. For those inputs based on design definition documents, there is 

no change in the asis for the parameter definition . However, parameters that are 

based on character ation through tests (rotational stiffness of intermediate spacer grids 

and the grid impact sti ess and damping) are now defined based on other approved 

protocols that are specific o the co-resident fuel designer. These protocols are outside 

of those defined in Sections .1.1 and 6.1.2. 

In these cases, the co-resident fu I is represented in row models to assess the effect 

that mixed core conditions will have n the criteria for fuel which has been tested in 

accordance with this topical report. Fo his purpose, the representation of co-resident 

fuel , although not defined by the protocols · this topical, is adequate to assess the 

performance of fuel which has been tested in ccordance with this topical report . 

6.2 Input for the Vertical Accident Analys 

This section defines the process of assigning numeric I values to the parameters 

defined in Section 5.3.2. The summary table from Sectio 5.3.2 is repeated below with 

a new column ("Basis for Parameter Definition") added. Tw models are constructed to 

represent the fuel in both the non-irradiated and irradiated con ·tion. 

As can be seen in Table 6-2 , many parameters are based solely on 

definition , as established through documents such as drawings and sp cifications. In 

general , these parameters reflect fuel assembly geometry or material pro 

not require additional testing or analysis for definition or verification . 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

ANP-10337NP 
Revision 0 

Page 6-35 

Figure 6-1: Frequency Benchmarking Technique for Irradiated and 
Non-Irradiated Fuel Assemblies 
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e fuel assembly model shown in Figure 5-7 is used to analyze the fuel assembly for 

I seismic conditions. [ 

] 

[ 

] These loads are compared to the acceptance 

criteria presented in Section 4. . It shall also be verified that the fuel assembly [ 

] This analysis is perfo ed for both non-irradiated and irradiated 

conditions. 

7.3 Vertical LOCA 

[ 

] When leak-before-break (LBB) has been included as part of the 

basis for a given plant, this analysis will use the external loading functions co sistent 

with an LBB LOCA event if they are available. Furthermore, in cases where the 

plate motions are shown to be negligible, the modeling of the core plates can be 

simplified to a rigid, stationary plate. 
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The connection between the fuel rod to rid rigid region is implemented using non-linear 

spring and slider elements. In the axial dir ction, [ 

] 
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The generic characteristics and the conceptual implementation are shown in Figure 8-1 . 

The lateral stiffness test i erformed in ambient temperature for both non-irradiated 

and simulated irradiated fue ssembly conditions. It involves the mono-directional 

lateral deflection of a fuel asse ly to a pre-determined maximum displacement 

(measured from the middle space rid of the fuel assembly). The value of the 

maximum displacement during testin should be representative of the displacements 

anticipated during operation but should t be so large as to introduce structural 

damage to the fuel assembly. The lateral · placement versus external force curve is 

used to benchmark the numerical model for th lateral fuel assembly stiffness. 
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geting the frequencies above, the rotational stiffness values are benchmarked to 

presented in Table B-2. 

ncy comparison between the benchmarked model and the tested values is 

presented in J able B-3. 

As a final step, t rotational stiffness values are adjusted to reflect operating 

the ratio of the elastic modulus of the grid material at 600°F to 

70°F. The final values sed in the model are reported in Table B-4. 

B.2.1.2 Grid Impact Cha cteristics 

The grid impact characteristics e defined by stiffness and damping parameters for a 

set of external and internal impact lements. The external impact parameters are 

measured from dynamic grid crush te s. After the external impact parameters have 

been set, the internal impact parameters re benchmarked to match the results of the 

fuel assembly lateral impact test. 

B.2.1.2.1 Dynamic Grid Crush 

Dynamic crush testing was performed on a total off 

• Non-irradiated intermediate spacer grids 

• Simulated-irradiated intermediate spacer grids 

• Non-irradiated intermediate flow mixers 

• Simulated-irradiated intermediate flow mixers 
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Given the pressurized state of the fuel rod, the steady state stress condition has a 

ngential, axial, and radial component. Therefore, a maximum stress intensity is 

lated based on a combined stress state that includes the accident stress. The 

d stress state is summarized in Table B-15. 

The fuel rods are also evaluated for b ckling [ 

] These loads are t n combined with the vertical 

loads obtained under vertical excitations. 

The limiting case for fuel rod buckling occurs [ 

] The loads corresponding to this condition and the res 

[ 
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e guide tube stresses are summarized in Table B-17. The lateral SSE and LOCA 

load in the guide tubes are extracted from the finite element model defined above 

[ ] and used to calculate stress based on the cross

erties of the guide tube. [ 

ise, the vertical SSE and LOCA loads for the guide tubes are 

extracted from the v ical model and used to calculate stresses. [ 

] The combined 

load is calculated as the SRSS o he individual components. 

The allowable stress in the guide tube is stablished based on the ASME Level C 

service limits, as defined in Appendix F.2, ere Sm is defined as the minimum of either 

1/3 Su (ultimate strength) or 0.9 Sy (yield stren th) in the non-irradiated condition and 

either 1 /3 Su or 2/3 Sy in the irradiated condition . or Zirc-4, defining Sm based on 1 /3 

Su is limiting. The ultimate strength for Zirc-4 at 600 in the non-irradiated and 

irradiated condtion is [ ] and [ spectively. Zirc-4 maintains 

sufficient ductility in the fully irradiated condition to warrant e use of the ASME code 

criteria and techniques. Furthermore, this definition of the allo able stress intensity 

applies to any zirconium alloy that can be demonstrated to have 

allowable stress limits are defined in Table B-17. 
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The guide tubes are also evaluated for buckling [ 

] These loads are then 

· h the vertical loads obtained under vertical excitations. For conservatism, 

a mal-distribut, n coefficient of 1.5 is applied to the vertical excitation induced guide

tube axial loads. his mal-distribution coefficient considers that the vertical loads are 

carried by the periph ral guide tubes only, i.e. 16 out of 24. 

The limiting case for buck · g is [ 

] The loads 

corresponding to this condition an the resulting stress, [ 

] are shown in Table B-18. 

B.3.3.3.3 Instrumentation Tube 

In this evaluation , the instrumentation tube is n t evaluated directly. For the W17 

HTP™ design, the instrumentation tube is only re ined at the lower end grid. As such , 

the instrumentation tube does not have a load path t bear significant vertical loads. 

The instrumentation tube will be subjected to bending lo ds as a result of lateral 

deflections, but the overall loading condition of the instrum tation tube will be bounded 

by that of the guide tube. Given that the guide tube and instr entation tube have the 

same outer and inner diameters (non-dashpot) and that the guid tube is evaluated to a 

more conservative criteria (Level C for the guide tube versus a Leve D criteria for the 

instrumentation tube), the guide tube evaluation is considered bound in for the 

instrumentation tube. 
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Table B-2: Rotational Stiffness Determined Through Benchmarking 

Table B-3: Benchmark Comparison to Test Data 

Table B-4: Rotational tiffness Values at Operating Conditions 

Table B-5: External Grid 5 fness and Damping 

Table B-6: Grid Load Limits 
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al Fuel Assembly Deflections from LOCA 
Excitation (in m) 

-- - ---, 
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Table B-11: Critical Fuel Assembly Deflection from Seismic 
Excitation (in m) 

Table B-12: Peak Grid Int nal Impact Loads 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Appl ied Dynamic Excitations 
Topical Report 

Table B-13: Vertical Seismic and LOCA Loads 

Table B-14: Fuel 
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Table 8-16: Fuel Rod Buck· g Margin, Non-irradiated Condition 
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Table 8-20: GT-to-Nozzle Connection Loads and Margins 

Table 8-21: Nozzle Loads and Margin 
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Figure 8-10: Safe Shutdown Earthquake - Velocity in X-Direction 
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Figure B-11: Safe Shutdown Earthquake - Displacement in X
Direction 
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Figure B-12: Safe Shutdown Earthquake - Velocity in Z-Direction 



AREVA Inc. 

PWR Fuel Assembly Structural Response to Externally Applied Dynamic Excitations 
Topical Report 

ANP-10337NP 
Revision 0 

Page B-45 

Figure B-13: Safe Shutdown Earthquake - Displacement in Z
Direction 
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APPENDIX E: METHODOLOGY FOR EVALUATING THE EFFECT OF GRID 
DEFORMATION ON ECCS COOLABILITY ANALYSES 

In evalua g coolability for a deformed grid , the primary concern is a reduction in the 

flow area aro nd the interior pins and the potential increase in cladding temperature that 

can occur as a r suit from the decreased flow. For conservatism and simplicity, it is 

assumed that the rst-case deformation predicted under LOCA loads occurs in the hot 

assembly analyzed in e standard LOCA ECCS performance evaluation. 

As noted in Section 4.2.1 , t criteria defined within this topical are applicable to grids 

that [ 

] 

The nominal, uncompressed sub-channel flow 

Where, 

Anom = Nominal sub-channel flow area; 

Prod = Fuel pitch ; 

d ro ct = Fuel rod cladding outer diameter; 
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The increase in PCT associated with a r uced flow area can be estimated via a 

convective heat exchange balance at the fu 

Where, 

q" = heat flux at the fuel rod wall ; 

h = heat transfer coefficient; 

Tcia ct = cladding temperature ; 

Tsink = coolant bulk temperature; 
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p portional to the coolant mass flow rate. Since the sub-channel coolant mass flow 

directly proportional to the sub-channel flow area , the change in heat flux at the 

can be directly related to the change in the sub-channel flow area as: 

q\ectuc 

q"nom 

T clad,reduc is the PCT for the cladding from the standard ECCS 

analysis . 

An assumption for this appro ch is that the deformed assembly is the LOCA analyzed 

maximum power assembly. 

q"rectuc = q" nom 

Solving this equation for the change in cla ding temperature due to flow area reduction 

(Tclad,reduc - Tclad,nom = 11 T clad ): 

Considering the reduction in flow area, if it is shown that act ,rectuc (Tc1act ,nom + 11 Tciact) 

remains below the ECCS limit on PCT, then the PCT coolab 

deformed grid. 

There are numerous conservatisms in th is approach . The approach oes not take into 

account the enhancement in heat transfer due to the added turbulence. 

assumes the assembly experiencing the deformation is the maximum pow 

It is also assumed that the sub-channel flow area reduction is at the axial loca · 

PCT. In reality , the PCT occurs between spacer grids, whereas the maximum 

deformation of the flow area occurs at the elevation of the spacer grid . 

• • 
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JUSTIFICATION FOR THE USE OF LEVEL C STRESS LIMITS TO 
ENSURE GUIDE TUBE FUNCTIONALITY 

F.1 

Given that the uide tubes represent a special case in that they must ensure the 

functional require ent of control rod insertability, the limits must be more stringent than 

those that just ensur structural integrity (e.g. Level D stress limits). For this reason , 

both Level C stress limi (per Section NG of Section 111 , Division 1 of the ASME Code -

reference [F1 ]), and critica uckling load limits are used to ensure guide tube 

functionality (i .e. control rod in 

The use of the Level C service limi for a fuel assembly component does allow for a 

limited amount of plastic strain . Plasti strains in safety-related structures, systems, and 

components are permissible during faulte operation , as defined in 10 CFR 50 

Appendix S, as long as the functional integri 

"The nuclear power plant must be designed so th , if the Safe Shutdown Earthquake 

Ground Motion occurs, certain structures, systems, d components will remain 

functional and within applicable stress, strain , and defor ation limits ... 

It is permissible to design for strain limits in excess of yield s in in some of these 

safety-related structures, systems, and components during the 

Earthquake Ground Motion and under the postulated concurrent lo s, provided the 

necessary safety functions are maintained." 

The demonstration that Level C Limits ensure guide tube operability is bas 

following : 

1. Definition of Level C Service Limits: Level C limits are appropriate for this 

application. 
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2. Guide Tube Strength Tests: Level C stress limits are sufficient to protect from 

localized collapse of the guide tube and represent a lower bound to the guide 

3. Conservatism of the application of the Level C 

] 

F.2 Definition o eve/ C Service Limits 

The Level C service limits e intended to protect a component against loss of control 

over deformation , while allow, for a limited amount of plastic deformation. The 

discussion to follow is based on e arguments presented in Reference F3, which 

summarizes the design philosophy the ASME Code (Reference F1 ). 

The key concept for the Level C service its is the limit load , which is an analytical 

quantity, and is defined by means of a boun ·ng process, assuming an elastic-perfectly 

plastic material behavior (Figure F-2). The des n philosophy behind the Level C limits 

is that the limit load is the boundary between: 

• loads which can be sustained while ensuring co ol over the deformations 

(plastic deformations on a net section basis do occ but are contained within 

acceptable limits), and 

• loads which can be sustained from a structural point of view, 

component cannot control its own deformation state within ace 

As such, if the component operates by itself, without support from adjacen 

components, a relatively small increase in load beyond the limit load could pro 

disproportionately large deformation. 
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The ASME Code (reference F1) implements the Level C service limits in a variety of 

s that are all based on the limit load concept. For the purposes of this topical, the 

Leve C service limits will be implemented via a linearized elastically calculated stress. 

In this c se, stresses obtained from elastic material properties models subjected to the 

postulated ads are linearized over the cross-section and compared to Level C stress 

allowables. 

the physical significance of the Level C limit. For the rectangular 

section considered in is figure, subjected to pure bending, the external bending 

moment is reacted by the ·nternal bending stress distribution through the elastic

perfectly plastic (Figure F-2) omponent cross-section. The most important stages of 

loading illustrated in Figure F-3 re as follows : 

• Elastic Limit (sub-plot A) - wti n the bending moment reaches the elastic limit, 

the outermost fiber reaches the terial yield strength . The component can 

carry additional load , but the load d ection curve will deviate from the 

proportional behavior. 

• Elastic Core Loading (sub-plot B) - lncreasi the bending moment beyond that 

in sub-plot A, the outer fiber remains saturated yield stress, and the interior 

fibers begin reaching yield stress as well. For this cenario , the stress 

distribution over the component cross-section nowhe exceeds yield, and meets 

overall equilibrium with the externally applied bending m ent. This is the 

definition of a lower bound of the limit load. 

• Limit Load (sub-plot C) - Increasing the bending moment further, point is 

reached where all fibers over the component cross-section are at yi , and this 

system of stresses meets equilibrium with the applied moment. This is 

highest possible lower bound, and therefore represents the limit load of th 

component. Theoretically, without crediting strain hardening , any additional 

increment in the applied moment can produce an un-bounded deformation. 

Conceptually, this is the Level C limit. 
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• The last sub-plot (D) represents the concept of limit stress when based on elastic 

analysis. In this case , the cross-section is in equilibrium with the same moment 

applied in sub-plot C, but without crediting localized plastic deformation in the 

c ss-section. As can be seen , the limit stress exceeds the yield stress by a 

fact which depends on the section shape. For rectangular cross-sections this 

factor i 1.5. For annular cross-sections it is a function of the inner and outer 

D and OD, and is given by (Reference F4, Table 1- Case 15): 

6 ·OD · (OD 3 
- /D 3

) 

,r · (OD 4 
- /D 4

) 

(F-1) 

Here, it can be seen why the use the plastic shape factor is required in defining Level 

C limits. The Level C stress limits lis d in NG-3224.1 are: 

Pm< 1.5Sm 

Pm+Pb < K*1.5*Sm. 

The relationship between the elastically calculated plied membrane stress and the 

section limit stress for a rectangular cross-section is sti wn in Figure F-4. From the 

figure it is apparent that the relationship is not constant. zero membrane stress, the 

limit stress is 1.5 times yield stress, but can be higher with th addition of membrane 

stress. To simplify the definition of the limit stress, a constant va e of 1.5 CTy is 

conservatively used by the ASME Code. For an annular cross-secti 

value is replaced by the appropriate plastic shape factor, K. 
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rimary failure mode the Level C limits must protect against is the local buckling of 

the tut:5 wall. For thin-walled structures this is a distinct possibility, and it is widely 

e open literature (e.g. Reference F2). The stages of this collapse are 

shown in Fig e F-1 for the case of an individual thin-walled tube in pure bending. As 

the bending mo ent is increased, the compressive stress on one side becomes too 

II buckles. This is a shell mode buckling, which is distinct from the 

beam mode buckling dressed in the guide tube buckling criterion . When this 

happens, the annular era -section loses its shape, and produces a severe reduction in 

the load carrying capability o the tube. A collapsed cross-section in a guide tube can 

preclude control rod insertion . has been demonstrated in testing (summarized 

below), the guide tubes will reach t Level C stress limit (calculated based on an 

elastic analysis method) prior to expe ncing localized wall buckling . 

To demonstrate the relationship between t Level C limit and the localized guide tube 

wall buckling , a set of three-point bending test on guide tube segments was carried 

out. The tests consisted of subjecting a [ 

] to bending loads applied via as acer grid cut segment (in order 

to simulate the correct contact conditions) while supportin the guide tube on two rollers 

(to simulate a pinned-pinned end point support). The schem ic of the test is shown in 

Figure F-5, and the test apparatus is shown in Figure F-6. The sts were performed in 

displacement increments and reached extreme deflections compar to the expected 

deflections of a fuel assembly within the same axial span (Figure F-6). 
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typical loading curve for a guide tube is shown in Figure F-7. From this plot it is 

arent that, within the tested deflection range , the loading curve does not show any 

redu ·on in load which would be characteristic for a local guide tube wall buckling 

collapse. Also , shown on this plot is the Level C limit load (calculated based on elastic 

analysis us both the design yield strength and the yield strength specific to the 

material lot for e tested guide tube) . Both the design and the lot specific limit loads 

aximum test load , which demonstrates that the elastically calculated 

Level C limit offers a onservative lower bound to the component limit load at which 

local guide tube wall bu ling collapse occurs. The acceptability of this component load 

limit is further supported b easurements of negligible oval ity and plastic strain during 

these tests. 

F.4 Guide Tube Load Re-D 

The second potentially problematic fai re mode is excessive lateral deflection of a 

guide tube. Since the Level C limits are IJ sed on limit load , the concern is that once a 

guide tube reaches Level C, it cannot control ·sown deflection. [ 

] 
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These points are substantiated analytically through a special study using a 30 non-

Ii ar finite element model of the fuel assembly enabled with elastic-plastic material 

ies. Unlike the model discussed in Section 8.1.1 of the topical , the guide tubes 

and fue od elements have elastic-plastic material properties. 

The models, epresenting both irradiated and non-irradiated conditions for a 14ft 17x17 

assembly, ares bjected to combined axial/lateral loads in order to bring the limiting 

guide tube(s) to the evel C limit. [ 
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In summary, the following major points support the use o evel C stress limits in 

conjunction with buckling load limits to ensure control rod in 

• Testing has demonstrated that the Level C limits offer prot tion against annular 

cross-section collapse (manifested as local wall buckling) as 

structural integrity 

II as ensuring 
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Figure F-1: Thin Walled Tube Annular Section Collapse 

Note: Reproduced fro m Reference F2 
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Figure F-2: Elastic-Perfectly Plastic Stress-Strain Relationship 
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Figure F-3: Illustration of Limit Load and Limit Stress (rectangular 
section) 
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Figure F-4: Limit Stress for Combined Tension and Bending (rectangular 
section) 
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Figure F-5: Guide Tube Three-Point Bending Test - Schematic 
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Figure F-6: Guide Tube Three-Point Bending Test - Apparatus 
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Figure F-7: Guide Tube Test Loading Curve vs. ANSYS Model vs. Level C 
Design Limit 
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Figure F-8: Typical FA Loading Curve - BOL - 2D - Mode 1 - Case 3 
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Figure F-9: Typical FA Loading Curve - BOL- 2D - Mode 3 - Case 3 




