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Significant nuclear fuel assembly and in-vessel components design innovations are
regularly incorporated to meet the highest expectations in terms of safety,
performance and flexibility. Despite the continuous upgrades of fuel designs and
materials, the fuel failure rate has not markedly decreased during the last decade,
partly because of higher burn-up, longer cycle lengths, mixed cores... also, time
constant to improve a component design is long and validation of corrective action is
often seen years later and in-reactor feedback is an a posteriori indicator.

The data collected worldwide show that fuel assembly damages, that did not always
result in breach of the fuel cladding, cause significant problems for plant operators.
Similar in-reactor problems affect the most part of designs simultaneously. These
damages have different root causes but fluid-structure interaction is almost always
the source of these difficulties. The grid-to-rod fretting is the dominant fuel rod leaker
mechanism worldwide. Fuel assembly bow can seriously affect plant operations too,
with its consequences on incomplete control rod insertion and spacer grid damage
during loading or off-loading. This concern is of similar importance today as fuel
failures. Control rod guide wear is also a hot topic.

How to be sure the fuel and components are reliable, robust and high performance?
Research, development and qualification programs are a major concern for
industrials. Fuel design innovation is mainly based on intensive out of pile
hydromechanics research and development programs and qualification testing. The
aim of these programs is to reproduce the hydromechanical phenomena,
understanding the root causes, and finally improve and qualify the new designs.
Tests on full scale or reduced scale fuel assemblies mock-ups are performed in
different experimental facilities.

One way to anticipate is also simulation. To address the different fuel failures, we
need accurate predictions of fuel rod vibration and wear under turbulent fluid
excitation, of fuel assembly buckling, of induced hydrodynamic forces... Then we
have to develop appropriate models and benchmark them with tests results. It's a
complex composite combining thermal-hydraulic, mechanics, neutronics,...
Computational Fluid Dynamics simulations of the reactor cores and of the facilities
are performed. Modelling fluid-structure interactions is a major challenge.

The improvement of these methodologies is an ongoing process, made possible
thanks to extensive research and development programs dedicated to the study of
the fuel assembly hydrodynamics and material behaviour.

We will present different approaches to problems of in-vessel components.



References

Axisa, F. (2001). “Modélisation des systemes mécaniques », tome 4, « vibrations sous
écoulement”, HERMES Sciences Europe.

Axisa, F., Antunes, J., Villard, B. (1990). “Random excitation of heat exchanger tubes by
cross-flows”. Journal of Fluids and Structures, 4, pp 321-341.

Banerjee, S., Chan, A.M.C., 1980. Analyse of the averaged and local instantaneous
formulations. International Journal of Multiphase Flow 6, 1-24.

Barsamian, H.R., Hassan, Y.A., 1997. Large eddy simulation of turbulent crossflow in tube
bundles. Nuclear Engineering and Design 172 p.103-122.

Beaud, F., 1997. An analytical model for the prediction of fluid elastic forces in a rod bundle
subjected to axial flow: theory, experimental validation and application to PWR fuel
assemblies. 5th International Conference on Nuclear Engineering Nice, France, ICONE5-
2290.

Ben Jedida, A., 1993. Etude du comportement sismique d’'un coeur de reacteur Nucleaire de
type REP. These de doctorat, Universite Paris VI.

Boulanger, P., Jacques, Y., Fardeau, P., and Barbier, D. (1997). “Experimental study of Fuel
bundle vibrations with Rods Subjected to Mixed Axial and Cross Flow Provided by a Narrow
gap”, 5th Int. Confer. On nuclear Thermal Hydraulics, Operations and Safety, Beijing, Paper
F2.

Broc, D., Queval, J.C, Viallet, E., 2003. Seismic behaviour of a PWR reactor core: fluid
structure interaction effects. Transactions of the 17th International Conference on Structural
Mechanics in Reactor Technology (SMIRT 17) Prague, Czech Republic.

Chen, S.S., 1970. Free vibration of a coupled fluid/structural system. Journal of Sound and
Vibration 21 p.387-398.

Chen, S.S., Wambsganss, M.W., 1970. Response of a flexible rod to near-field flow. n Noise
Proceedings of Conference on Flow-Induced Vibrations in Reactors System Components,
ANL-7685.

Chen, S.S., Wambsganss, M.W., 1972. Parallel-flow induced vibrations of fuel rods. Nuclear
Engineering and Design 18 p.253-278.

Collard B., Pisapia S., Broc D., Bellizi S., 2004, Flow induced damping of a PWR fuel
assembly, proceedings of the 8th international conference on Flow Induced Vibration FIV
2004 p.307-312.

Collard, B., Pisapia, S., Bellizzi, S., Witters, F., 2003. PWR fuel assembly modal testing and
analysis. Symposium of Flow-Induced Vibration ASME PVP Conference, Cleveland, Ohio,
USA.

Collard, B., Vallory., J., 2001. Impact forces on a core shroud of an exited PWR fuel
assembly. 9th International Conference on Nuclear Engineering Nice Acropolis, France.

Collard B., 2003, Rod cluster control assembly drop kinetics with seismic excitation,
proceedings of the International Conference on Nuclear Engineering 11.

Conca, C., Osses, A, Planchard, J., 1997. Added mass and damping in fluid-structure
interaction. Computer Methods in Applied Mechanics and Engineering 146 p.387-405.



Costa, V.A.F, Oliveira, M.S.A, Sousa, A.C.M., 2004. Numerical simulation of non-Darcian
flows through spaces partially filled with a porous medium. Computers and Srtucures 82
p.1535-1541. 2004.

Dangouleme, D. 2010. « Résultats préliminaires de I'étude AIEA sur les défaillances du
combustible pour les réacteurs a eau », RGN n°2 Mars-Avril 2010, p.40-49.

Delhaye, J.M., Giot, M., Riethmuller, M.L., 1981. Thermohydraulics of two-phase systems for
industrial design and nuclear engineering. In: A von Karman Institute Book. Hemisphere
Publishing Corporation, McGraw-Hill Book Company, New York Chapters 5 and 7.

Fontaine, B., Politopoulos, I., 2000. A non linear model for the PWR fuel assembly seismic
analysis. Nuclear Engineering and Design 195 p.321-329.

Fourar, M., Radilla, G., Lenormand, R., Moyne, C., 2004. On the non-linear behavior of a
laminar singlephase flow through two and three-dimensional porous media. Advances in
Water ressources 27 p.669-677.

Gobillot, G., Vallory, J. (2005). “Determination of turbulent excitation spectra superposition’s
rules in various cases of 2D mixed flow redistribution in PWR fuel assemblies”, Structural
behaviour of fuel assemblies for water cooled reactors, Proceeding of a technical meeting
held in Cadarache, France, 22-26 Novembre 2004, IAEA-TECDOC-1454.

Gobillot, G., Vallory, J., and Nhili, R. (2000). “Modal Parameters Evaluation of a Full Scale
PWR Fuel Assembly submitted to Non Evaluated Excitation”, 8th Int. Confer. On Nuclear
Engineering, ICONE 8, Baltimore.

Hinze, J.0, 1975. Turbulence. McGraw-Hill. Jacquelin, E., Lain, J.P., Trollat, C., Jzquel, L.,
1998. Modelling the behaviour of a PWR core by a homogenization technique. Computer
Methods in Applied Mechanics and Engineering 155 p.1-13.

Krenk, S., 2006. Energy conservation in Newmark based time integration algoritms.
Computer Methods in Applied Mechanics and Engineering 195 p.6110-6124.

Langtangen, H.P., Mardal, K.A., Winther, R., 2002. Numerical methods for incompressible
viscous flow. Advances in Water Resources 25 p.1125-1146.

Lessieur, M., 1993. Turbulence in fluids. Kluwer Academic Publishers.

Lighthill, M.J., 1960. Note on the swimming and slender fish. Journal of Fluid Mechanics 9,
305-317.

Lighthill, M.J., 1986. Fundamentals concerning wave loading on offshore structures. Journal
of Fluid Mechanics 173, 667-681.

Lopes, J.L., Paidoussis, M.P., Semler, C., 2002. Linear and nonlinear dynamics of
cantilevered cylinders in axial flow. Part 2: the equations of motion. Journal of Fluid and
Structures 16, 715-737.

Morison, J.R., O'Brien, M.P., Johnson, J.W., Schaaf, S.A., 1950. The forces exerted by
surface waves on piles. Petroleum Transactions, AIME 189, 149-157.

Paidoussis, M.P. (1982). “A review of flow-Induced Vibrations in Reactors and Reactors
Components”, Nuclear Engineering and Design 74. pp 31-60

Paidoussis, M.P. (2003). Fluid-Structure Interactions: Slender Structures and Axial Flow, Vol.
2. Elsevier academic Press, London.



Paidoussis, M.P., 1966. Dynamics of flexible slender cylinders in axial flow part 1 theory.
Journal of Fluids Mechanics 26 p.717-736.

Paidoussis, M.P., 1969. An experimental study of vibration of flexible cylinders induced by
nominally axial flow. Nuclear Science and Engineering 35 p.127-138.

Paidoussis, M.P., 1972. Vibration of cylindrical structures induced by axial flow. Cycle de
Confrences sur I'Aero-Hydro-Elasticite Ermenonville.

Pisapia, S., 2004. Etude du comportement vibratoire non-lineaire d’'un assemblage
combustible de reacteur eau pressurisee. These de doctorat de I'Universite de la
Mediterranee Aix-Marseille.

Pisapia P., Collard B., Mori V., Bellizi S., 2003, Modal testing and identification of PWR fuel
assembly, proceedings of the 17th International Conference on Structural Mechanics in
Reactor Technology.

Ricciardi G., Bellizzi S., Collard B., Cochelin B., 2010, Fluid-Structure Interaction in a 3-by-3
Reduced-Scale Fuel Assembly Network, Science and Technology of Nuclear Installations,
Volume 2010, Article ID 517471, 8 pages, doi:10.1155/2010/517471

Ricciardi G., Bellizzi S., Collard B., Cochelin B., 2009, Row of fuel assemblies analyses
under seismic loading: modelling and experimental validation, Journal of Nuclear
Engineering and Design, 2009, vol. 239, nol12, pp. 2692-2704.

Ricciardi G., Bellizzi S., Collard B., Cochelin B., 2009, Modelling Pressurized Water Reactor
cores in terms of porous media, Journal of Fluids and Structures 25 p. 112-133.Rigaudeau,
J., and Morel, E. (2001). “Flow induced vibration analysis of PWR fuel rods validated from a
variety of in-loop tests”, PVP-Vol. 420-2, Flow-Induced Vibration, Vol. 2, ASME.

Rigaudeau, J., Labarriere, E., and Ladouceur, B. (1997). “Flow induced vibration analysis for
preventing PWR fuel rods from excessive fretting wear”, 5th Int. confer. On Nuclear Thermal
Hydraulics, Operations and Safety, Beijing, Paper F6.

Vallory, J. (2005). “PWR fuel rod vibrations and fretting wear analysis method”, Proceedings
of the American Nuclear Society - International Congress on Advances in Nuclear Power
Plants, ICAPP'05

« Advances in control assembly materials for water reactors», Proceedings of a Technical
Committee meeting held in Vienna, 29 November-2 December 1993.



