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Flow-Induced Vibrations in NPPs

ÅFIVs are driven by energetic flow that contacts a flexible 
structure

Å In NPPs: coolant impinging on slender structures 
ÅFIV might appear in steam generators (SG), reactor cores 

and other plant components  
ÅFIV may increase in time as a result of: 
Å altering the nominal conditions
Å accidents/transients
Å ageing and degradation of structures

ÅFIV lead to material wear and eventually structure damage
Å substantial costs due to unplanned/longer outages

ÅTherefore, reactor components have to be designed 
against FIV 
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FIV in Steam Generators (SGs)

Å Cross-flow at inlet andU-bend
Å Flow-inducedforcescanlead to

Steam-Generator Tube Rupture
(SGTR)

San Onofre(US), 2012
(NRC website)
Å SG tube leakin unit 3 > shutdown
Å SGsreplacedin 2011
Å Unexpectedwearin ~10% of tubes 

(units 2 & 3)
Permanent shut-down of both units

Mihama(Japan), 1991
SGTR upperU-bend
Activationof the ECCS
Causedby incorrect insertion

of anti-vibrationbars 20 
yearsbefore

ReplaceSG
PWR SG schematic(Bonavigo, 2011)
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FIV in Fuel Assemblies (FAs)

ÅGrid-to-rod fretting is the largestsource of fuel
damagein PWRs(IAEA, 2019)

ÅIn period2006-2015: 58% of fuel damagesin 
PWRsdueto grid-to-rod fretting

Spacer gridscheme(Yooet al., NED, 2019) 

Grid-to-rod fretting in an
EDF PWR 1300 (IAEA, 2010)
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Flow-Induced Vibration excitation 
mechanisms

Flow excitationmechanisms, classifiedaccordingto Pettigrewet al. (NED, 1998):

ÅPeriodic Wake Shedding: occurs immediately downstream of structures subjected to cross flow. When periodic wake 
shedding occurs periodic fluid forces are generated. If the periodicity of the fluid forces coincide with the natural 
frequency of the structure resonance may occur. Known as Vortex-Induced Vibration (VIV).

ÅTurbulence Excitation: Locally or upstream generated turbulence resulting in random pressure fluctuations around the 
surface of components causing them to vibrate. Known as Turbulence-Induced Vibration (TIV). 

ÅAcoustic Resonance: occurs when the periodic wake shedding frequency coincides with the natural frequency of the 
acoustic cavity formed by the structures surrounding the tube bundle.

ÅFluid Elastic Instability: This is a result of coupling between fluid-induced dynamic forces and the elastic vibration of 
structures. When the energy absorbed by structure from the fluid dynamic forces is higher than the energy dissipated 
by damping, instability occurs. This occurs beyond a certain critical velocity.
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Vortex-Induced Vibration: no resonance

Vortex-Induced Vibrations: no resonance Ą  small displacements
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Vortex-Induced Vibration: resonance

Vortex-Induced Vibrations: resonance Ą  large displacements
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FIV impact for NPPs

Flow excitationmechanismsimpactfor Nuclear Power Plants(NPPs):

ÅPeriodic Wake Shedding (VIV): significant around certain frequency band, possibly damaging.

ÅTurbulence Excitation (TIV): significance generally increases with increasing turbulence level. Long-term damaging 
(GTRF).

ÅAcoustic Resonance: significant around certain frequency band, possibly damaging.

ÅFluid Elastic Instability: very significant beyond critical velocity. Can cause serious damage. 

Ą For NPPs: design should prevent FEI, minimize impact from TIV and VIV.

Vibrational Response as a Superimposition of Different FIV mechanisms(Kanekoet al., 2014, AcademicPress) 
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FIV relevance for NPPs

FIV mechanismsrelevancefor Nuclear Power Plants(NPPs) Ą TIV alwayspresent

Vibration excitation mechanisms (amendedfrom Pettigrewet al., NED, 1998) 
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TIV: predicting numerically

ÅTurbulence-Induced Vibrations main cause of 
Grid-to-Rod Fretting (GTRF)
Å As a result of local fluctuating turbulent velocity and 

pressure fields

ÅModelling TIV can reduce risk and improve 
maintenance planning.
ÅNeed scale-resolving methods (LES/DNS)
ÅTwo-way coupling LES-CSM expensive
ÅNeed to save computational costs
ÅStructure side: Reduced-Order Model (ROM)
Å Beam elements
Å Modal methods (e.g. ANSYS MOR)

ÅFluid side: URANS + synthetic turbulence
Å Anisotropic Pressure Fluctuation Model (AniPFM)

Hierarchy of Computational Fluids Dynamics (CFD) 
methods (Sagaut et al., World Scientific, 2013)
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Objective

ÅTIV can be modelled with Fluid-Structure Interaction (FSI) simulations.

ÅHigh-fidelity methods (DNS & LES) are too expensive.

ÅSolution: use a pressure fluctuation model (PFM).

ÅScope: incompressible, single phase, axial flow.
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FSI framework

General FSI framework:
Å Structural solver 
Å Fluid solver 
Å Coupling program 

At NRG:
Å Deal.II 
Å OpenFOAM, with AniPFM embedded 
Å preCICE 
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Pressure fluctuations

ÅGoverning equation: 

Å

ÅDeduced from Navier-Stokes and continuity equations.

Å Use hereto: ◊ ◊ ◊ and ὴ Ӷὴ ὴ

ÅVelocity fluctuations ◊ are unknown.

Å Synthetic turbulence model

From URANS
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