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‭Abstract‬ ‭–‬ ‭Fretting‬ ‭wear‬ ‭at‬ ‭the‬ ‭spacer‬ ‭grid‬ ‭in‬ ‭fuel‬ ‭assemblies,‬ ‭due‬ ‭to‬ ‭flow-induced‬
‭vibration‬‭(FIV),‬‭is‬‭one‬‭of‬‭the‬‭main‬‭causes‬‭of‬‭fuel‬‭failures‬‭in‬‭Light‬‭Water‬‭Reactors‬‭(LWRs).‬
‭Therefore,‬ ‭accurately‬ ‭predicting‬ ‭FIV‬ ‭is‬ ‭crucial‬ ‭for‬ ‭mitigating‬ ‭this‬ ‭issue,‬ ‭and‬ ‭a‬
‭computationally‬ ‭efficient‬ ‭simulation‬ ‭method‬ ‭is‬ ‭necessary.‬ ‭In‬ ‭this‬ ‭regard,‬ ‭the‬ ‭Unsteady‬
‭Reynolds-Averaged‬ ‭Navier-Stokes‬ ‭(URANS)‬ ‭approach‬ ‭is‬ ‭applied‬ ‭as‬ ‭a‬ ‭promising‬ ‭and‬
‭efficient‬ ‭simulation‬ ‭method‬ ‭for‬ ‭FIV‬ ‭prediction.‬ ‭While‬ ‭previous‬ ‭studies‬ ‭have‬ ‭primarily‬
‭relied‬ ‭on‬ ‭Large‬ ‭Eddy‬ ‭Simulation‬ ‭(LES)‬ ‭for‬ ‭the‬ ‭fluid‬ ‭domain,‬ ‭URANS‬ ‭provides‬ ‭an‬
‭attractive‬ ‭alternative‬ ‭due‬ ‭to‬ ‭its‬ ‭lower‬ ‭computational‬ ‭demands,‬ ‭especially‬ ‭for‬ ‭strong‬
‭2-way‬ ‭Fluid-Structure‬ ‭Interaction‬ ‭(FSI)‬ ‭coupling.‬ ‭This‬ ‭paper‬ ‭aims‬ ‭to‬ ‭explore‬ ‭efficient‬
‭approaches‬ ‭for‬ ‭benchmarking‬ ‭axial‬ ‭FIV‬ ‭for‬ ‭nuclear‬ ‭applications‬ ‭by‬ ‭examining‬ ‭the‬
‭self-exciting‬ ‭axial‬ ‭FIV‬ ‭over‬ ‭a‬ ‭cantilevered‬ ‭rod‬ ‭and‬ ‭comparing‬ ‭it‬ ‭with‬ ‭experimental‬
‭measurements‬‭at‬‭the‬‭University‬‭of‬‭Manchester‬‭(UoM)‬‭using‬‭different‬‭URANS‬‭models‬‭and‬
‭divergence‬ ‭schemes‬ ‭for‬ ‭the‬ ‭convection‬ ‭term‬ ‭in‬ ‭the‬ ‭fluid‬ ‭momentum‬ ‭equations.‬ ‭In‬ ‭both‬
‭variations‬‭of‬‭the‬‭URANS‬‭model‬‭closure,‬‭the‬‭eddy‬‭viscosity‬‭model‬‭(EVM)‬‭k-𝛚‬‭SST‬‭model‬
‭and‬ ‭the‬ ‭Reynolds‬ ‭Stresses‬ ‭Model‬ ‭(RSM)‬ ‭Launder,‬ ‭Reece,‬ ‭and‬ ‭Rodi‬ ‭(LRR)‬ ‭model,‬
‭accurately predicted the mean RMS amplitude and frequency of vibration.‬
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‭I.‬‭Introduction‬

‭Flow-induced‬ ‭vibration‬ ‭(FIV)‬ ‭arises‬ ‭in‬ ‭nuclear‬
‭fuel‬‭rods‬‭because‬‭of‬‭their‬‭loosely‬‭assembled‬‭fuel‬‭rods‬
‭with‬ ‭springs‬ ‭at‬ ‭both‬ ‭ends‬ ‭and‬ ‭spacer‬ ‭grids‬ ‭that‬
‭accommodate‬ ‭thermal‬ ‭expansion‬ ‭during‬ ‭operation.‬
‭Predicting‬‭FIV‬‭requires‬‭robust‬‭2-way‬‭Fluid-Structure‬
‭Interaction‬ ‭(FSI)‬ ‭simulations‬ ‭that‬ ‭accurately‬ ‭model‬
‭turbulence‬ ‭in‬ ‭fluid‬ ‭flow‬ ‭and‬ ‭the‬ ‭precise‬ ‭mechanical‬
‭response‬ ‭of‬ ‭the‬ ‭rods,‬ ‭but‬ ‭this‬ ‭requires‬ ‭considerable‬
‭computational‬ ‭resources.‬ ‭Hence,‬ ‭this‬ ‭paper‬ ‭suggests‬
‭an‬ ‭efficient‬ ‭approach‬ ‭to‬‭achieve‬‭accurate‬‭predictions‬
‭in line with the desired objectives.‬

‭In‬‭relation‬‭to‬‭FIV‬‭and‬‭fretting‬‭wear,‬‭four‬‭primary‬
‭objectives‬ ‭are‬ ‭typically‬ ‭studied‬ ‭in‬ ‭nuclear‬
‭applications.‬ ‭The‬ ‭first‬ ‭is‬ ‭flow‬ ‭field‬ ‭measurement,‬
‭which‬ ‭has‬ ‭also‬ ‭been‬ ‭widely‬‭examined‬‭in‬‭the‬‭context‬
‭of‬ ‭heat‬ ‭transfer‬ ‭and‬ ‭turbulent‬‭mixing‬‭with‬‭variations‬
‭in‬ ‭grid‬ ‭assembly‬ ‭and‬ ‭fuel‬ ‭assembly‬ ‭design‬ ‭[1]‬‭.‬ ‭The‬
‭second‬ ‭is‬ ‭vibration‬ ‭modes,‬ ‭which‬ ‭must‬‭be‬‭identified‬
‭to‬ ‭prevent‬ ‭the‬ ‭rod‬ ‭from‬ ‭vibrating‬ ‭at‬ ‭its‬ ‭natural‬
‭frequencies.‬ ‭The‬ ‭third‬ ‭is‬ ‭vibration‬ ‭damping‬ ‭upon‬

‭displacement,‬‭exemplified‬‭by‬‭varying‬‭tailing‬‭end‬‭cap‬
‭shapes‬ ‭[2]‬‭.‬ ‭It‬ ‭is‬ ‭desirable‬ ‭that‬ ‭the‬ ‭rod‬ ‭and‬ ‭flow‬
‭channel‬‭designs‬‭provide‬‭as‬‭much‬‭damping‬‭as‬‭possible‬
‭to‬ ‭minimise‬ ‭fretting‬ ‭wear‬ ‭at‬ ‭the‬ ‭grid‬ ‭assembly,‬
‭especially‬ ‭during‬ ‭reactor‬ ‭start-up,‬ ‭shutdowns,‬ ‭and‬‭in‬
‭accident‬ ‭scenarios.‬ ‭Finally,‬ ‭the‬ ‭fourth‬ ‭objective‬ ‭is‬
‭determining‬‭the‬‭mean‬‭RMS‬‭amplitude‬‭of‬‭vibration,‬‭to‬
‭identify‬ ‭the‬ ‭maximum‬ ‭flow‬ ‭velocity‬ ‭before‬ ‭the‬ ‭rod‬
‭reaches‬ ‭dynamic‬ ‭instabilities‬ ‭such‬ ‭as‬ ‭flutters‬ ‭and‬
‭static‬ ‭divergence‬ ‭[3]‬‭,‬ ‭which‬ ‭would‬ ‭accelerate‬ ‭fuel‬
‭failures.‬

‭Different‬ ‭optimisation‬‭levels‬‭are‬‭needed‬‭for‬‭each‬
‭objective.‬ ‭For‬ ‭example,‬ ‭predicting‬ ‭the‬ ‭modes‬ ‭and‬
‭mean‬ ‭RMS‬ ‭amplitude‬ ‭of‬ ‭vibration‬ ‭using‬ ‭a‬
‭semi-empirical‬ ‭model‬ ‭requires‬ ‭the‬ ‭input‬ ‭of‬ ‭an‬
‭accurate‬ ‭flow‬ ‭field‬ ‭from‬ ‭high-fidelity‬ ‭flow‬ ‭models‬
‭[1]‬‭.‬‭In‬‭contrast,‬‭predicting‬‭damping‬‭in‬‭axial‬‭turbulent‬
‭flow‬ ‭can‬ ‭be‬ ‭achieved‬ ‭with‬ ‭laminar‬‭flow‬‭models‬‭that‬
‭simulate‬ ‭average‬ ‭flow‬ ‭without‬ ‭accounting‬ ‭for‬
‭turbulence‬ ‭[4]‬‭.‬ ‭Lastly,‬ ‭when‬ ‭predicting‬ ‭the‬ ‭mean‬
‭RMS‬‭amplitude‬‭of‬‭vibration‬‭from‬‭self-excited‬‭FIV,‬‭it‬
‭is‬‭important‬‭to‬‭reproduce‬‭the‬‭unsteady‬‭flow‬‭behaviour‬
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‭of‬‭turbulent‬‭flow‬‭in‬‭order‬‭to‬‭simulate‬‭the‬‭mechanical‬
‭vibration‬ ‭response,‬ ‭without‬ ‭the‬ ‭need‬ ‭for‬ ‭a‬
‭high-fidelity flow model‬‭[5]‬‭.‬

‭II.‬‭Literature Review‬

‭Experiments‬ ‭at‬ ‭the‬ ‭University‬ ‭of‬ ‭Manchester‬
‭investigated‬‭axial‬‭water‬‭flow‬‭on‬‭a‬‭cantilever‬‭rod‬‭in‬‭an‬
‭annular‬ ‭flow‬ ‭channel,‬ ‭including‬ ‭flow‬ ‭field‬
‭measurements‬ ‭near‬ ‭the‬ ‭free‬ ‭end‬ ‭and‬ ‭corresponding‬
‭mechanical responses‬‭[3]‬‭.‬

‭Two‬ ‭simulation‬ ‭studies‬ ‭have‬ ‭been‬ ‭performed:‬
‭firstly,‬ ‭by‬ ‭De‬ ‭Santis‬ ‭and‬ ‭Shams‬ ‭in‬ ‭2019,‬ ‭using‬ ‭a‬
‭combined‬ ‭finite‬ ‭volume‬‭method‬‭for‬‭the‬‭fluid‬‭domain‬
‭and‬ ‭finite‬ ‭element‬ ‭method‬ ‭for‬ ‭the‬ ‭solid‬ ‭domain‬
‭(FVM-FEM)‬‭approach‬‭[4]‬‭;‬‭and‬‭secondly,‬‭by‬‭Salachna‬
‭et‬ ‭al.‬ ‭in‬ ‭2023‬ ‭using‬ ‭the‬ ‭FVM-FVM‬ ‭approach‬ ‭[5]‬‭.‬
‭Both‬ ‭studies‬ ‭achieved‬ ‭good‬ ‭accuracy‬ ‭with‬ ‭the‬
‭frequency‬ ‭of‬ ‭vibration‬ ‭when‬ ‭the‬ ‭fluid‬ ‭flow‬ ‭was‬
‭resolved‬ ‭using‬ ‭the‬ ‭URANS‬ ‭Eddy‬ ‭Viscosity‬ ‭Model‬
‭(EVM)‬‭k-ω‬‭SST‬‭model‬‭[6]‬‭,‬‭but‬‭were‬‭unable‬‭to‬‭obtain‬
‭self-induced‬ ‭FIV‬ ‭[4]‬ ‭and‬ ‭achieved‬ ‭a‬ ‭mean‬ ‭RMS‬
‭amplitude‬ ‭of‬ ‭vibration‬ ‭three‬ ‭orders‬ ‭of‬ ‭magnitude‬
‭lower‬ ‭than‬ ‭the‬ ‭experimental‬ ‭measurements.‬ ‭The‬
‭reason‬ ‭for‬ ‭this‬ ‭discrepancy‬ ‭was‬ ‭identified‬ ‭as‬ ‭the‬
‭inability‬‭of‬‭the‬‭EVM‬‭URANS‬‭model‬‭to‬‭reproduce‬‭the‬
‭flow's‬ ‭unsteady‬ ‭behaviour‬ ‭near‬ ‭the‬ ‭rod’s‬ ‭free‬ ‭end.‬
‭Both‬ ‭previous‬ ‭studies‬ ‭managed‬ ‭to‬ ‭address‬ ‭this‬ ‭by‬
‭including‬ ‭an‬ ‭artificial‬ ‭random‬ ‭number‬ ‭generator‬ ‭to‬
‭model‬ ‭the‬ ‭turbulent‬ ‭pressure‬ ‭field,‬ ‭known‬ ‭as‬ ‭the‬
‭Pressure‬ ‭Fluctuating‬ ‭Model‬ ‭(PFM)‬ ‭[3]‬‭,‬ ‭and‬ ‭also‬ ‭by‬
‭using‬ ‭the‬ ‭Reynolds‬ ‭Stresses‬ ‭Model‬ ‭(RSM)‬ ‭Launder,‬
‭Reece, and Rodi (LRR)‬‭[7]‬‭.‬

‭III.‬‭Methodologies‬

‭III.A. Mathematical Models‬

‭The‬‭fluid‬‭and‬‭solid‬‭domains‬‭are‬‭solved‬‭separately‬
‭and‬ ‭coupled‬ ‭using‬ ‭a‬ ‭robust‬ ‭two-way‬ ‭FSI‬ ‭algorithm.‬
‭Firstly,‬ ‭the‬ ‭governing‬ ‭equation‬ ‭for‬‭solid‬‭deformation‬
‭is‬ ‭derived‬ ‭from‬ ‭the‬ ‭force-equilibrium‬‭equation‬‭using‬
‭the‬ ‭Hookean‬ ‭linear‬ ‭elastic‬ ‭equation‬ ‭and‬ ‭small‬ ‭strain‬
‭assumption.‬ ‭It‬ ‭is‬ ‭then‬ ‭rearranged‬ ‭to‬ ‭be‬ ‭solved‬ ‭with‬
‭explicit‬ ‭treatment‬ ‭in‬ ‭the‬ ‭linear‬ ‭solver‬ ‭to‬ ‭enhance‬
‭stability‬‭[8]‬‭.‬‭The‬‭solid‬‭displacement‬‭equation‬‭is‬‭given‬
‭as follows.‬

‭(1)‬

‭u‬ ‭is‬ ‭the‬ ‭solid‬ ‭deformation,‬ ‭ρ‬‭s‬ ‭is‬ ‭the‬ ‭density‬ ‭of‬ ‭the‬
‭solid,‬ ‭𝜇‬ ‭and‬ ‭λ‬ ‭are‬ ‭the‬ ‭Lame’s‬ ‭constant‬ ‭which‬
‭represents the elasticity, and f is the body force.‬

‭Next,‬‭the‬‭fluid‬‭flow‬‭is‬‭derived‬‭from‬‭the‬‭mass‬‭and‬
‭momentum‬‭balance‬‭and‬‭modified‬‭for‬‭a‬‭moving‬‭mesh‬
‭using‬ ‭the‬ ‭Arbitrary‬ ‭Lagrangian-Eulerian‬ ‭(ALE)‬
‭Formulation.‬ ‭The‬‭Navier-Stokes‬‭equations‬‭with‬‭ALE‬
‭formulation are given as follows.‬

‭(2)‬

‭U,‬‭P,‬‭ρ‬‭f‬‭,‬‭and‬‭F‬‭are‬‭the‬‭flow‬‭velocity,‬‭pressure,‬‭density,‬
‭and‬‭body‬‭force,‬‭while‬‭w‬‭is‬‭the‬‭velocity‬‭of‬‭the‬‭moving‬
‭mesh, solved using the Laplace equation as follows.‬

‭(3)‬

‭γ‬ ‭is‬ ‭the‬ ‭diffusion‬ ‭coefficient‬ ‭which‬ ‭governs‬ ‭the‬
‭distribution‬ ‭of‬ ‭fluid‬ ‭mesh‬ ‭upon‬ ‭motion‬ ‭at‬ ‭the‬ ‭FSI‬
‭interface,‬ ‭given‬ ‭as‬ ‭the‬ ‭quadratic‬ ‭of‬ ‭the‬ ‭inverse‬
‭distance‬ ‭for‬ ‭optimised‬ ‭preservation‬ ‭of‬ ‭mesh‬ ‭quality‬
‭during fluid mesh deformation‬‭[9]‬‭.‬

‭Furthermore,‬ ‭in‬ ‭the‬ ‭fluid‬ ‭flow,‬ ‭which‬ ‭involves‬
‭high‬ ‭Reynolds‬ ‭numbers,‬ ‭the‬ ‭turbulent‬ ‭eddies‬ ‭are‬
‭modelled‬ ‭as‬ ‭Reynolds‬ ‭stresses‬ ‭and‬ ‭have‬ ‭been‬ ‭tested‬
‭with‬‭both‬‭closures,‬‭EVM‬‭and‬‭RSM.‬‭The‬‭EVM‬‭model‬
‭uses‬ ‭the‬ ‭Boussinesq‬ ‭hypothesis‬ ‭to‬ ‭assume‬ ‭the‬
‭Reynolds stresses, R, as follows.‬

‭(4)‬

‭k‬ ‭and‬ ‭μ‬‭t‬ ‭are‬ ‭the‬ ‭turbulent‬ ‭kinetic‬ ‭energy‬ ‭and‬ ‭the‬
‭turbulent‬ ‭viscosity‬ ‭respectively,‬‭and‬‭solved‬‭using‬‭the‬
‭k-ω‬ ‭SST‬ ‭model‬ ‭[6]‬ ‭using‬ ‭transport‬ ‭equations.‬ ‭The‬
‭RSM‬ ‭model‬ ‭on‬ ‭the‬ ‭other‬ ‭hand‬ ‭solves‬ ‭the‬ ‭six‬
‭components‬ ‭of‬ ‭the‬ ‭Reynolds‬ ‭Stresses‬ ‭by‬ ‭solving‬‭the‬
‭transport of kinematic Reynolds stresses as follows‬

‭(5)‬

‭P,‬ ‭ε,‬ ‭ϕ‬ ‭and‬ ‭D‬ ‭are‬ ‭the‬ ‭production,‬ ‭dissipation,‬
‭pressure-strain,‬ ‭and‬ ‭diffusion‬ ‭terms‬ ‭respectively‬ ‭and‬
‭solved‬ ‭using‬‭the‬‭LRR‬‭model‬‭using‬‭six‬‭equations‬‭[7]‬‭.‬
‭Furthermore,‬ ‭a‬ ‭high‬ ‭Reynolds‬ ‭number‬ ‭wall‬ ‭function‬
‭is‬ ‭used‬ ‭to‬ ‭model‬ ‭the‬ ‭near-wall‬ ‭flow‬ ‭profile,‬ ‭thereby‬
‭improving‬‭mesh‬‭quality‬‭and‬‭enhancing‬‭computational‬
‭efficiency‬‭without‬‭requiring‬‭a‬‭fine‬‭mesh‬‭near‬‭the‬‭wall‬
‭to fully resolve the flow.‬

‭Finally,‬ ‭the‬ ‭FSI‬ ‭interface‬ ‭is‬ ‭connected‬ ‭using‬ ‭the‬
‭kinetic‬ ‭and‬ ‭dynamic‬ ‭boundary‬ ‭conditions‬ ‭given‬ ‭as‬
‭follows respectively.‬

https://www.codecogs.com/eqnedit.php?latex=%20%5Crho_s%20%5Cfrac%7B%5Cpartial%5E%7B2%7D%20u_i%7D%7B%5Cpartial%20t%5E%7B2%7D%7D%20-%5Cunderbrace%7B%20%5B2%20%5Cmu%20%2B%20%5Clambda%5D%5Cfrac%7B%5Cpartial%20%7D%7B%5Cpartial%20x_i%7D%20%5Cleft(%20%5Cfrac%7B%5Cpartial%20u_j%20%7D%7B%5Cpartial%20x_j%7D%20%5Cright)%20%7D_%7Bimplicit%7D%20-%20%5Cunderbrace%7B%5Cfrac%7B%5Cpartial%7D%7B%5Cpartial%20x_i%7D%20%5Cleft(%20%5Cmu%20%5Cfrac%7B%5Cpartial%20u_i%7D%7B%5Cpartial%20x_j%7D%20%2B%20%5Clambda%20%5Cdelta_%7Bij%7D%20%5Cfrac%7B%5Cpartial%20u_i%7D%7B%5Cpartial%20x_i%7D%20%2B%5B%5Cmu%2B%5Clambda%5D%20%5Cfrac%7B%5Cpartial%20u_j%7D%7B%5Cpartial%20x_j%7D%20%5Cright%20)%20%7D_%7Bexplicit%7D%20%3D-%5Crho_s%20f_i%20%20#0
https://www.codecogs.com/eqnedit.php?latex=%5Cfrac%7B%5Cpartial%20U_i%7D%7B%5Cpartial%20t%7D%2B%5Cfrac%7B%20%5Cpartial%7D%20%7B%5Cpartial%20x_j%7D(U_i%20-%20w_i)%20U_j%3D-%20%5Cfrac%7B1%7D%7B%5Crho_f%7D%20%5Cfrac%7B%5Cpartial%20P%7D%7B%5Cpartial%20x_i%7D%2B%5Cnu%20%5Cfrac%7B%5Cpartial%7D%7B%5Cpartial%20x_j%7D%5Cleft(%5Cfrac%7B%5Cpartial%20U_i%7D%7B%5Cpartial%20x_j%7D%5Cright%20)%2BF_i#0
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‭(6)‬

‭(7)‬
‭u‬‭F‬ ‭and‬‭u‬‭S‬ ‭are‬‭the‬‭displacement‬‭of‬‭the‬‭vertices‬‭for‬‭the‬
‭fluid‬ ‭and‬ ‭solid‬ ‭mesh,‬ ‭while‬ ‭t‬‭F‬ ‭and‬ ‭σ‬‭S‬ ‭are‬ ‭the‬ ‭fluid‬
‭traction force and solid stress at the FSI interface.‬

‭III.B. Numerical Solutions‬

‭Both‬ ‭the‬ ‭fluid‬ ‭and‬ ‭solid‬ ‭domains‬ ‭are‬‭discretized‬
‭using‬ ‭the‬ ‭FVM.‬ ‭The‬ ‭solid‬ ‭domain‬ ‭is‬ ‭discretized‬
‭spatially‬‭and‬‭temporally‬‭using‬‭second-order‬‭schemes.‬
‭Spatially,‬‭the‬‭implicit‬‭term‬‭is‬‭solved‬‭using‬‭the‬‭central‬
‭difference‬‭scheme‬‭with‬‭skewness‬‭and‬‭non-orthogonal‬
‭correction,‬ ‭while‬ ‭the‬ ‭explicit‬ ‭terms‬ ‭are‬ ‭solved‬ ‭using‬
‭the‬ ‭weighted‬‭least-squares‬‭approach.‬‭Temporal‬‭terms‬
‭for‬‭both‬‭solid‬‭and‬‭fluid‬‭domains‬‭are‬‭discretized‬‭using‬
‭the implicit second-order Euler method.‬

‭Meanwhile,‬ ‭in‬ ‭the‬ ‭fluid‬ ‭domain,‬ ‭the‬ ‭divergence‬
‭schemes‬ ‭for‬‭the‬‭momentum‬‭equations‬‭are‬‭discretized‬
‭using‬ ‭the‬ ‭central‬ ‭difference‬ ‭schemes‬ ‭to‬ ‭enhance‬
‭unsteady‬ ‭behaviour‬ ‭in‬ ‭the‬ ‭flow.‬ ‭The‬ ‭divergence‬
‭schemes‬ ‭for‬ ‭the‬ ‭transport‬ ‭equations‬‭for‬‭the‬‭turbulent‬
‭variables‬ ‭are‬ ‭solved‬ ‭using‬ ‭the‬ ‭first-order‬ ‭upwind‬
‭scheme to ensure the stability of the simulation.‬

‭The‬ ‭FSI‬ ‭coupling‬ ‭is‬ ‭solved‬ ‭using‬ ‭the‬ ‭IQN-ILS‬
‭algorithm‬ ‭[10]‬‭,‬ ‭and‬ ‭the‬ ‭simulations‬ ‭are‬ ‭performed‬
‭using‬ ‭Foam-Extend-4.0‬ ‭with‬ ‭the‬ ‭Solids4Foam‬
‭extension‬‭[11]‬‭.‬

‭III.C. Experiment Setup‬

‭In‬ ‭the‬ ‭UoM‬ ‭experiment,‬ ‭axial‬ ‭flow‬ ‭with‬ ‭a‬
‭Reynolds‬ ‭number‬ ‭ranging‬ ‭from‬ ‭16,400‬ ‭to‬ ‭90,000‬
‭flows‬ ‭vertically‬ ‭in‬ ‭a‬ ‭tube‬ ‭channel‬ ‭towards‬ ‭a‬
‭cantilevered‬ ‭rod,‬ ‭causing‬ ‭the‬ ‭rod‬ ‭to‬ ‭self-excite‬ ‭and‬
‭vibrate.‬‭At‬‭a‬‭Reynolds‬‭number‬‭of‬‭around‬‭70,000,‬‭the‬
‭rod’s‬ ‭vibration‬ ‭begins‬ ‭to‬ ‭experience‬ ‭instability,‬
‭exhibiting‬‭flutter-like‬‭motion‬‭and‬‭alternating‬‭between‬
‭large‬ ‭amplitude‬ ‭deflection‬ ‭and‬ ‭small-amplitude‬
‭random‬ ‭vibration.‬ ‭Due‬ ‭to‬ ‭the‬ ‭use‬ ‭of‬ ‭the‬ ‭ALE‬
‭formulation‬ ‭for‬ ‭the‬ ‭moving‬ ‭fluid‬ ‭mesh,‬ ‭simulations‬
‭were‬ ‭conducted‬‭within‬‭the‬‭small-amplitude‬‭region‬‭to‬
‭avoid‬ ‭errors‬ ‭arising‬ ‭from‬ ‭mesh‬ ‭skewness‬ ‭and‬
‭non-orthogonality‬ ‭during‬ ‭large‬ ‭deformation‬ ‭in‬ ‭the‬
‭narrow annulus gap.‬

‭Fig.‬ ‭1.‬ ‭Schematic‬ ‭of‬ ‭the‬‭cantilevered‬‭rod‬‭in‬‭the‬‭UoM‬
‭experiment and the test piece section (right)‬‭[3]‬‭.‬

‭The‬‭schematic‬‭of‬‭the‬‭UoM‬‭axial‬‭FIV‬‭experiment‬
‭is‬ ‭given‬ ‭in‬ ‭Fig.‬ ‭1,‬ ‭while‬ ‭the‬ ‭corresponding‬
‭geometrical‬ ‭and‬ ‭material‬ ‭properties‬ ‭used‬ ‭for‬ ‭the‬
‭simulation are given in Table 1.‬

‭Table I. Properties of the UoM cantilever rod single‬
‭material models and the flow channel.‬

‭Variables‬ ‭Values‬
‭Solid domain‬
‭Length of rod, L [mm]‬
‭Rod outer diameter, d‬‭ro‬ ‭[mm]‬
‭Rod inner diameter, d‬‭ri‬ ‭[mm]‬
‭Rod cap length, L‬‭cap‬ ‭[mm]‬
‭Rod linear mass density, m [kg/m]‬
‭Density of solid, ρ‬‭S‬ ‭[kg/m‬‭3‬‭]‬
‭Young’s modulus, E [GPa]‬
‭Second moment of inertia,, I [mm‬‭4‬‭]‬
‭Number of solid mesh‬
‭Fluid domain‬
‭Tube channel diameter, d‬‭ti‬ ‭[mm]‬
‭Length of inlet region, L‬‭in‬ ‭[mm]‬
‭Density of fluid, ρ‬‭f‬ ‭[kg/m‬‭3‬‭]‬
‭Dynamic viscosity of fluid, 𝜇 [kg/m.s]‬
‭Linear added mass, m‬‭add‬ ‭[kg/m]‬
‭Annulus Reynolds number, Re‬‭ann‬
‭Number of fluid mesh‬

‭1060‬
‭10.01‬
‭8.83‬
‭1.32‬

‭0.588‬
‭33676.3‬
‭202.26‬
‭194.4‬

‭65k - 90k‬

‭21.0‬
‭63‬

‭997.84‬
‭9.659 x10‬‭-4‬

‭0.124‬
‭16,400-61,730‬

‭600k - 750k‬

‭As‬ ‭illustrated‬ ‭in‬ ‭Fig.‬ ‭1,‬ ‭the‬ ‭experimental‬
‭cantilevered‬ ‭rod‬ ‭comprises‬ ‭a‬ ‭steel‬ ‭tube‬ ‭filled‬ ‭with‬
‭variable-sized‬ ‭lead‬ ‭shot‬ ‭and‬‭capped‬‭with‬‭aluminium.‬
‭To‬ ‭improve‬ ‭efficiency‬ ‭and‬ ‭simplify‬ ‭the‬ ‭simulation,‬
‭the‬ ‭rod‬ ‭was‬ ‭modelled‬ ‭as‬ ‭a‬ ‭single‬ ‭material‬ ‭using‬ ‭the‬
‭Beam-Bernoulli‬ ‭equation,‬ ‭which‬ ‭was‬‭used‬‭to‬‭predict‬
‭the‬ ‭modes‬ ‭of‬ ‭vibration‬ ‭(f).‬ ‭The‬ ‭equation‬ ‭is‬ ‭given‬‭as‬
‭follows:‬

‭(8)‬

https://www.codecogs.com/eqnedit.php?latex=%20u_%7BF%2Ci%7D%3Du_%7BS%2Ci%7D%20#0
https://www.codecogs.com/eqnedit.php?latex=%20t_%7BF%2Ci%7D%20%3D%20n_i%20%5Csigma_%7BS%2Ci%7D%20#0
https://www.codecogs.com/eqnedit.php?latex=%20f_i%20%3D%20%5Cfrac%7B%5Cbeta_i%5E2%7D%7B2%5Cpi%7D%20%5Csqrt%7B%5Cfrac%7BEI%7D%7B%5Cleft(%20%5Cdot%7Bm%7D_%7Brod%7D%2B%5Cdot%7Bm%7D_%7Badd%7D%20%5Cright)%20L%5E4%7D%7D%20#0
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‭β‬ ‭is‬ ‭the‬ ‭influence‬ ‭factor,‬ ‭given‬‭by‬‭1.875‬‭for‬‭the‬‭first‬
‭mode‬‭of‬‭vibration‬‭of‬‭a‬‭cantilever,‬‭f‬‭1‬ ‭is‬‭the‬‭first‬‭mode‬
‭of‬‭vibration‬‭in‬‭still‬‭water,‬‭measured‬‭in‬‭the‬‭experiment‬
‭as‬‭3.71Hz‬‭[3]‬‭,‬‭while‬‭all‬‭other‬‭parameters‬‭are‬‭given‬‭in‬
‭Table‬ ‭1.‬ ‭This‬ ‭assumption‬ ‭had‬ ‭proved‬‭good‬‭accuracy‬
‭in‬ ‭simulation‬ ‭involving‬ ‭vibration‬ ‭in‬ ‭still‬ ‭water‬ ‭and‬
‭also in axial FIV‬‭[12]‬‭.‬

‭IV. Results and Discussions‬

‭Prior‬ ‭to‬ ‭performing‬ ‭the‬‭two-way‬‭FSI‬‭simulation,‬
‭the‬ ‭fluid‬ ‭domain‬ ‭is‬ ‭validated‬ ‭against‬ ‭PIV‬
‭measurement‬ ‭[13]‬‭,‬ ‭for‬ ‭the‬‭annulus‬‭Reynolds‬‭number‬
‭35,100, representing the middle of the range.‬

‭The‬ ‭velocity‬ ‭profile‬‭at‬‭0.45d‬‭ti‬ ‭downstream‬‭of‬‭the‬
‭free‬‭rod‬‭in‬‭Fig.‬‭2‬‭shows‬‭that‬‭the‬‭both‬‭URANS‬‭models‬
‭result‬ ‭in‬ ‭relatively‬ ‭similar‬ ‭velocity‬ ‭profiles,‬ ‭axially‬
‭and‬ ‭radially.‬ ‭However,‬ ‭the‬ ‭LRR‬ ‭model‬ ‭proves‬ ‭to‬‭be‬
‭more‬‭accurate‬‭than‬‭the‬‭k-ω‬‭SST‬‭model,‬‭hence,‬‭initial‬
‭validation was performed using the LRR model.‬

‭Fig.‬ ‭2.‬ ‭The‬ ‭axial‬ ‭velocity‬ ‭profile‬ ‭at‬ ‭(0.45d‬‭ti‬‭)‬
‭downstream‬ ‭of‬ ‭the‬ ‭free‬ ‭end‬‭for‬‭the‬‭experiment’s‬‭PIV‬‭data‬
‭[13]‬‭and the simulations with different URANS models.‬

‭Initially,‬ ‭simulations‬ ‭for‬ ‭both‬ ‭URANS‬ ‭models‬
‭were‬‭conducted‬‭using‬‭a‬‭1st‬‭order‬‭upwind‬‭scheme‬‭for‬
‭the‬ ‭momentum‬ ‭equations‬ ‭to‬ ‭stabilise‬ ‭the‬ ‭simulation.‬
‭However,‬ ‭the‬ ‭velocity‬ ‭time‬ ‭series‬ ‭displayed‬ ‭steady‬
‭state‬‭behaviour.‬‭After‬‭switching‬‭to‬‭a‬‭2nd‬‭order‬‭central‬
‭difference‬ ‭scheme,‬ ‭unsteady‬ ‭flow‬ ‭emerged‬ ‭and‬
‭persisted‬ ‭throughout‬ ‭the‬ ‭simulation‬ ‭downstream‬ ‭of‬
‭the‬‭rod's‬‭free‬‭end‬‭in‬‭both‬‭URANS‬‭models,‬‭as‬‭depicted‬
‭in‬ ‭Fig.3.‬ ‭Both‬ ‭models‬ ‭exhibited‬ ‭similar‬ ‭velocity‬
‭fluctuations,‬ ‭approximately‬ ‭1‬ ‭m/s‬ ‭in‬ ‭range,‬ ‭but‬ ‭the‬
‭k-ω‬ ‭SST‬ ‭model‬ ‭showed‬ ‭a‬‭marginally‬‭higher‬‭average‬
‭velocity,‬ ‭both‬ ‭downstream‬ ‭near‬ ‭the‬ ‭free‬ ‭end‬ ‭and‬ ‭in‬
‭the maximum velocity within the fluid domain.‬

‭Fig.‬ ‭3.‬ ‭Axial‬ ‭flow‬ ‭velocity‬ ‭time‬ ‭series‬ ‭at‬ ‭(0.45d‬‭ti‬‭)‬
‭downstream‬‭location‬‭and‬‭the‬‭maximum‬‭velocity‬‭for‬‭the‬‭k-ω‬
‭SST model (left) and the LRR model (right).‬

‭Using‬‭the‬‭validated‬‭fluid‬‭domain,‬‭self-excite‬‭FIV‬
‭simulation‬ ‭is‬‭performed‬‭in‬‭stages,‬‭firstly‬‭with‬‭1-way,‬
‭and‬ ‭then‬ ‭a‬ ‭2-way‬ ‭FSI‬ ‭coupling‬ ‭to‬ ‭ensure‬ ‭stability‬
‭throughout the simulation.‬

‭The‬ ‭bottleneck‬ ‭in‬ ‭the‬ ‭computation‬ ‭primarily‬
‭occurs‬‭due‬‭to‬‭the‬‭solid‬‭solver.‬‭Therefore,‬‭optimisation‬
‭could‬ ‭be‬ ‭achieved‬ ‭by‬ ‭limiting‬ ‭the‬ ‭number‬ ‭of‬
‭iterations‬ ‭for‬ ‭the‬ ‭solid‬ ‭inter-component‬ ‭coupling‬
‭solver‬ ‭(nCorr).‬ ‭This‬‭has‬‭been‬‭proven‬‭to‬‭maintain‬‭the‬
‭frequency‬‭of‬‭vibration‬‭while‬‭gradually‬‭increasing‬‭the‬
‭numerical‬ ‭damping‬ ‭in‬ ‭the‬ ‭study‬ ‭of‬ ‭free‬ ‭vibration‬ ‭in‬
‭the‬ ‭solid-only‬ ‭domain‬ ‭[5,‬ ‭12]‬‭.‬ ‭Further‬ ‭comparisons‬
‭are‬ ‭performed‬ ‭by‬‭varying‬‭the‬‭limit‬‭on‬‭the‬‭number‬‭of‬
‭iterations‬ ‭for‬ ‭the‬ ‭axial‬ ‭FIV‬ ‭simulation‬ ‭against‬ ‭the‬
‭mean‬‭RMS‬‭amplitude‬‭and‬‭first‬‭mode‬‭of‬‭vibration‬‭for‬
‭the axial FIV.‬

‭Fig. 4. Comparing the limit number of solid correctors‬
‭iteration (nCorr) with the resultant RSM amplitude and the‬
‭first mode of vibration (left) and the computation speed-up‬

‭compared to the 1000 corrector iteration limit.‬

‭Fig.‬ ‭4‬ ‭shows‬ ‭that‬ ‭reducing‬ ‭the‬ ‭limit‬ ‭number‬ ‭of‬
‭iteration‬ ‭for‬ ‭the‬ ‭solid‬ ‭solver‬ ‭would‬ ‭cause‬‭significant‬
‭changes‬ ‭in‬ ‭both‬ ‭RMS‬ ‭amplitude‬ ‭and‬ ‭frequency‬ ‭of‬
‭vibration,‬ ‭but‬ ‭the‬ ‭computational‬ ‭time‬ ‭reduces‬
‭exponentially.‬
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‭Fig.‬ ‭5.‬ ‭Displacement‬ ‭time‬ ‭series‬ ‭for‬ ‭a‬ ‭5-second‬
‭simulation;‬ ‭comparing‬ ‭the‬ ‭simulation‬ ‭in‬ ‭the‬ ‭experiment‬
‭(right)‬‭[13]‬‭and‬‭the‬‭x-‬‭and‬‭y-directions‬‭(top‬‭left‬‭and‬‭bottom‬
‭left respectively).‬

‭The‬ ‭comparison‬ ‭of‬ ‭the‬ ‭displacement‬ ‭time‬ ‭series‬
‭in‬ ‭Fig.‬ ‭5‬ ‭reveals‬ ‭similar‬ ‭small-amplitude‬ ‭random‬
‭vibrations‬ ‭in‬ ‭both‬ ‭the‬ ‭simulation‬ ‭and‬ ‭experiment.‬
‭Despite‬‭the‬‭experimental‬‭mean‬‭RMS‬‭amplitude‬‭being‬
‭obtained‬ ‭for‬ ‭a‬ ‭300‬ ‭seconds‬ ‭sample,‬ ‭the‬ ‭5-second‬
‭displacement‬ ‭time‬ ‭series‬ ‭in‬ ‭Figure‬ ‭5‬ ‭has‬ ‭an‬ ‭almost‬
‭doubled‬‭mean‬‭RMS‬‭amplitude.‬‭This‬‭suggests‬‭a‬‭range‬
‭of‬ ‭uncertainties‬ ‭and‬ ‭supports‬ ‭the‬ ‭adequacy‬ ‭of‬ ‭the‬
‭5-second‬ ‭simulation‬ ‭data‬ ‭in‬ ‭representing‬ ‭the‬ ‭mean‬
‭RMS amplitude.‬

‭The‬ ‭modes‬ ‭of‬ ‭vibration‬ ‭were‬ ‭obtained‬ ‭by‬
‭performing‬ ‭the‬ ‭Fast‬ ‭Fourier‬ ‭Transformation‬ ‭(FFT)‬
‭analysis on the time-displacement series.‬

‭Fig.‬ ‭6.‬ ‭Power‬‭spectral‬‭density‬‭(PSD)‬‭of‬‭displacement‬
‭time‬ ‭series‬ ‭from‬ ‭simulation‬ ‭in‬ ‭the‬ ‭x-‬ ‭and‬ ‭y-axis‬ ‭(top‬‭and‬
‭bottom left respectively) and from experiment‬‭[13]‬‭.‬

‭Fig.‬ ‭6‬ ‭shows‬ ‭that‬ ‭the‬ ‭simulation‬ ‭reveals‬ ‭good‬
‭accuracy‬‭for‬‭both‬‭the‬‭1st‬‭and‬‭2nd‬‭modes‬‭of‬‭vibration‬
‭and‬ ‭also‬ ‭reveals‬ ‭the‬ ‭3rd‬ ‭mode‬ ‭of‬ ‭vibration,‬ ‭which‬
‭could‬ ‭not‬ ‭be‬ ‭seen‬ ‭in‬ ‭the‬ ‭experiment‬ ‭data.‬ ‭This‬

‭discrepancy‬‭may‬‭have‬‭been‬‭caused‬‭by‬‭the‬‭application‬
‭of‬ ‭moving‬‭averaging‬‭on‬‭the‬‭displacement‬‭time-series‬
‭from‬ ‭the‬ ‭experiment,‬ ‭which‬ ‭filtered‬ ‭out‬ ‭higher‬
‭frequency‬ ‭noises‬ ‭originating‬ ‭from‬ ‭distant‬ ‭sources,‬
‭such‬ ‭as‬ ‭pump‬ ‭vibrations.‬ ‭This‬ ‭demonstrates‬ ‭the‬
‭simulation's‬ ‭potential‬ ‭for‬ ‭future‬ ‭analyses‬ ‭involving‬
‭modes‬ ‭of‬ ‭vibration,‬ ‭to‬‭analyse‬‭the‬‭internal‬‭structures‬
‭of the rod.‬

‭Simulations‬ ‭were‬ ‭repeated‬ ‭for‬ ‭the‬‭k-ω‬‭SST‬‭model‬
‭and‬ ‭for‬ ‭a‬ ‭range‬ ‭of‬ ‭Reynolds‬ ‭number‬‭from‬‭16,400‬‭to‬
‭61,730‬ ‭with‬ ‭slight‬ ‭adjustment‬‭on‬‭the‬‭mesh‬‭to‬‭adhere‬
‭to‬ ‭the‬ ‭recommended‬ ‭near-wall‬ ‭node‬ ‭distance‬ ‭of‬
‭applying the high Reynolds number wall functions.‬

‭Fig.‬ ‭7‬ ‭and‬ ‭Fig.‬ ‭8‬‭show‬‭good‬‭agreement‬‭with‬‭the‬
‭experimental‬‭data‬‭for‬‭both‬‭URANS‬‭models,‬‭which‬‭is‬
‭within‬‭the‬‭uncertainty‬‭of‬‭the‬‭experimental‬‭data.‬‭Both‬
‭URANS‬ ‭models‬ ‭exhibit‬ ‭similar‬ ‭trends‬ ‭of‬ ‭increasing‬
‭mean‬‭RMS‬‭amplitude‬‭and‬‭a‬‭slight‬‭decrease‬‭in‬‭the‬‭1st‬
‭mode‬‭of‬‭vibration‬‭from‬‭the‬‭value‬‭of‬‭the‬‭first‬‭mode‬‭of‬
‭vibration‬ ‭in‬ ‭still‬ ‭water,‬ ‭3.71Hz,‬ ‭as‬ ‭the‬ ‭Reynolds‬
‭number increases.‬

‭Fig.‬ ‭7.‬ ‭Mean‬ ‭RMS‬ ‭amplitude‬ ‭of‬ ‭vibration‬ ‭at‬‭varying‬
‭Reynolds numbers.‬

‭Fig.‬ ‭8.‬ ‭The‬ ‭first‬ ‭mode‬ ‭vibration‬ ‭at‬ ‭varying‬ ‭Reynolds‬
‭numbers‬

‭Simulations‬ ‭at‬ ‭higher‬ ‭Reynolds‬ ‭numbers‬ ‭faced‬
‭challenges‬ ‭in‬ ‭maintaining‬ ‭stability‬ ‭and‬ ‭occasionally‬
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‭experienced‬ ‭divergence‬ ‭due‬ ‭to‬ ‭high‬ ‭fluctuations‬ ‭in‬
‭flow‬‭variables.‬‭An‬‭error‬‭occurred‬‭when‬‭restarting‬‭the‬
‭simulation,‬ ‭which‬ ‭was‬ ‭associated‬ ‭with‬ ‭the‬ ‭high‬ ‭lift‬
‭coefficient‬ ‭observed‬ ‭during‬ ‭the‬ ‭first‬ ‭few‬ ‭iterations‬
‭upon‬‭restarting.‬‭Compared‬‭to‬‭the‬‭LRR‬‭model,‬‭the‬‭k-ω‬
‭SST‬‭model‬‭proved‬‭to‬‭be‬‭less‬‭stable‬‭and‬‭required‬‭more‬
‭computational resources.‬

‭IV. Conclusions‬

‭This‬ ‭research‬ ‭focused‬ ‭on‬ ‭axial‬ ‭flow-induced‬
‭vibration‬ ‭(FIV)‬ ‭within‬ ‭the‬ ‭nuclear‬ ‭industry,‬ ‭a‬
‭significant‬‭contributor‬‭to‬‭fretting‬‭wear‬‭in‬‭nuclear‬‭fuel‬
‭rods.‬‭The‬‭study‬‭used‬‭numerical‬‭simulations‬‭to‬‭predict‬
‭FIV‬ ‭and‬ ‭validated‬ ‭them‬ ‭against‬ ‭experiments‬
‭conducted at the University of Manchester.‬

‭The‬ ‭University‬ ‭of‬ ‭Manchester's‬ ‭experiment,‬
‭which‬ ‭employed‬ ‭a‬‭cantilevered‬‭rod‬‭setup,‬‭was‬‭found‬
‭to‬ ‭be‬ ‭advantageous‬ ‭due‬ ‭to‬ ‭its‬ ‭ability‬ ‭to‬ ‭reproduce‬
‭flow‬ ‭instabilities‬ ‭and‬ ‭facilitate‬ ‭the‬ ‭prediction‬ ‭of‬ ‭the‬
‭mean RMS amplitude of vibration.‬

‭Flow‬‭instabilities‬‭were‬‭reproduced‬‭using‬‭a‬‭variety‬
‭of‬ ‭URANS‬ ‭closure‬ ‭models.‬ ‭Despite‬ ‭challenges‬ ‭at‬
‭higher‬ ‭Reynolds‬ ‭numbers,‬ ‭the‬ ‭simulation‬ ‭remained‬
‭reasonably‬ ‭accurate.‬ ‭However,‬ ‭limitations‬ ‭became‬
‭evident‬ ‭at‬ ‭these‬ ‭higher‬ ‭Reynolds‬ ‭numbers,‬ ‭with‬
‭divergences‬ ‭occurring‬ ‭due‬ ‭to‬ ‭significant‬ ‭velocity‬
‭fluctuations in the flow domain.‬

‭Comparing‬ ‭both‬ ‭URANS‬ ‭models,‬ ‭the‬ ‭LRR‬
‭exhibited‬ ‭better‬ ‭accuracy‬ ‭in‬ ‭the‬ ‭flow‬ ‭domain‬ ‭and‬
‭superior‬‭stability‬‭during‬‭axial‬‭FIV,‬‭as‬‭compared‬‭to‬‭the‬
‭k-ω SST model.‬

‭This‬ ‭simulation‬ ‭methodology‬ ‭could‬ ‭be‬ ‭useful‬ ‭in‬
‭predicting‬‭the‬‭FIV‬‭phenomenon‬‭across‬‭a‬‭wider‬‭range‬
‭of‬ ‭applications‬ ‭involving‬ ‭high-stiffness‬ ‭materials‬ ‭in‬
‭axial‬ ‭turbulent‬ ‭flow,‬ ‭especially‬ ‭in‬ ‭flow‬ ‭domains‬
‭experiencing‬ ‭large‬ ‭flow‬ ‭instabilities,‬ ‭such‬ ‭as‬ ‭those‬
‭with‬ ‭helically‬ ‭wrapped‬ ‭wire‬ ‭around‬ ‭the‬ ‭rod.‬ ‭For‬
‭future‬ ‭work‬ ‭involving‬ ‭higher‬ ‭Reynolds‬ ‭numbers‬ ‭to‬
‭predict‬ ‭critical‬ ‭velocities‬ ‭for‬ ‭vibration‬ ‭instabilities,‬
‭such‬ ‭as‬ ‭flutter‬ ‭and‬ ‭static‬ ‭divergence,‬ ‭changes‬ ‭in‬ ‭the‬
‭moving‬‭mesh‬‭formulation‬‭will‬‭be‬‭required‬‭to‬‭prevent‬
‭issues‬ ‭arising‬ ‭from‬ ‭diminishing‬ ‭mesh‬ ‭quality‬ ‭due‬ ‭to‬
‭excessive deformation.‬
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