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SUMMARY:

We investigate two strategies to reduce the computational cost of forced-motion simulations in obtaining flutter
derivatives. First, the multi-frequency approach, consisting of exciting a cross-section at more than one frequency at
a time, is analysed in detail. Several LES-type investigations are carried out to determine the limits of this
methodology, comparing the results with the classical single-frequency simulations. Second, we explore the
possibilities of a URANS-based approach. Both turbulence models are developments in the context of the finite
element method. Our strategies are applied to find the flutter derivatives of two cross-sections: a rectangular cylinder
with proportions 5:1 and a generic streamlined bridge cross-section. Here we only include an excerpt of the results
for the latter shape. The results obtained from the multi-frequency simulations show excellent agreement with the
ones obtained through classical means. However, when it comes to decreasing the computational cost, the URANS
simulations are considerably more efficient, remaining a viable option for estimating the flutter derivatives. We
highlight the possibility of combining these strategies, potentially leading to a computational cost of less than 1% of
the original effort.
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1. INTRODUCTION

The critical flutter wind speed of a long-span bridge is usually evaluated through indirect means.
First, the flutter derivatives — originally proposed by Scanlan and Tomko (1971) — are obtained,
and then the equations of motion are solved to find the divergence point. These derivatives are
traditionally extracted from free-vibration or forced-motion experiments, which can be physical
or numerical. Unfortunately, the derivatives are a function of the so-called reduced frequency, so
multiple tests must be conducted to obtain them, implying a high computational cost.



When using Computational Fluid Dynamics (CFD) simulations, the forced-motion approach is
especially suitable since the excitation can be imposed more easily than in a wind tunnel
experiment. Several authors have already reduced the computational cost of such a campaign by
solving the Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations (Huang & Liao,
2011; Sarki¢ et al., 2012; Nieto et al., 2015) instead of using Large Eddy Simulation (LES)
turbulence modelling or Direct Numerical Simulation (DNS).

As an alternative, some authors concentrated on improving the forced-motion methodology. This
document focuses on the multi-frequency approach, first mentioned by Huang & Liao (2011),
which consists of exciting the analysed cross-section simultaneously at more than one frequency.
That produces aeroelastic forces which can be decomposed into different frequencies, finding
several values of a derivative only with one simulation. Other authors further explored this
methodology (Xu et al., 2014; Siedziako et al., 2017; Abbas et al., 2020), including exciting
different Degrees-Of-Freedom (DOFs) or even imposing non-sinusoidal motions. However,
while they provide a sufficient premise for subsequent work, the limits and optimal setup
parameters of this approach remain to be mostly unexplored.

In this study, we focus on enhancing the forced-motion methodology by using a multi-frequency
approach and solving the URANS equations. The simulations were done with the open-source
software Kratos Multiphysics, based on the Finite Element Method (FEM). Our main focus is to
investigate the multi-frequency approach, so its limits and optimal setup can be clarified. As a
second step, we also aim to consolidate the existing knowledge about URANS simulations,
applying it to the FEM context. When combined, these strategies can potentially reduce the
required computational effort by a factor of more than 100 when compared to the purely LES-
based single-frequency forced-motion approach.

The project is based on a CFD validation campaign for two cross-sections: a rectangular cylinder
with proportions 5:1 and a width of 0.25 m, corresponding to the BARC benchmark (Bruno et
al., 2014); a bridge streamlined deck with a width of 0.366 m based on the work from Sarki¢ et
al. (2012). Single-frequency forced-motion simulations were carried out using LES-type
turbulence modelling, and the results constitute the reference in this document.

2. METHODOLOGY FOR IMPROVED EFFICIENCY

The multi-frequency simulations is carried out with an identical setup to the one of the single-
frequency campaign. This approach represents one part of the reduction of computational cost.
The Reynolds number is Re = 5 - 10*, taking the height of the cross-section as a reference. The
total domain size has a width, height, and length of 3B, 16B, and 32B, with B as the width of
the cross-section. After a mesh convergence study, the smallest element size leads to B/125,
and to the time step At = 4-107*B s. The frequency of the motion depends on the value of the
reduced wind speed U,.,. The decks are excited with two frequencies at a time, leading to the
reduced wind speed pairs of 1-4, 2-6, 6-15 and 10-20. Two variations are presented in the current
abstract: one, where a single DOF is excited with both frequencies; the other, where each
frequency is applied to a different DOF (heave or pitch).



URANS simulations imply the same mesh and domain sizing as the ones previously explained,
with the difference of the domain being two-dimensional. Such an approach to solving the flow
represents another viable option for increased efficiency, as it leads to a substantial reduction in
computational cost. We include results from single-frequency simulations, found using the k-®
SST turbulence model and turbulent kinetic energy-based wall functions, part of the work from
Katili (2022) at our institute. Further investigations are planned to explore various sets of
parameters exploiting the URANS methodology.

3. RESULTS AND DISCUSSION

Fig. 1 shows the flutter derivatives obtained with the different methodologies. Here we include
only a selection of the results obtained for the bridge cross-section. Our broader campaign deals
with multiple combinations of frequencies, DOFs and turbulence models.
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Figure 1. Flutter derivatives for the bridge cross-section obtained with different methodologies, with the notation
according to Simiu and Scanlan (1996).

It can be observed that the multi-frequency approach is in excellent agreement with the original
derivatives. The only discrepancy worth mentioning appears in the values for A}, where the
results from exciting two DOFs simultaneously have an outlier at U,..; = 10. The reason for this
remains to be investigated, but the difference might be reduced by increasing the simulation time
and potentially improving curve fitting. Typically, the A, derivative does not have the most
significant influence when calculating the critical wind speed. Regarding URANS, the results
have higher discrepancies, still being within acceptable ranges. Considering the computational
cost of each strategy (Table 1), URANS simulations are a viable option.

Table 1. Approximate compute core-hours needed to determine flutter derivatives of the bridge cross-section

Methodology N° of sims.  Total cost [core-hours] CPU
LES (single-frequency) 14 140,000 .
LES (multi-frequency, 1 DOF) 8 80,000 Intel Xeon Platinum 8174

LES (multi-frequency, 2 DOFs) 8 80,000 (3.1 GHz, 33 MB Cache)
URANS (single-frequency) 14 < 1,000 Intel 19-9900 (3.1 GHz, 16 MB Cache)




5. CONCLUSIONS

Our results show the potential for the combined usage of the multi-frequency approach with
URANS to calculate the flutter derivatives, also exciting different DOFs. The derivatives
obtained from multi-frequency simulations are in very good agreement with the single-frequency
version while reducing the computational cost by half. Moreover, more frequencies can be
superimposed, further decreasing the effort. Solving the URANS equations to resolve the flow
represents another considerable improvement while still providing acceptable results. Both
methodologies can be combined to reach an even higher efficiency, providing an excellent
alternative for parametric studies and early design stages.
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