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SUMMARY:
The impacts of climate-driven hazards in coastal regions escalate due to sea level rise and anthropogenic warming,

causing severe direct losses and fatalities. To support research on mitigating the impacts of these hazards, the NICHE
team aims to design a full-scale testing infrastructure for extreme wind and wave events. This study presents progress
towards establishing validated high-fidelity large-eddy simulations (LES) of coupled wind and wave problems to
inform the design of NICHE. We demonstrate the performance of the widely-used opensource code OpenFOAM for
wind/wave simulations with moderate wind speeds. Also, the sensitivity of such simulations on boundary conditions
and turbulent models is discussed.
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1. MOTIVATION AND OBJECTIVE

With coastal communities becoming increasingly susceptible to extreme climate-driven hazards,
there is a pressing need to improve resilience and reduce the impact of these hazards. To support
research on enhancing the resilience of communities to such extreme events, the NICHE! team
aims to design a full-scale testing infrastructure to model the impacts of wind and coastal hazards.
The design of the facility will rely on physical experiments as well as numerical simulations.

Computational modeling of the effects of simultaneous action of wind and waves on structures
has a high level of complexity, since combined wind and wave flow is a multiphysics and mul-
tiscale problem. Thus, prior studies are often limited to simplified scenarios. First, considering
the interaction between wind and waves, wave-induced turbulent structures have been extensively
studied (Husain et al., 2022; Sullivan et al., 2000; Yang and Shen, 2010), and, informed by wave
generation theories, numerical studies of the wind-driven wave generation are an active area of
research (Lin et al., 2008; Wu and Deike, 2021; Zonta et al., 2015). However, most of the research
assumes periodic domains with small wave amplitudes and low wind speeds. Turbulence is as-
sumed statistically stationary, missing non-equilibrium turbulence effects on wave evolution (Hao
and Shen, 2022). Next, considering the interaction between wind, waves, and structures, a few
coupled wave/wind simulations have been reported for offshore wind turbine dynamics (Liu et al.,
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2017; Ren et al., 2014). For coastal infrastructure, the impact of waves has been investigated with-
out wind effect or wave breaking (Hayatdavoodi et al., 2015; Huang et al., 2009; Meng, 2008; Park
et al., 2018). Hence, there is a need to consider computational modeling of coastal wind/wave pro-
cesses that include the effect of a spatial variation of the bathymetry on the wind/wave dynamics
and their interaction with structures.

In this study, we demonstrate the capability of the widely-used open source code OpenFOAM for
performing large-eddy simulations (LES) of a combined wind/wave flow through experimental
validation. Sensitivities of the simulations to various model choices, such as boundary conditions,
turbulence model, and mesh, are reported. Based on the results, further steps to advance towards
model validation for coastal wind/wave dynamics will be defined.

2. METHODS

2.1. Simulation setup

The simulations reproduce the experiment reported in Buckley and Veron (2016). We consider
a rectangular domain of length 1.5m, width 0.1m, and height 2.62m. For the air-side inlet, a
divergence-free synthetic eddy method (Poletto et al., 2013) is used to introduce a realistic turbu-
lent boundary layer that matches the experimental mean log-law profile. Experimental information
on the turbulence intensity in the air inlet is not available, so a default turbulence intensity of 16%
is used, and sensitivity to this input parameter is investigated by performing a simulation with a
higher turbulence intensity of 23%. For the water side, Stokes waves of wave height 0.1m, wave-
length 0.25m and water depth 2.51m are introduced. A pressure inlet-outlet condition and wave
absorption outlet condition are employed for the air and water outlets, respectively. A periodic
boundary condition is prescribed at the side walls. Slip and no-slip boundary conditions are im-
posed at the top and bottom boundary, respectively.

A grid dependency study revealed a strong sensitivity of the solution to the grid resolution near the
interface. To obtain accurate results, the results presented in this abstract were obtained with a grid
that is refined near the interface down to y* = 2, which is 0.0002m in cell height. The influence
of the subgrid model is investigated by comparing simulations with three different models: the
k-equation model, the Smagorinsky model, and the WALE model.

The simulations use an algebraic volume-of-fluid (VOF) method with MULES flux limiter for
interface capturing. The volume fraction of one of the fluids is represented by the phase indicator
¢. The transport equation for ¢ is given as

210 = -

o, TV (0) =ucp(1-9), (1)
where ¢ and u, indicate the time and compression velocity, which controls the thickness of inter-
faces, respectively. i denotes the velocity vector.

2.2. Quantities of interest
Comparison between experimental and LES results is performed by decomposing the velocity field
u into three parts: wave-independent, wave-coherent, and pure-turbulent components:

u(x,y,z,t) =0(E) +u(8, &) +u'(x,y,2,1), 2



where x, y, z and ¢ are Cartesian coordinates and time, respectively. (&, ) is the wave-following
coordinate system. U represents wave-independent portion. u and u’ refer to wave-coherent part

and pure-turbulence part, respectively (Buckley and Veron, 2016).

3. RESULTS

3.1. Turbulence over waves

Figure 1(a) shows a snapshot of the predicted field velocity. Following Eq. (2), the velocity field is
decomposed into three components, and the wave-coherent component is illustrated in Figure 1(b),
showing the acceleration over the wave crest and the deceleration towards the trough.
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Figure 1. (a) Instantaneous velocity field. (b) Wave-coherent component of the velocity field. White dashed-line
denotes the interface.

Figure 2 compares the wave-independent mean velocity as well as the wave-coherent and pure-
turbulent Reynolds stress from the different simulations and the experiments. For fixed boundary
conditions, no discernible difference is observed for the different subgrid models. However, when
changing the turbulent inlet condition, we see significant changes in the Reynolds stress near the
interface on and grid resolution (see the red and purple lines in Figure 2). This sensitivity indi-
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Figure 2. Comparison of simulation and experimental results. From left to right, wave-independent mean velocity,
wave-coherent Reynolds stress, and pure-turbulent Reynolds stress. Symbols and lines indicate different turbulent
models: blue (k—equation), red-plus (WALE), square (Smagorinsky), and purple (WALE, inlet condition with higher
turbulence). Circles refer to the experimental data.



cates the importance of accurately characterizing the turbulence in the incoming wind field in the
experiments if the data has to support CFD model validation.

4. CONCLUSIONS

The capability of the open-source code OpenFOAM for wind/wave simulations has been demon-
strated through comparison with experimental data for a simplified configuration. However, the
turbulence in the wind field near the interface was found to be highly sensitive to the boundary
conditions for the air phase. Furthermore, the simulations required a fine grid near the interface,
which results in a significant computational cost even for moderate wind speeds. To support fu-
ture validation of wind/wave simulations for higher wind speeds and wave heights in near-shore
environments, experiments should carefully measure and report the inlet conditions for both the
water and the air phases, while simulations should explore using interface schemes that can handle
coarser mesh resolutions.
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