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ARTICLE INFO ABSTRACT
Keywords: This work examines the aerodynamic and aeroelastic effects of a porous envelope applied to a
Porous facade rectangular prism with aspect ratio B/ D = 3.33, representative of a high-rise building. Wind tun-
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nel tests on rigid and aeroelastic models were combined with Large-Eddy Simulations (LES) using
a Darcy-Forchheimer homogenized representation of porosity. On the rigid model, the porous
Wind tunnel testing shroud alters vortex shedding by introducing new separation points, widening the wake, and
Large-Eddy simulation shifting the dominant Strouhal number to lower values. The numerical model reproduces these
Darcy-forchheimer model effects with good accuracy, confirming the suitability of the homogenized approach for capturing
porosity-induced modifications. Aeroelastic tests reveal that the porous facade can suppress VIV
initiation by disrupting force coherence during the first oscillation cycles, while external pertur-
bations restore synchronization and lead to full VIV development. The results demonstrate that
the mitigation effect of porosity is conditional and state-dependent, providing new insight into
its potential as a VIV control strategy for civil structures.

1. Introduction

Vortex shedding (VS) is the phenomenon where alternating periodic vortices are shed from a bluff body in a fluid flow, creating
oscillating lift forces. Vortex-induced vibration (VIV) occurs when the vortex shedding frequency matches the natural frequency of
the oscillating structure, leading to resonant, amplified vibrations. Slender structures, such as long-span bridges, towers, and high-rise
buildings, are particularly vulnerable to VIV, facing risks ranging from serviceability issues to fatigue damage (Li et al., 2016; Wang
et al., 2024).

The rectangular cylinder is often adopted as a simplified model to study the aerodynamics of civil structures. Being the shedding
frequency directly affected by the interaction between the fluid flow and the body’s geometry, a key parameter is the aspect ratio
B/ D, defined as the ratio of the along-wind (B) to the cross-wind dimension (D). In smooth flow, depending on elongation, the shear
layers separated from the leading edges may remain detached (B/D < 2), reattach on the side faces before merging with downstream
vortices (3.5 < B/D < 10), or shed directly from the trailing edge in very elongated sections (B/D > 10) (Naudascher and Wang,
1993). These regimes correspond respectively to leading-edge vortex shedding (LEVS), impinging leading-edge vortex (ILEV), and
trailing-edge vortex shedding (TEVS). LEVS and TEVS share similarities as both are governed by wake instabilities, where the shedding
frequency relative to the flow velocity is nearly constant and primarily related to wake width (Griffin, 1978; Nakamura, 1996). In
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contrast, ILEV dynamics involve the interaction of vortices shed from both edges, with the Strouhal number strongly dependent on
B/ D (Paidoussis et al., 2010).

When the shedding frequency approaches one of the structural natural frequencies, synchronization (lock-in) occurs. Vortices
couple with the motion, creating an effective forcing that amplifies oscillations until limited by damping. Structural damping, often
expressed through the Scruton number Sc¢ = 4zxmé /(p B D), thus governs the steady-state response (Williamson and Govardhan, 2004).

Several passive strategies have been proposed to mitigate VIV, mainly involving modifications to the structure’s geometry or
surface to disrupt the regular vortex shedding process without external energy input. They include tapering, to undermine the co-
herence of vortices along the height, cross-sectional modifications, often on edges, that can effectively reduce cross-wind oscillations
by changing the separated shear layer characteristics (Kawai, 1998). Another possibility to affect the shear layer separation is to
apply porous coverings to the structure (Teimourian and Teimourian, 2021): such elements can play a dominant role in altering the
aerodynamic behavior of structures, either streamlined as bridge decks or bluff as towers or chimneys, being able to interfere with
the generation of coherent vortices. Recent studies on porous-coated cylinders have shown that flow penetration through the coating
weakens or delays shear-layer roll-up, broadens or destabilizes the wake, and can lead to substantial VIV reductions, especially when
permeability is appropriately selected (Yuan et al., 2021).

In the construction industry, porous facades are gaining popularity primarily for architectural reasons or as thermal shading
elements. When the porous screen is applied over a glazed facade, a so-called porous double-skin facade (PDSF) is created. Such
cladding systems are increasingly employed in either low- and high-rise buildings to to enhance energy performance (Chan et al.,
2009; Barbosa and Ip, 2014; Wang et al., 2020; Alqaed, 2022), yet they also alter wind-structure interaction (Pelletier et al., 2023;
Eissa et al., 2025). Experiments have shown reductions in facade pressure and cross-wind loads due to porous coverings (Hu et al.,
2017, 2019; Pomaranzi et al., 2020), and a decrease of spectral energy at the shedding frequency (Pomaranzi et al., 2022; Giachetti
et al., 2025). These findings suggest that porosity can influence both VS and VIV, but its effectiveness in affecting the fluid-structure
interaction and the underlying mechanism are still open points.

Evidence indicates that porous facades can reduce VIV above a Scruton threshold (Catania et al., 2024). However, their effec-
tiveness is strongly dependent on the initial conditions: while oscillations may be suppressed when starting from rest, they can fully
develop if the system is perturbed. This state-dependent behavior highlights a major knowledge gap: how porosity modifies wake
development, vortex shedding, and the force dynamics that govern VIV onset and growth.

From a numerical perspective, explicit modeling of porous shrouds is computationally prohibitive, and past attempts have been
limited to two-dimensional configurations with simplified turbulence treatment (Jafari and Alipour, 2021a,b). Homogenized ap-
proaches such as pressure-jump models (Xu et al., 2022a,b), Darcy-Forchheimer relations (Pomaranzi et al., 2020; Ansari and Naeeni,
2024), or custom implementations (Zhao, 2023) are widely adopted. While these methods reproduce global loads in static conditions,
their validity in unsteady regimes has not been systematically assessed.

This study addresses these gaps by investigating how a porous envelope affects both the rigid-body aerodynamics and the aeroe-
lastic response of a rectangular prism with aspect ratio B/ D = 3.33, representative of a high-rise building. The work focuses on three
main aspects. First, it examines how porosity modifies vortex shedding and the pressure distribution around the prism, clarifying the
physical mechanisms introduced by the porous layer. Second, it evaluates whether homogenized CFD models, particularly the Darcy-
Forchheimer formulation, can reliably reproduce these effects and thus serve as predictive tools for unsteady aerodynamics. Finally,
it examines the aeroelastic response of the porous-covered prism, with a particular focus on the onset of VIV and the conditions under
which oscillations are suppressed or maintained.

To assess these points, the paper is organized as follows. Section 2 introduces the methodology, including experimental and
numerical approaches. Section 3 and 4 present the experimental setup and numerical implementation. Section 5 reports results
on the rigid model and its numerical interpretation. Section 6 discusses the aeroelastic response under different initial conditions.
Section 7 concludes the work and outlines further developments.

2. Methodology

The reference geometry is a rectangular cylinder with aspect ratio B/D = 3.33 and height ratio H/B = 2, representative of a high-
rise building. This aspect ratio comes from a broader research using the same model geometry Pomaranzi et al. (2022), Catania et al.
(2024), ensuring consistency across campaigns. Moreover, B/D = 3.33 contributes to expand the knowledge of less studied aspect
ratios, greater than 1.5 but smaller than 4.5, suitable for civil applications.

Two configurations are examined: the naked prism and the same prism covered by a perforated metal shroud, adopted as a
model for a porous facade. The study combines experimental and numerical approaches with the dual objective of clarifying the flow
mechanisms induced by porosity and validating a numerical methodology for unsteady aeroelastic applications.

The first stage investigates how the porous envelope modifies vortex shedding (VS). A rigid three-dimensional model is tested in
the wind tunnel, and results are compared with literature data to contextualize the observed wake dynamics. In parallel, a CFD model
of a sectional prism is developed and validated for both naked and porous configurations. The computational domain is limited
to a representative slice, located far from free-end effects, so that the focus remains on local shedding mechanisms governed by
cross-sectional dynamics rather than spanwise boundary conditions. This approach also ensures computational efficiency, making
Large-Eddy Simulations (LES) feasible while still resolving the unsteady features of the wake. Once validated against experimental
measurements, the numerical model is used to interpret the physical mechanisms, providing insight into the pressure field on the
inner facades and into the modifications introduced by porosity. This stage also establishes the reliability of the Darcy-Forchheimer
homogenized model adopted for the porous treatment.
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Table 1

Geometric and mechanical properties of the model in the two configurations. From left:
along-wind (B) and cross-wind (D) dimensions, height (H), natural frequency in still
air (f}), equivalent modal mass per unit length (m,), structural damping ratio (¢) of the
cross-wind vibration mode, and Scruton number (Sc).

Configuration B [m] D [m] H [m] /1 [Hz] m; [kg/m] & [%] Sec [-]

Naked 1.00 0.30 2.00 1.95 45.2 1.3 10.0
Porous 1.04* 0.34* 2.00 1.88 48.6 1.0 8.3

* Including the shroud dimensions. All non-dimensional quantities are calculated using
the naked geometry as a reference.

The second stage focuses on aeroelastic response and the onset of vortex-induced vibrations (VIV). A scaled model with the same
geometry and fixed mechanical properties is mounted on an elastic base, enabling direct comparison between naked and porous
configurations. Building on previous evidence of Scruton number dependence and sensitivity to initial conditions (Catania et al.,
2024), the tests explore the role of porosity in modifying VIV initiation. Since the phenomenon is inherently state-dependent, three
types of initial conditions are examined: build-up (BU) tests starting from rest to capture the natural transition to lock-in; progressive-
regime (PR) tests obtained by gradually increasing the wind velocity from a previous steady-state condition; and external-input (EI)
tests starting in a stable condition and introducing a displacement perturbation. The objective is to assess how the porous shroud
influences the initiation of VIV and to identify the force dynamics that govern the observed response.

The sectional CFD approach is tailored to capture vortex shedding and its modification by porosity, but it does not reproduce
three-dimensional aerodynamic effects such as tip vortices or the aeroelastic VIV phenomenology. These aspects are instead addressed
through complementary aeroelastic experiments on the finite-height model. Together, the two methodologies provide a consistent
framework for linking rigid-body aerodynamics, flow physics, and VIV onset in porous-covered structures.

The following chapters describe in detail the experimental and numerical setups, before presenting the main results and discussing
their implications for both aerodynamic characterization and aeroelastic response.

3. Experimental setup

The model is a rigid rectangular cylinder that can also be installed on an elastic base, allowing low-frequency mono-harmonic
oscillations in the cross-wind direction. Two facade configurations are tested: a “naked” single-glazed cladding and a “porous” double-
skin facade (Fig. 1). In the porous case, a perforated mesh with 55% porosity, defined as the ratio of empty to total area, is placed 20 mm
from the solid facade. The mesh is characterized by round holes, 6 mm in diameter, organized in triangles with a center-to-center
distance of 8 mm. The measured pressure loss coefficient of the mesh is k = 1.8, defined as

Ap

=_=F 1
0.5pU2 ()

where Ap is the total pressure difference across the porous medium. In the aeroelastic configuration, the model is characterized by a
linear mode shape with respect to the equivalent bottom hinge, ¢(z) = z/ H. Four accelerometers and 208 pressure taps, distributed
across eight levels, are used to measure displacement and pressure variations (see the scheme in Fig. 2). The total cross-wind force
acting on the structure is reconstructed as the sum of the local contributions at each level:

8 8 10
F =Y F() =Y Y pi 04, [N] @
i=1 i=1 j=1
where each floor force is obtained from the pressure integral on the lateral faces, with 4, ; the reference area associated with tap j
on floor i.
In the aeroelastic configuration, the effective forcing is computed by weighting each local force by the mode shape contribution
at its height:

8 8
O = Y, 0i(H) = Y F(Dd(z), [N] (3)

i=1 i=1
and thus the equation of motion for the top displacement becomes
Mi%+rix+kix = Qe(1), [N] (€)]

with modal properties defined as M| = g, ry =4zM, f,&, and k; = M,(2z f;)*. The geometric and mechanical properties of both
configurations are summarized in Table 3.

All tests are performed with the wind perpendicular to the short edge (D). The reference velocity is measured at 1 m height and
7 m upstream of the model. Experiments are conducted in the atmospheric boundary layer section of the Politecnico di Milano wind
tunnel (GVPM), under smooth flow with turbulence intensity I, ~ 2% (see flow characterization in Fig. 3). Further details on the

model and facility are reported in previous studies (Pomaranzi et al., 2022; Catania et al., 2024).

3
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Fig. 1. Model in the wind tunnel test section. Left: naked configuration and reference system. Right: porous configuration, zoom on the porous
envelope.

Fig. 2. Scheme of the tested model. Highlight of the building floors (numbered with letter i) and pressure taps distribution on the cross-wind faces
(numbered with letter j).
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Fig. 3. Flow characteristics of GVPM BL test section in smooth flow condition. From left to right: model height against non-dimensional wind speed
U/U,p)s turbulence intensities (1, I, I,,), and integral length scales (LY, L, L") in the three spatial directions.
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4. CFD Setup

A set of Wall-Modeled Large Eddy Simulations (WMLES) is employed to investigate the effect of the porous facade on vortex
shedding and to provide flow-field insight complementary to the experimental observations. This turbulence modeling has been
chosen because it has been proven accurate in reproducing bluff body aerodynamics, allowing for capturing fine flow dynamics with
less demanding mesh requirements compared to a standard LES, thus a lighter computational cost Franco et al. (2023). For a complete
review of WMLES approaches, the authors indicate Piomelli (2008), Larsson et al. (2016).

In this study, the simulations focus on the rigid configuration, where the vortex-shedding dynamics are governed primarily by
the cross-sectional geometry of the prism (Grozescu et al., 2011a; Alvarez et al., 2019). For this reason, only a sectional model of
the building is reproduced numerically on 3D simulations, neglecting the finite-height effects. As commented in the next sections,
floor 5 of the experimental model is selected as the reference for validation, being sufficiently far from end conditions to represent
two-dimensional flow behavior.

Numerical methods

All simulations are carried out with the pimpleFoam solver of OpenFOAM-v2112, which combines the PISO and SIMPLE algorithms
and is suited for unsteady, incompressible turbulent flows. The PIMPLE algorithm is configured with two outer correctors and three
inner correctors, ensuring stability and convergence of the pressure-velocity coupling. Pressure is solved with a GAMG algorithm
using Gauss-Seidel smoothing, while velocity is solved with a PBiCG method preconditioned with DILU.

A variable time step is used with a maximum Courant number of 0.8, corresponding to Atf}, ¢ ~ 3 X 1073, i.e., more than thirty
thousand time steps per vortex-shedding cycle. The adaptive time stepping automatically adjusts to the smallest cell sizes in the
mesh, ensuring that the local Courant number remains below the prescribed limit and that temporal resolution is sufficient to capture
the relevant unsteady flow features. In this way, the time-step control links the temporal resolution to the local flow convergence,
simplifying the setup while maintaining numerical stability and accuracy.

Second-order accuracy is maintained in both space and time. The temporal discretization is based on a Crank-Nicolson scheme
with an implicit weighting factor of 0.8. Spatial discretization employs linear interpolation schemes with flux limiting. Gradients are
computed with a cell-limited Gauss linear scheme, while divergence terms are treated with a Gauss LUST (Linear Upwind Stabilized
Transport) scheme, which provides stability while retaining low numerical dissipation in the shear layers (Cao and Tamura, 2016).
Diffusion terms are discretized with a corrected Gauss linear scheme, and surface-normal gradients are corrected to account for mesh
non-orthogonality.

The WALE subgrid-scale (SGS) model is adopted, with the eddy viscosity equation discretized using a linear scheme. This SGS
model is widely used for bluff-body simulations and has been shown to reproduce unsteady pressure and force statistics with good
accuracy (Grozescu et al., 2011b; Bruno et al., 2014; Franco et al., 2023).

Each simulation is advanced until statistical convergence is reached. The initial transient is discarded, and statistics are collected
over at least 30 shedding cycles to ensure reliability of the mean and fluctuating quantities. Convergence of the time-averaged
aerodynamic coefficients and shedding frequency is verified by monitoring their running averages.

Computational domain and boundary conditions

The computational domain is a rectangular box aligned with the incoming flow; the prism is modelled as a smooth surface with
sharp edges. A sketch of the domain with a zoom on the model edges is reported in Fig. 4. The upstream, downstream, and lateral
extents follow standard guidelines for bluff-body LES to avoid blockage and outlet interference (Bruno et al., 2014). In particular, the
spanwise length has been selected to ensure the requirement of capturing three-dimensional shedding structures while minimizing
computational costs (Grozescu et al., 2011a; Georgiadis and Mankbadi, 2015). The domain characteristics are summarized in Table 4.

Inflow conditions reproduce an ideal smooth flow with a uniform velocity profile, corresponding to the reference velocity in the
wind-tunnel experiments. A no-slip condition is applied at the prism walls, while symmetry boundaries are used for the lateral faces
of the domain to minimize spurious confinement effects. Periodicity is imposed in the spanwise direction.

For velocity, a fixed-value condition is applied at the inlet, and a zero gradient condition is imposed at the outlet. Slip boundaries
are adopted at the top and bottom, while the front and back boundaries are defined as symmetry planes. At the prism surface, a
no-slip condition is imposed.

For pressure, a zero-gradient condition is applied at the inlet and prism surface, while a fixed-value condition is prescribed at the
outlet. Slip conditions are again used at the top and bottom, with symmetry at the front and back.

The subgrid viscosity field employs a nutUSpaldingWallFunction at the prism wall, consistent with the wall-modeled LES ap-
proach. At the other boundaries, calculated or zero-gradient conditions are used to ensure consistency with the velocity field.

This set of boundary conditions provides stable and physically consistent simulations, closely replicating the wind tunnel environ-
ment and enabling direct comparison with experimental measurements (Bruno et al., 2010, 2012). A sketch of the domain is reported
in Fig. 4.
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Fig. 4. Sketch of the meshed CFD with the main dimensions reported. Zoom of the prism’s edge with the porous zones.

Table 2
Domain and mesh parameters adopted for the WMLES simulations. Values are expressed in terms of the cross-wind dimension
D.
Parameter Value Comments / source
Upstream length 12D avoids inflow blockage effects (Bruno et al., 2014)
Downstream length 32D ensures wake development without outlet influence (Bruno et al., 2014)
Lateral clearance (side/top) 9.5D prevents lateral confinement (Bruno et al., 2014)
Spanwise extent 1D compromise between 3D resolution and cost (Georgiadis and Mankbadi, 2015)
Mesh type Mostly unstructured recommended for complex bluff-body wakes (Cao and Tamura, 2016)
Total cells ~ 4 million satisfies resolution criteria for WMLES (Pope, 2000)
Near-wall resolution ¥+ ~ 30-50 consistent with WMLES practice (Larsson et al., 2016)
Streamwise spacing Ax/D =0.01 ensures vortex shedding resolution (Kawai and Larsson, 2012)
Cross-wind spacing Ay/D =0.01 ensures shear layer resolution (Kawai and Larsson, 2012)
Spanwise spacing Az/D =0.01 resolves 3D vortex structures (Kawai and Larsson, 2012)
Time step Atfyg~3x1073 ~33.333 steps per shedding cycle (Grozescu et al., 2011a)
Simulation length > 30 shedding cycles  sufficient for statistical convergence
Subgrid model WALE effective for bluff-body LES (Franco et al., 2023)

Mesh generation

A body-fitted hybrid mesh is adopted, with refinement in the near-wake and along the prism edges, where accurate resolution
of the shear layers is crucial (Rocchio et al., 2020; Yang et al., 2025). The grid is structured along the spanwise direction z and
mostly unstructured in the x-y plane; around the cylinder walls, a structured grid layer of 6 cells with an expansion ratio of 1.05 is
generated. The discretization step perpendicular to the walls is Ay/D = 0.01, while a constant grid spacing of Ax/D = 0.01 is adopted
in the along-wind direction. Near the walls, the mesh size is chosen according to the guidelines of (Piomelli, 2008) to ensure results
convergence in a statistical sense. Grid stretching is employed in the far field to reduce computational cost. A refinement zone in the
wake 9D immediately downwind of the model has been imposed to capture near wake vortices correctly. The 3D grid is obtained by
projecting the 2D hybrid grid along the spanwise direction z. A constant spacing has been imposed at Az/D = 0.01, smaller than the
minimum requirement prescription for LES (Az/D ~ 0.2 by (Tamura et al., 1998; Yu and Kareem, 1998)).

The mesh density in the streamwise, crosswise, and spanwise directions is selected to guarantee the resolution of at least 80% of
the turbulent kinetic energy in the domain, as prescribed by Pope (2000).

The effect of grid resolution has been investigated by comparing three meshes of increasing density, with refinement concentrated
near the prism and in the near-wake region. All the tested meshes are characterized by y* ~ 30 — 50 at the walls, compatible with
wall-modeled LES best practices (Larsson et al., 2016), and respect the Pope criterion in the wake.

Key aerodynamic quantities, namely the mean drag coefficient Cp, ,, the fluctuating lift coefficient s¢d(C,), and the Strouhal
number St were monitored (Table 4). Variations between the intermediate and finest meshes remained below 1% for Cp, ,, while the
shedding frequency was unaffected. The observed 13% variation in std(C;) is consistent with the natural sensitivity of fluctuating
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Table 3

Grid independence and convergence study for naked
model. Characteristics of the tested meshes and results
comparison at U =4m/s.

Mesh name Mesh size Cpm std(Cp) St

M1 - coarse ~ 3 million 1.12 0.33 0.151
M2 - medium ~ 4 million 1.12 0.36 0.151
M3 - fine ~ 6 million 1.13 0.41 0.151

lift to spanwise resolution in WMLES. Similar levels of variation are reported for rectangular cylinders in Grozescu et al. (2011a),
Alvarez et al. (2019). The mean values and shedding frequency, which are more robust indicators of mesh adequacy, confirm that
the adopted mesh is sufficiently resolved for the purposes of the study.

Statistical convergence was verified by monitoring running averages of global force coefficients and shedding frequency, which
reached stable values within the chosen sampling window (more than 30 shedding cycles). The final grid design (mesh M2) balances
accuracy and computational feasibility. The adopted mesh parameters are summarized in Table 4.

The numerical model is validated against the experimental results through comparison of both local and global quantities. Local
validation relies on the pressure coefficient defined as:

p(t) - pref

C() = ————, (5)

o) 0.5pU2
where p(t) is the instantaneous surface pressure and p,, , is the static reference pressure.
Global aerodynamic forces are expressed through the non-dimensional force coefficient:
F(1)

Cr(t) = ———, 6

F® 05,U2Bh (6)

where F(r) is the aerodynamic force in either drag or lift direction, B is the along-wind dimension of the prism, and 4 its spanwise
extent (equal to the thickness ¢ for a sectional model).

The vortex shedding frequency f,, is identified as the dominant peak in the power spectral density of the cross-wind force. The
corresponding Strouhal number is then calculated as:

fl)S D

U

where D is the cross-wind dimension and U the inflow velocity.
Validation is carried out by comparing the temporal mean and standard deviation of these quantities between CFD and wind tunnel

results across the tested wind speed range. Agreement in pressure distributions, global force coefficients, and shedding frequency

provides confidence in the numerical model and its ability to reproduce the key flow and force features of both the naked and porous

configurations.

St = 7

Porosity treatment

The effect of the porous envelope is modeled using the Darcy—Forchheimer approach, implemented in four mesh regions where
an additional momentum sink is applied (see detail in Fig. 4). A thickness of more than 5 cells is ensured to guarantee that imposed
momentum loss (Pomaranzi et al., 2021). This homogenized representation is appropriate since the characteristic pore size of the
perforated sheet is much smaller than the global body dimensions (Xu et al., 2022a).

In these porous regions, a sink term s = [5ys Sy, 8 ] is added to the momentum equation and defined according to the Darcy—
Forchheimer law as

z

s=—uDu— %pUFll, (€)]

where u = [u,,u,, u,]’ is the local velocity vector, U = |lul| its magnitude, y and p are the fluid viscosity and density, and D and F are
diagonal matrices representing the Darcy and Forchheimer tensors.
Since the envelope consists of a perforated metal sheet, viscous stresses (the Darcy term) are negligible and the dominant inter-
action is due to pressure drag (Pomaranzi et al., 2021). For incompressible flow, the momentum equation therefore reduces to
ou; + a(”j”j) _ 0 < aui>+ld_p

ot ox; ox;\" 0x; p 0X;

—Ufu,  hj=xyz, 9

where p is the pressure and f; are the diagonal terms of the Forchheimer tensor

i 00
F=[0 f, oOf
0 0 f

Because of the geometric symmetry of the perforated mesh, f, = f.. The normal resistance f, is obtained by dividing the experi-
mentally measured pressure-loss coefficient k by the porous domain thickness 4. The tangential resistance coefficients f), and f,, not
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directly measurable, are estimated following the methodology of Marykovskiy et al. (2024) and Pomaranzi et al. (2021), which com-
pares forces from explicit and homogenized porous-medium models. The resulting ratio f, = f, ~ f, /13 is consistent with previous
high-fidelity CFD studies on similar perforated materials (Marykovskiy et al., 2024; Chen and Christensen, 2016).

5. Rigid model results

The analysis begins with the rigid configuration. Wind-tunnel tests were carried out to characterize the pressure distribution on
the prism’s inner facade in both the naked and porous configurations, to highlight the aerodynamic differences between the two.
Measurements were repeated at five wind velocities (U = [3,4,5,6,8]m/s) to verify the consistency of the results across different
Reynolds numbers. Experimental data were first used to validate the CFD model, which was subsequently employed to gain further
insight into the vortex-shedding (VS) mechanism and the flow modifications induced by the porous envelope.

Aerodynamic characterization

Figs. 5 report the mean pressure coefficient C, ,, (subfigures a,c) and its standard deviation std(C,) (subfigures b,d) for the naked
and porous configurations. Since the results are independent of wind speed, only the case at U = 4 m/s is shown. In the plots, facade
A denotes the windward surface perpendicular to the incoming flow, B and D represent the lateral faces, and C corresponds to the
leeward face.

In both configurations, the windward surface exhibits a mean pressure coefficient close to unity with negligible fluctuations, as
expected for a stagnation region.

For the naked configuration (Figs. 5a,b), the leeward face C is characterized by a coherent negative pressure region associated
with the formation of a recirculation bubble. On the central floors (3-4-5-6), std(C,) reaches a minimum near the mid-width tap and
peaks at the outer taps, a signature of the alternating von Kdrman vortex pair. Along the lateral facades, a nearly constant negative
pressure region develops near the leading edge (C,, ,, ~ 0.8, std(C,) ~ 0.04). Moving downstream, the mean pressure partially recovers
(C,,» = 0.3) and pressure fluctuations increase (std(C,) ~ 0.14). This behavior reflects the dynamics of the separated shear layer, which
reattaches downstream, causing a partial pressure recovery and stronger unsteady loading. Minor asymmetries are visible between
faces B and D, likely due to a slight model misalignment with respect to the incoming flow, though they do not significantly affect
the overall phenomenology.

A clear variation of pressure distribution along the height is observed. Three-dimensional effects at the clamped and free ends
cause an earlier reattachment of the shear layer and a smaller negative pressure bubble at the extremities. These end effects, typically
associated with the formation of horseshoe and tip vortices, are well documented in literature (Rastan et al., 2021; Sumner et al.,
2017). Consequently, floors 4-5-6 show the most uniform pressure distribution, being less influenced by boundary conditions, and
are therefore selected as reference sections for the validation of the sectional CFD model.

In the porous configuration (Figs. 5¢,d), a similar global pattern is observed, but the magnitude of both mean and fluctuating pres-
sures is considerably reduced. The lateral fagades display an almost constant C, ,,, with an average decrease of about 40% compared
to the naked case. The amplitude of std(C,) near the leeward edge is also reduced by roughly 35%, indicating a weaker wind-structure
interaction. Moreover, the pressure field is more uniform along the height, with less pronounced three-dimensional effects. This ho-
mogenization of pressure and reduction in fluctuation intensity confirm the filtering effect of the porous medium on the aerodynamic
loads.

Being the VS mainly affected by the cross-sectional geometry, and to isolate the role of the porous covering on VS from edge
effects, the analysis is restricted to the central floors (4-5-6). Since they exhibit a similar behavior in the experiments, floor 5 is
chosen as a reference for the comparison with CFD results.

For the naked configuration, numerical and experimental results show good overall agreement in both mean and fluctuating
pressure distributions (Figs. 6a-b). The most noticeable discrepancies occur around y ~ 0.8 D on the cross-wind faces and at the leeward
edge, where the CFD slightly overestimates suction. These deviations are consistent with known differences between sectional CFD
models and finite-height experiments. In the wind-tunnel setup, end-induced structures such as tip downwash and horseshoe vortices
reduce the extent of the recirculation bubble and weaken the leeward suction (Rastan et al., 2021; Sumner et al., 2017), leading
to reduced mean pressure values compared to the sectional models. Likewise, the interaction between primary and secondary tip
vortices disrupts the coherence of the shear-layer roll-up along the height, producing a smoother std(C,) distribution experimentally,
while the sectional CFD preserves full spanwise coherence and thus predicts a more pronounced fluctuating peak (Bruno et al., 2014;
Grozescu et al., 2011a).

Differences in inflow conditions further contribute to the mismatch: the CFD adopts a smooth inflow, whereas the wind-tunnel
tests exhibit a turbulence intensity of about 2% with integral scales of 15-20 cm (Fig. 3). As shown in (Ricci et al., 2017; Alvarez
et al., 2019), such turbulence accelerates wake recovery and reduces both leeward suction and fluctuating loads, consistent with the
experimental trends.

Despite these localized discrepancies, global aerodynamic coefficients (drag, lift, Strouhal number) remain fully consistent with
the measurements and with reference data for similar geometries (Sohankar, 2008; Wang et al., 2024), confirming that the sectional
CFD model captures the dominant vortex-shedding behaviour.

For the porous configuration, the agreement between CFD and experiments is considerably stronger. Both the mean and fluctuating
pressure distributions (Figs. 6¢-d) follow the measured trends closely, with deviations markedly smaller than those observed in
the naked case. The CFD reproduces the experimentally observed reduction in suction on the side and leeward facades and the
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Fig. 5. 3D structure, U =4m/s.

Table 4

Comparison between experimental and numerical aerodynamic quantities on a section of the rectangular cylinder. The
statistics are obtained from tests on the rigid model at U = [3,4,5, 6,8] m/s. In the experimental results, just floors 3,4,5
are considered.

Source Configuration B/D[-]  Cp, [-] std(Cp) [~] std(Cp) [-] St[-]
Present study Naked-Exp. 3.33 1.10+0.01 0.079+0.049  0.25+0.05 0.138+0.016
Present study Naked-CFD 3.33 1.13+0.03  0.054+0.006  0.35+0.03 0.151+0.020
Present study Porous-Exp. 3.33 1.12+0.01  0.058+0.036  0.17+0.04 0.038+0.020
Present study Porous-CFD 3.33 1.40+0.17 0.040+0.023 0.22+0.12 0.055+0.007
Shimada and Ishihara (2002) ~ Naked-CFD (RANS) 3.5 1.23 - ~ 04 0.140-0.155
Sohankar (2008) Naked-CFD (LES) 3.5 1.2 0.02-0.1 ~0.5 0.150

Yu and Kareem (1998) Naked-CFD (LES) 4 ~ 1.35 - 1 ~0.155
Alvarez et al. (2019) Naked-CFD (LES) 4 1.03-1.14 0.04-0.10 0.31-0.90 0.131-0.142
Wang et al. (2024) Naked-CFD (LES) 4 1.07 0.05 0.53 0.137

Yu and Kareem (1998) Naked-CFD (LES) 3 1.30 - 1 ~(.185
Shimada and Ishihara (2002) Naked-CFD (RANS) 3 1.15-1.20 - 0.1-0.4 0.165

attenuation of the pressure fluctuations associated with the filtered shear-layer dynamics. This improved match indicates that the
Darcy-Forchheimer homogenized model accurately captures the aerodynamic influence of the porous envelope, including its capacity
to redistribute pressure and weaken the unsteady loading on the inner facade. The consistency between numerical and experimental
results provides confidence in the suitability of this modelling approach for interpreting the flow mechanisms induced by porous
facades.

Comparison with literature

The aerodynamic properties of the B/D = 3.33 section fall between those of B/D =3 and B/D = 4 prisms. Reported Strouhal
numbers range from 0.185 (Yu and Kareem, 1998) to 0.165 (Shimada and Ishihara, 2002) for the aspect ratio 3 and from 0.131-
0.142 (Alvarez et al., 2019) to 0.137 (Wang et al., 2024) for aspect ratio 4, with values around 0.150 for B/D = 3.5 (Sohankar,
2008). Mean drag coefficients vary between 1.23 (Shimada and Ishihara, 2002) and 1.03-1.14 (Alvarez et al., 2019), while the
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Fig. 6. Floor 5, U = 4 m/s. Red dots: experimental results, blue bars: CFD results. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

standard deviation of drag lies between 0.02 and 0.1 (Sohankar, 2008), and the fluctuating lift ranges between the minimum of 0.1
(Shimada and Ishihara, 2002) to the maximum of 1.0 (Yu and Kareem, 1998). The present results (Table 5) fall within these ranges,
confirming the accuracy of both experimental and numerical approaches.

Flow modifications induced by porosity

Streamline visualizations reveal an additional separation point at the porous layer edge, generating a broader low-pressure zone
and a larger downstream recirculation region (see comparison between Fig. 7a-b and detail (c)). A secondary recirculation bubble
forms through the porous shroud, producing confined-flow behavior on the structural facade (see Fig. 7d). In this region, nearly
parallel streamlines lead to a uniform pressure distribution in the along-wind direction (Deville, 2022). This explains the homoge-
nization effect observed in the cross-wind facades: both C,,, and std(C,) are flatter and more uniform than in the naked case. As a
consequence, the porous facade reduces the mean and oscillating pressure on the inner surface by up to 40% (Fig. 6), consistent with
previous findings on porous shielding devices (Pomaranzi et al., 2020).

Vortex shedding characterization

Vortex shedding dynamics are characterized by analyzing the frequency of the cross-wind force. Slight discrepancies among levels
are observed, mainly at the floors 6-7-8, due to the boundary layer in the wind tunnel, which reduces local mean velocity (Fig. 3). The
Strouhal number, however, remains nearly constant across levels. Two dominant frequencies are detected: a low-frequency branch
at St =0.033 + 0.017, associated with detached shear layers, and a high-frequency branch at .St = 0.138 + 0.016, linked to reattached
shear layers. Such dual behavior is typical of rectangular cylinders with 2.5 < B/D < 3.5, which fall in a critical regime where both
separated-flow and reattachment modes can coexist (Zdravkovich, 1997; Wang and Zhou, 2009; Rastan et al., 2017).

The CFD results capture both behaviors, showing peaks at St = 0.014 and St = 0.127-0.145, consistent with the mid-level experi-
mental data (Fig. 8). The dominant VS mode relevant for VIV corresponds to the reattached-flow branch, as discussed in the following
section.

In the porous configuration, two peaks are also identified: the main one at .St = 0.055 + 0.007, originating from shear layer sepa-
ration at the porous envelope edge, and a secondary one at .St = 0.124 + 0.011, slightly lower than in the naked case.

To characterize wake dynamics in a non-dimensional and physically consistent manner, both the spanwise vorticity and the
Q-criterion are reported in normalized form:

@D op?

* *
=0 Q——Uz.
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Fig.7. Streamline representation of the mean velocity field U = 4 m/s. On the background normalized pressure C, in the top figures and normalized
flow velocity in the along-wind direction U, /U in the bottom figures.
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Fig. 8. Comparison between the power spectral density of the force coefficients measured at floors 2,5,8 (colored lines) and the one calculated from
the CFD simulation (blue squares) at U = 4m/s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

The scaling removes the dependence on the absolute velocity magnitude U, enabling a consistent comparison between the naked and
porous configurations and highlighting coherent structures across different flow regimes (Jeong and Hussain, 1995).

Using these normalized quantities, Fig. 9 shows that vortices shed from the porous-layer edges (Fig. 9b detail (1)) interact down-
stream with those generated at the structural facade (Fig. 9b detail (2)), producing a broader wake. Iso-surfaces of O* capture the
interaction and merging of the two shedding systems, which leads to large-scale wake meandering. This modulation correlates strongly
with the low-frequency force component at St ~ 0.055, indicating that the porous facade introduces a distinct low-frequency shedding
mode that dominates the aerodynamics of the modified configuration.

6. Aeroelastic results

The rigid-model analysis established that the porous facade modifies vortex shedding by introducing an additional low-frequency
mode and homogenizing the pressure distribution on the inner surfaces. The next step is to evaluate whether these aerodynamic
changes affect the onset and development of aeroelastic instability. To this end, the structure is now allowed to oscillate freely under
cross-wind excitation. Building on the previous experimental findings Catania et al. (2024), the Scruton number is selected within the
range where porosity effectiveness has been shown to be strongly state-dependent. This results in S¢ = 10 for the naked configuration
and .Sc¢ = 8.1 for the porous configuration. The focus is therefore the investigation of different VIV onset mechanisms, depending on
initial conditions, and the way they are affected by the presence of the porous covering.
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Fig. 9. Instantaneous isosurface of Q* = 1, color map by non-dimensional vorticity magnitude in the z-direction. U = 4m/s.
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Fig. 10. Bell-shaped plot of the characteristic VIV quantities against non-dimensional wind speed U /U,,. Naked configuration (orange), porous
configuration (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

To investigate the vortex-shedding, cross-wind displacement, and pressure distribution over the model external surface are mon-
itored, increasing the wind speed from 0.65U,, to 1.3U,,, where U, is the wind speed at which fj ¢ = f|. Results are summarized
in Fig. 10, where subplot (a) reports the standard deviation of the cross-wind displacement measured at the top of the building as a
function of the wind speed, while subplot (b) shows the oscillations of the Lagrangian component of lift force, obtained from pressure
integration over the lateral surfaces of the model multiplied by the mode shape evaluated at each section (as indicated in Eq. 3). To
fully characterize the VIV phenomenon, the VS frequency is obtained from the lift force and monitored as a function of the wind
speed, as shown in subplot (c). Finally, the phase shift between the total lateral force and the top displacement is reported in subplot
(d). Fig. 10 collects the results obtained for the naked and PDSF configurations, both in progressive regime and build-up. All the
quantities are evaluated in the steady-state conditions.

Naked configuration

Independent of the initial conditions, the naked configuration exhibits the canonical VIV behavior, with a well-defined lock-in
region in the range U = [0.9-1.2]U.,,. In steady-state conditions, maximum oscillation amplitude occurs at U = 0.98 U,,, close to the
critical velocity defined as U,, = f, D/St. The aerodynamic force peaks slightly earlier, at U = 0.95U,,., reproducing the characteristic
bell-shaped response curve.
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(a) Displacement and total force coefficient time history.
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(b) Spectrum of the total force coefficient.
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(c) Polar plot, zoom ¢ = [0, 10] s, rising VIV. (d) Polar plot, zoom ¢ = [35,45] s, fully developed VIV.

Fig. 11. Naked configuration, U /U,, = 1.02, Build-up (BU).

Within the synchronization range, the aerodynamic force and structural displacement are nearly in phase, with a shift that grows
with velocity. In this regime, the vortex-shedding frequency locks into the structural frequency, concentrating the energy of the
aerodynamic forcing around f; (Fig. 10c). At U ~ U,,, the signals reach quadrature, a condition associated with maximum energy
transfer and thus large-amplitude oscillations. Beyond this point, the phase shift increases toward 180°, marking the end of the lock-in
region. This phenomenology is consistent with classical VIV theory (Williamson and Govardhan, 2004).

Since the focus is on the understanding of the VIV onset, it is of interest to analyze the transient to the steady-state conditions. To
do so, build-up tests have been performed to understand the way steady-state conditions are reached from rest. Within the transient,
it is interesting to monitor the evolution of aerodynamic force amplitude and phase with respect to the structural motion. Specifically,
the pressure taps distributed along the model surface allow for the time-space reconstruction of the aerodynamic force, that, properly
weighted by the modal shape ¢(z), allows for the computation of the Lagrangian components of the external force and thus the
identification of the levels that play a major role in the VIV phenomenon. The distinction between physical and modal forces is
essential in this scenario, given the aero-elastic nature of VIV.

As an example, the tests at the most critical VIV condition, U = 0.98 U,,, are examined. For this case, Fig. 11a shows the time
histories of the top displacement and of the total force coefficient in build-up conditions for the naked configuration. The force signal
is represented both raw (grey line) and band-pass filtered between 0.9/, and 1.1 f; (orange line). This comparison helps to highlight
the state-dependent component and isolate it from the other spectral contributions. Fig. 11b displays the complete force spectrum
instead, with a clearly visible peak at the resonance frequency.

During the transient, for the excitation to be effective, a Lagrangian component of the cross-wind force should be in quadrature
with the structural displacement. This allows efficient energy transfer from the flow to the structure, promoting vortex-induced
vibrations onset Ramesh et al. (2025).

The behavior of the Lagrangian components associated with different levels in the model can be conveniently visualized through
polar plots: the vector length corresponds to the standard deviation of the Lagrangian component of the modal force at a given floor,
while the angular position indicates its phase relative to the structural motion. In this representation, effective contributions appear
as long vectors and in quadrature with respect to the displacement, whereas ineffective (out-of-phase or incoherent) components
appear shorter or scattered. Referring to the time histories reported in Fig. 11a and considering the first oscillation cycles (0-10s),
the polar plot of the Lagrangian components for each floor is presented in Fig. 11c, together with the total Lagrangian component. It
results that the top floor (Cp ;) is the only one characterized by a phase shift almost null, most likely due to the edge effects, while

13



M. Catania et al.

0.06 |-

*‘lc'/ D Hoa
4+ Q.tot TAW)|
004 7CQ.IOI fllt
[117] ——— N b 1 10.05
2 O e Wil o o
. ! S
Ao A 0 8 T L A A 0 O .
(c) (d) -0.05
0.04-
0.1
006} ‘ |
0 10 20 30 40 50 60

(a) Displacement and total force coefficient time history.

Journal of Fluids and Structures 143 (2026) 104538

(b) Spectrum of the total force coefficient.
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(c) Polar plot, zoom ¢ = [2,12] s, rising VIV. (d) Polar plot, zoom ¢ = [35,45] s, no VIV.

Fig. 12. Porous configuration, U /U,, = 0.98, build-up (BU).

all the other floors’ contributions display coherent phases between 60° and 90°. This early-phase alignment efficiently injects energy
into the system, and the resulting Cy, ,,, shares the same orientation as most of the floors.

Eventually, when the transient ends and VIV is fully developed, the force characteristics converge to steady-state. Fig. 11d shows
the polar plot of the forces extracted in the time span 35-45s from Fig. 11a. The total forcing has the same phase observed in Fig. 10d:
here level 3 provides the dominant contribution, followed by levels 2 and 4; higher floors show larger phase shifts, and the lowest
floor is still strongly affected by end effects.

Porous configuration

Switching to the porous configuration, it is useful to go back to the steady-state plots reported in Fig. 10. The aeroelastic response
changes markedly with respect to the naked configuration, showing a strong dependency on the imposed initial condition. In a
progressive regime, VIV phenomenology is comparable to the naked case, with the characteristic ’bell-shaped plots’ occurring at the
U/U,, > 0.98. Conversely, at the same critical wind speed U /U, = 0.98, no significant oscillations are recorded in the build-up case.
To further understand this condition, Fig. 12a reports the time histories of the system response and the integral of the pressure field,
expressed as modal force. The displacement is characterized by a pulsating behavior, with some cycles in which it seems to increase,
followed by other periods with much smaller amplitudes. Given the aeroelastic nature of the force, the same behavior is manifested
at the same time spans by the motion-induced component of the forcing. In fact, the force spectrum (Fig. 12b) reveals two main
contributions: (i) a motion-induced component at the structural frequency f = f;, corresponding to the natural oscillation mode; and
(i) a porosity-induced component at f ~ 0.3f; (St~ 0.05), consistent with the rigid-model results. In this case, the low-frequency
forcing generated by the shroud edges cannot excite the natural frequency, and VIV does not develop.

Polar plots again provide insight into the spatial distribution of forces and their effectiveness on the VIV mechanism. Still referring
to the most critical VIV condition, time ranges where the resulting Lagrangian components are characterized by the highest amplitudes
are selected: Fig. 12c reports the polar plot from time range 2-12s. Different contributions are spread between 40° and 85°, with
dominant contributions from top floors with opposing trend: levels 1 and 2 are contributing almost equally to levels 3-4-5 but they
are consistent in phase behavior. This lack of coherence disrupts synchronization and prevents the establishment of lock-in. To further
visualize this, the spectra of the Lagrangian components at such floors are shown in Fig. 14a: energy appears distributed over a broad
range with main contributions at St ~ 0.05 and St ~ 0.15, but without a dominating sharp peak at the lock-in frequency.

Displaying the polar plots at a later time range from Fig. 12a, where the oscillation amplitude has decayed, leads to the results in
Fig. 12d: the phases of the modal forces are scattered between 35° and 120°, confirming the absence of coherent forcing. This phase
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Fig. 13. Porous configuration, U /U,, = 0.98, imposed initial displacement (EI).

dispersion is a quantitative indicator of the system’s inability to sustain VIV. The scattered energy distribution is also visible from the
Lagrangian component spectra of floors 2-3-4-5 ( Fig. 14b), where no consistent peak at the lock-in frequency is found.

Given the already-observed dependency on the initial conditions in the porous configuration, it is interesting to visualize through
the polar plot the effects of a finite perturbation as a trigger of the VIV.

The imposed perturbation in EI tests consists of an impulse-like initial input. A single-step transverse displacement of amplitude
xo/D =~ 0.1 is applied instantaneously at the top of the building while the wind speed is in steady-state conditions at U /U, = 0.98.
Figs. 13a-b report the time histories of structural response and total forcing and its spectrum.

During the initial cycles (Fig. 13c), the force contributions across levels become more coherent, particularly at level 2, which
aligns with the total force and actively drives the oscillation. Computing the spectra of the Lagrangian components of top floors
(Fig. 14c), the synchronization at the lock-in frequency is predominant, with a residual contribution at St ~ 0.05 that persists but
remains secondary. The force spectra confirm that all components synchronize at the lock-in frequency, while a residual contribution
at St ~ 0.05 persists but remains secondary.

This reveals that, in this case, the porous-induced mode is not capable of preventing VIV by itself; the role of the external input is
predominant, triggering the onset of spatially coherent motion-induced forces synchronized with the structure’s natural frequency.

Once VIV is established (45-55s in Fig. 13a), the phase distribution among levels resembles that of the naked configuration, with
an inverse dependence on floor height. This shows that, after onset, the fluid-structure system behaves as if the shroud were absent.

These findings confirm the capability of a porous covering to alter VIV initiation by desynchronizing wind-induced forces at
different levels along the height of the building, responsible for a more scattered energy distribution in the force spectrum. In build-
up tests, the dominant shedding frequency is associated with the separated shear layer at the shroud edges; this low-frequency mode
cannot excite the structural natural frequency, and oscillations remain suppressed. When an external perturbation is applied, however,
motion-induced forces emerge at f|, leading to synchronization and VIV development with characteristics nearly identical to those
of the naked prism. Porosity, therefore, acts as a conditional mitigation strategy: it raises the threshold for instability and prevents
spontaneous oscillations under quiescent conditions, while leaving the system susceptible to vibrations once finite disturbances are
introduced.
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Fig. 14. Porous configuration, U /U,, = 1.02. Spectra of Lagrangian force components of floors 2,3,4,5. The vertical dotted black lines highlight the
St number associated with porosity and motion-induced VS.

Discussion

The aeroelastic tests reveal a fundamental difference between the naked and porous configurations, which can be understood
by considering the deterministic nature of vortex-induced vibrations and the effect of the porous envelope on the energy balance
governing the onset of the instability.

For the naked prism, once the geometric properties, modal parameters, and inflow conditions are fixed, the VIV response is
inherently deterministic. Any non-zero initial motion converges to the same limit-cycle oscillation. This behaviour is characteristic
of vortex-induced vibrations (Williamson and Govardhan, 2004; Zasso et al., 2008). In the present experiments, this property is
demonstrated by the correspondence between progressive-regime (PR) tests, where each operating point is reached with a finite
initial displacement, and build-up (BU) tests from rest. As shown in the previous sections, both procedures lead to identical steady-
state displacement, force, frequency, and phase relationships. This confirms that, in the naked configuration, vortex shedding already
provides sufficient aerodynamic energy to trigger synchronization, regardless of the type or amplitude of the initial perturbation.

The porous configuration behaves fundamentally differently. The absence of oscillations in BU tests indicates that the porous
envelope introduces an effective stabilizing mechanism, which may be interpreted as an aerodynamic added-damping effect. Several
studies on porous coverings report similar reductions in forcing efficiency and increases in the threshold for VIV onset (Hu et al.,
2017; Catania et al., 2024). In this scenario, the aerodynamic energy extracted from the flow during the early cycles is insufficient
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to overcome the damping contributions of the structure and the porous layer, and the oscillations decay. An externally imposed
displacement, however, provides the additional initial energy required to activate motion-induced forces, allowing the system to
reach the synchronization threshold and develop VIV. This explains why the porous model oscillates in EI and PR tests but not in BU
conditions.

This mechanism also clarifies why VIV may still arise at U = 0.98U,, in PR tests. At this velocity, the aerodynamic forcing is
maximum, and even small naturally occurring perturbations, such as low-level buffeting, can supply sufficient energy to exceed the
onset threshold. At other reduced velocities, the reduced VS energy and the stabilizing effect of the porous layer make spontaneous
VIV onset unlikely, which is consistent with the observed phase behaviour of the modal forces.

These observations demonstrate that the porous facade alters the onset dynamics of VIV by increasing the energy threshold required
to initiate lock-in, while leaving the post-onset limit-cycle behaviour essentially unchanged. Once synchronization occurs, the system
evolves like the naked configuration, confirming that porosity acts as a conditional mitigation strategy capable of preventing self-
excited oscillations under quiescent conditions but not under sufficiently energetic perturbations.

7. Conclusions

This study investigated how a porous facade modifies the aerodynamic and aeroelastic behavior of a rectangular prism with
aspect ratio B/ D = 3.33, representative of a high-rise building. A combined experimental and numerical approach was adopted, with
wind tunnel tests on rigid and aeroelastic models and Wall-Modeled Large-Eddy Simulations (WMLES) using a Darcy-Forchheimer
homogenized representation of porosity. Main findings can be summarized as follows:

Rigid-model tests reveal that the pressure distribution on the building’s fagade is strongly affected by the presence of the porous

covering. This is valid for both the mean and the oscillating part, with more uniform distributions from the porous configurations.

e The CFD simulations reproduced these features with good accuracy, validating the Darcy-Forchheimer approach as a reliable
tool for capturing the global aerodynamic loads and the detailed pressure field in porous-covered configurations. Beyond rigid-
body aerodynamics, the model provides physical insight into the flow mechanisms underlying the experimental observations,
confirming its value as an interpretative and predictive tool.

» Making advantage of the combined experimental and CFD approaches, the rigid-model analysis showed that the porous layer sig-
nificantly alters vortex shedding and the mechanism behind such modification. Additional separation points form at the windward
edges of the envelope, producing shear layers that interact with those generated from the inner facade. Their coalescence widens
the wake and shifts the main shedding frequency from S7 = 0.14 to .St ~ 0.05. The porous covering also leads to a more uniform
pressure distribution on the sheltered surface, consistent with its shielding effect.

* When aeroelastic effects are considered, above a certain Scruton threshold, the porous facade modifies the initiation of VIV. In
build-up tests, the coherence among modal force components in the first oscillation cycles is disrupted, preventing the lock-in
process. In this regime, the force spectrum is dominated by a low-frequency contribution associated with porosity, and vibrations
remain suppressed. However, when the system is perturbed by an imposed initial displacement, the force components synchronize
and VIV develops with amplitudes and phase behavior similar to the naked case. This highlights the conditional nature of the
mitigation: porosity raises the energy threshold required for oscillation onset, effectively preventing self-excited motion under
quiescent conditions, but not when significant disturbances are present.

These findings clarify the mechanisms by which porous facades influence vortex shedding and VIV initiation. While the results
demonstrate the potential of porosity as a conditional mitigation strategy, further studies are needed to extend the analysis to different
porosity levels, facade configurations, and mass-damping conditions before practical design recommendations can be formulated.
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Further development

The findings open several directions for future work. The analysis here was limited to a single porous facade configuration; further
studies should examine the influence of porosity ratio and installation distance from the inner face, as well as other facade geometries
commonly used in architecture, such as louvers and patterned double-skin systems. The validated numerical framework provides a
powerful tool to complement experimental work and to facilitate exploring the effectiveness of different facade configurations. The
Darcy-Forchheimer model, shown to accurately reproduce the rigid behavior, can be upgraded the aeroelastic configuration to dive
into the characteristics of VIV also numerically. Moreover, it could be exploited to conduct systematic parametric studies to explore
not only different porosity values and facade spacings, but also the aerodynamic and aeroelastic performance of a wider range of two-
and three-dimensional porous coverings. Finally, extending the analysis to different mass-damping conditions and inflow turbulence
levels will help quantify the robustness and practical applicability of porous facades as a VIV mitigation strategy for civil infrastructure.
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