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 A B S T R A C T

The study focuses on the combination of two numerical approaches that are typically not used together in this 
manner. The first is a well-established partitioned fluid–structure interaction (FSI) simulation methodology 
relying on a finite-volume fluid solver for curvilinear, block-structured, body-fitted grids written in the 
Arbitrary Lagrangian–Eulerian (ALE) formulation, and a finite-element solver for the structural analysis. The 
second approach is an immersed boundary (IB) method employing a continuous and direct forcing strategy. 
The IB method, often applied to Cartesian grids, is also referred to as an approach to simulate fluid–structure 
interactions. In this study, both methods are combined to exploit their respective advantages in simulating a 
complex flow problem. The coupled FSI problem involves the interaction of a thin, flexible structure deforming 
under the dynamic load of a wind gust (task 1). The gust itself is generated by an artificial wind gust generator, 
which includes a paddle that partially obstructs the wind tunnel’s outlet, thereby defining an FSI problem of 
its own (task 2). For task 1, the classical partitioned ALE approach is employed, while the IB method is more 
appropriate for task 2. Using available experimental measurement data for both the fluid flow and the structural 
deformation, the combined simulation framework is first validated for the case without gust. In a second step, 
the more challenging FSI problem of discrete gusts impacting the T-structure is thoroughly analyzed and the 
predicted data are compared with the available measurement data. For both cases without and with gusts, a 
very good agreement between simulation and experiment is achieved, which justifies the chosen approach.
1. Introduction

Extreme weather phenomena characterized by high wind velocities 
and strong wind gusts have been observed more and more frequently 
in recent years. Structures exposed to such wind conditions are not 
only subjected to high static forces. Dynamic loads caused by the 
short-term wind gusts are also particularly relevant for stability and 
fatigue strength. This is especially true for constructions made of thin 
structures and/or lightweight materials, which are vulnerable to wind 
events.

To better understand the impact of strong wind gusts on such 
constructions, conducting measurements on real structure may be seen 
like the most straightforward approach for investigating fluid–structure 
interactions. However, simultaneously measuring the fluid flow and the 
structure deformation at real scales is extremely challenging and costly. 
Additionally, the difficulty exists that the wind speed and gust strength 
cannot be controlled in nature. Instead, one must set up the measuring 
equipment and wait for the right weather conditions to occur. To 
conduct these investigations in a laboratory setting, it is necessary to 
develop methods to artificially generate wind gusts in a wind tunnel.
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Recently, Wood et al. [1] conducted a comprehensive literature 
review on methods for generating artificial wind gusts in a laboratory 
environment. Generally speaking, wind gusts can be divided into two 
classes, vertical and horizontal gusts. Vertical gusts are directed per-
pendicular to the main flow direction and are particularly relevant in 
aeronautics leading to rapid changes in lift forces when an airplane 
is subjected to such a gust, c.f., [2–5]. Contrarily, in the horizontal 
case the gust is directed in the main flow direction. This gust type is 
especially of relevance in civil engineering applications, i.e., for the 
stability of bridges, high-rise buildings or thin-walled constructions. 
Moreover, energy harvesting wind turbines are also vulnerable to such 
gusts [6] inducing a variety of studies, c.f., [7–10].

Building on their literature review and concentrating on horizontal 
wind gusts, Wood et al. [1] developed a novel artificial wind gust 
generator (WGG) known as the paddle. By partially obstructing the 
outlet of the wind tunnel nozzle with the paddle within a short time 
interval, the flow is significantly accelerated leading to a horizontal 
gust. In Wood et al. [1] and Wood and Breuer [11] it is demonstrated 
that the shape and the intensity of the generated wind gust can be 
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effectively controlled achieving high reproducibility and allowing the 
superposition of these wind gusts onto the free-stream flow.

The possibility to synchronize the wind gust generator with the 
measurement equipment for both the fluid flow and the structural 
deformation using a trigger signal was first used in a follow-up study 
by Breuer and Neumann [12]. The aim of this study was to develop 
a measurement strategy capable of simultaneously capturing the fluid 
flow and the structural deformation during the impact of the gust with 
high temporal resolution. For this purpose, a synchronized setup was 
utilized, comprising the previously described WGG and two distinct 
high-speed optical measurement techniques, i.e., particle-image ve-
locimetry (PIV) for the fluid flow analysis and digital-image correlation 
(DIC) for monitoring the structural deformations. More than 100 gust 
events with consistent characteristics were recorded, enabling the com-
parison of different gust realizations and facilitating phase averaging. 
Designed as a benchmark case, a geometrically simple T-shaped thin 
structure was selected as the test object. The structure was mounted 
onto the bottom wall of the test section and subjected to the fluid load 
of the impacting gusts. The data generated in this study are employed 
in this paper for comparative analysis.

In addition to experimental investigations, engineers are also inter-
ested in describing such coupled FSI problems using advanced numeri-
cal simulations. This naturally raises the question of how to accurately 
reproduce the experimental generation of wind gusts observed in the 
wind tunnel within a numerical framework. The study by Boulbrachene 
and Breuer [13] addressed this question in detail. To describe the 
motion of the paddle that partially blocks the nozzle’s outlet and is 
responsible for the gust generation [1], the immersed boundary (IB) 
method with a continuous and direct forcing approach was imple-
mented into a finite-volume flow solver for large-eddy simulations. The 
IB method ensures smooth pressure and velocity fields without any nu-
merically induced oscillations when the paddle moves through the fluid 
stream. Compared to alternative approaches for generating gusts, which 
will be discussed in more detail in Section 2.2, the IB method offers 
the most realistic option for reproducing the gusts generated by the 
experimental device (‘numerical wind tunnel’). The simulation results 
in Boulbrachene and Breuer [13] demonstrated excellent agreement 
with the measurements conducted by Wood et al. [1] at specific points 
in the flow field, validating the robustness and accuracy of the proposed 
simulation methodology.

The objective of this study is to create a numerical counterpart of 
the experimental investigations on the T-structure under wind gust load 
conducted by Breuer and Neumann [12]. To achieve this goal, the IB 
gust generation methodology described above is combined with the 
possibilities of coupled high-fidelity simulations for flexible structures 
in complex turbulent flows. This combination is a novelty. In contrast 
to the experiment, all field quantities, including velocities, pressure and 
deformation, will be provided in the entire domain with high spatial 
and temporal resolution. This measure shall facilitate a deeper analysis 
of the complex fluid–structure interaction of the thin structure and the 
gust-induced flow. The T-shaped thin structure mounted in the wind 
tunnel can be considered as a first step to prove and validate the newly 
combined methodology. As an initial step, the test case offers several 
advantages: the structure is geometrically simple, it consists of a thin 
brass sheet with easily determinable material properties, and, finally, 
comprehensive experimental measurements are available for validation 
and comparison.

The paper is organized as follows: Section 2 outlines the entire 
numerical methodology used for simulating both the fluid flow and the 
structural deformation, including the coupling procedure between the 
two. Section 3 elaborates on the definition of the test case, covering 
the physical properties as well as the numerical setup employed in the 
simulations.  Section 4 validates and analyzes the results obtained in 
two main substeps: As a first step, Section 4.1 serves as an additional 
validation of the already established ALE FSI computational frame-
work. The IB method is then activated within the ALE procedure and 
the entire framework is validated against the experimental results in 
Section 4.2.
2 
2. Numerical methods

Numerically simulating the coupled FSI problem, which involves 
the turbulent flow including wind gusts and the flexible structure, can 
be broken down into four key subtasks: Calculating the turbulent flow 
field, accurately representing the generation of gusts in the wind tunnel, 
determining the structural deformation, and finally coupling the fluid 
and structural simulations. For each individual subtask, a general de-
scription, the relevant equations, and previous publications thoroughly 
addressing these topics are provided below. The interactions among 
these subtasks are illustrated by the flowchart depicted in Fig.  1.

2.1. Numerical description of the fluid flow

The complex turbulent flow is predicted using the large-eddy sim-
ulation (LES) technique. The underlying computational fluid dynamics 
(CFD) solver, FASTEST-3D [14], solves the filtered Navier–Stokes equa-
tions in an Arbitrary Lagrangian–Eulerian (ALE) formulation [15]. 
These equations are discretized using the finite-volume technique on 
a curvilinear, block-structured, body-fitted grid with a collocated vari-
able arrangement.  The integral form of the governing equations for-
mulated for a temporally varying domain read:

∫𝑆(𝑡)
𝜌𝑓 (𝐮 − 𝐮grid) ⋅ 𝐧 𝑑𝑆 = 0 , (1)

𝑑
𝑑𝑡 ∫𝑉 (𝑡)

𝜌𝑓 𝐮 𝑑𝑉 + ∫𝑆(𝑡)
𝜌𝑓 (𝐮 − 𝐮grid)𝐮 ⋅ 𝐧 𝑑𝑆 = −∫𝑆(𝑡)

𝝉 ⋅ 𝐧 𝑑𝑆

− ∫𝑆(𝑡)
𝑝𝐧 𝑑𝑆 , (2)

where 𝐮 is the flow velocity, 𝜌𝑓  is the density of the fluid, 𝝉 is the stress 
tensor, and 𝐧 is the normal unit vector of the surface 𝑆(𝑡) belonging to 
the control volume 𝑉 (𝑡). Since the grid is deformable, 𝐮grid denotes the 
grid velocity with which the surface of a control volume is moving.

Surface and volume integrals appearing in Eqs. (1) and (2) are 
approximated using the midpoint rule. The pressure and the viscosity 
are linearly interpolated to the cell faces, resulting in a second-order 
accurate central scheme. To avoid wiggles in the simulation data, 
the velocities used for the prediction of the convective fluxes on the 
cell faces are approximated using flux blending [16], which com-
bines 3 % of a first-order accurate upwind scheme with 97 % of a 
second-order accurate central scheme. Furthermore, the momentum 
interpolation technique of Rhie and Chow [17] is applied to predict 
the mass fluxes through the cell faces preventing unwanted oscillations 
on non-staggered grids. To couple the pressure and velocity fields, a 
semi-implicit predictor–corrector scheme is employed for solving the 
incompressible Navier–Stokes equations [15]. First, the momentum 
equations are time-marched using a low-storage multi-stage Runge–
Kutta method to derive an intermediate velocity 𝐮∗. Then, the corrector 
step ensures mass conservation, yielding a divergence-free velocity 
field by solving a Poisson equation for the pressure correction. In 
the LES technique, the large scales of turbulence are resolved while 
the small scales are modeled with a subgrid-scale (SGS) model [18]. 
This study uses the classical Smagorinsky [19] model with a standard 
parameter 𝐶𝑠 = 0.1 and the Van-Driest damping function for the near-
wall region. Given that the near-wall grid resolution is sufficient to 
resolve the viscous sublayer, as detailed in Section 3, wall functions 
are not required, enabling a fully wall-resolved LES approach.

In the FSI simulation framework, the structural deformations re-
sulting from fluid forces 𝑓ALE, which are computed based on the fluid 
pressure and shear stresses acting on the structure, are taken into 
account at the interface between the fluid and the solid. This neces-
sitates that the ALE formulation accounts for the fluid motion within 
a temporally varying domain, requiring a body-fitted grid that must 
be adapted at each time step. Several techniques are available for grid 
adaptation depending on the magnitude of the structural deformations. 
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Fig. 1. Flowchart of the computational framework.
For small deformations as in the present test case, a very fast algebraic 
procedure is employed, utilizing a combination of linear and transfinite 
interpolations (TFI) [20]. This method is efficient, with its computa-
tional effort scaling proportionally to the number of volume grid points, 
and is well-suited for scenarios where the structural displacements 
do not significantly alter the fluid domain. A measure for the grid 
quality was introduced by Knupp [21] as the skew quality metric. For 
LES predictions, this value should not fall below 0.9 during the grid 
adaptation to guarantee a high grid quality. For alternatives in case of 
substantial deformations, refer to Sen et al. [22].

2.2. Numerical description of the gust generation

2.2.1. Overview
In the literature, continuous and discrete gust models are distin-

guished [23,24]. Continuous gust models, which describe wind condi-
tions in form of multi-correlated wind-velocity time series, are often 
applied in the context of fatigue evaluation. However, for the deter-
mination of extreme loads they are rather rarely employed. For this 
purpose, discrete models, describing the gust in a simplistic manner via 
mathematical functions representing the spatial and temporal velocity 
distributions [6], are more appropriate. Therefore, the brief overview 
is limited to this category.

A discrete wind gust can be described within a simulation environ-
ment using various approaches. One classical method for introducing 
wind gusts into the computational domain is to superimpose them at 
the inlet boundary, allowing the gusts to freely propagate through the 
domain. This technique is commonly known as the far-field boundary 
condition method. To maintain the global mass balance, especially in 
simulations involving incompressible fluid flows, this method requires 
dynamic adjustments of the inlet velocity in regions away from the 
gust. This measure ensures a constant total mass flow through the inlet 
[25,26]. Additionally, a highly resolved grid is essential to prevent sig-
nificant numerical damping of the gust while being convected through 
the flow domain toward the region of interest.
3 
To address the need for fine grids throughout the computational 
domain, several alternative approaches have been proposed. One such 
approach is the pure source-term formulation method, as suggested by 
De Nayer and Breuer [27]. In this method, the wind gust is injected 
at any position in the computational domain by adding a source term 
to the momentum conservation equation. This approach offers the 
advantage of maintaining the global mass conservation while also ac-
counting for the feedback effect of the flow field on the gust itself. This 
method circumvents the need for globally fine grids, thereby reducing 
computational costs.

Another class of approaches, often used in aeronautical applications 
for evaluating indicial responses of airplanes, is referred to as the 
prescribed velocity method. Unlike the previously mentioned methods, 
which allow gusts to propagate freely after the injection phase, the 
prescribed velocity methods define the position of the imposed field 
at each instant in time. Within this category, two distinct approaches 
are recognized: the field velocity method (FVM) and the split velocity 
method (SVM). The field velocity method was initially proposed by 
Parameswaran and Baeder [28] and Singh and Baeder [29]. The key 
idea behind FVM is to modify the convective fluxes of the mass and 
momentum conservation equations by superimposing a pre-defined 
additional velocity that varies in space and time according to a gust 
profile. To account for the missing feedback effect of the surrounding 
flow on the gust itself, the split velocity method was introduced, as 
originally proposed by Wales et al. [4]. In SVM, the velocity field is de-
composed into a prescribed gust velocity and the remaining background 
velocity, as denoted by Huntley et al. [30]. The momentum equations 
are effectively rearranged to solve for the background velocity, with 
additional source terms included to account for the feedback effect. 
Typical applications of this method are found in the works of Biler et al. 
[31], Badrya and Baeder [32], Badrya et al. [5] and Boulbrachene et al. 
[33].

All discrete gust approaches described so far rely on the assumption 
that the velocity distribution within the gust is both known and can be 
explicitly prescribed. Typically, deterministic functions are employed 
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for the spatial and temporal distributions, such as the Extreme Co-
herent Gust (ECG) or the Extreme Operating Gust (EOG) as defined 
by IEC-Standard [6]. However, in the current study, where the gust 
is generated within the wind tunnel using the WGG, these veloc-
ity distributions are not explicitly known. Although the experimental 
investigations conducted by Wood et al. [1] aimed to replicate the 1-
cosine gust shape characteristic of ECG gusts, this does not mean that 
the artificial gust generated by the paddle precisely matches the corre-
sponding velocity profile. To realistically reproduce the gust generated 
in the wind tunnel, the generation process of the gust involving the 
moving paddle must be taken into account. Unfortunately, none of the 
previously mentioned methods is capable of accurately capturing this 
process. Consequently, an alternative approach, as suggested by Boul-
brachene and Breuer [13], must be applied to achieve a more realistic 
simulation. This alternative approach will be explained next.

2.2.2. Immersed boundary gust generator
The working principle of the wind gust generator installed in a 

Göttingen-type wind tunnel with an open test section is straightforward 
(see Fig.  2): Initially, the nozzle of the wind tunnel is fully open. The 
fluid flows through the measurement section between the nozzle outlet 
and the receiver. The gust is generated by partially blocking the outlet 
of the nozzle for a short time period. This closure operation is achieved 
by a rigid plate (referred to as the paddle) mounted on a movable 
saddle of a tooth belt axis. All key kinematic parameters of the tooth 
belt axis – such as stroke length, velocity and acceleration – can be fully 
controlled by the software allowing to generate various gust shapes, as 
detailed in Wood et al. [1].

The finite-volume method described in Section 2.1 in the Eulerian 
(𝖤) frame of reference forms the basis for calculating the flow in the 
cell centers 𝐱𝑖,𝑗,𝑘 of the CFD grid 𝑔ℎ. The paddle is modeled as a moving 
boundary employing the immersed boundary (IB) method with a direct 
forcing approach, as proposed by Uhlmann [34]. The effect of the 
immersed boundary is incorporated into the governing equations in the 
ALE formulation by adding a forcing term to the right-hand side of the 
momentum equation:
𝑑
𝑑𝑡 ∫𝑉 (𝑡)

𝜌𝑓 𝐮 𝑑𝑉 + ∫𝑆(𝑡)
𝜌𝑓 (𝐮 − 𝐮grid)𝐮 ⋅ 𝐧 𝑑𝑆 = −∫𝑆(𝑡)

𝝉 ⋅ 𝐧 𝑑𝑆 − ∫𝑆(𝑡)
𝑝𝐧 𝑑𝑆

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
N.-S. in ALE formulation

+ ∫𝑉 (𝑡)
𝐟 IB 𝑑𝑉

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
IB forcing term

. (3)

This volume force 𝐟 IB, applied at the cell centers of the Eulerian 
grid, represents the influence of the solid paddle on the surrounding 
fluid. The immersed boundary 𝛤 IB is represented by a set of Lagrangian 
(𝖫) markers with coordinates denoted as 𝐗𝑙 (i.e., 𝐗𝑙 ∈ 𝛤 ∀ 1 ≤ 𝑙 ≤ 𝑁𝐿, 
where 𝑁𝐿 represents the total number of Lagrangian markers). In the 
direct forcing scheme [34], the boundary force is first evaluated at the 
Lagrangian force points as: 

𝐅IB𝑙 = 𝜌𝑓
𝐔𝑑
𝑙 − 𝐔∗

𝑙
𝛥𝑡

∀ 𝐗𝑙 , (4)

where 𝐔𝑑
𝑙  is the desired velocity at the fluid–solid interface and 𝐔∗

𝑙  is 
the intermediate velocity after the predictor step. Due to the movement 
of the paddle and the resulting time-dependent immersed boundary, 
the fluid–solid interface represented by the Lagrangian markers is not 
aligned with the cell centers of the Eulerian fluid grid. To effectively 
couple the fluid and the solid phases, it is necessary to transfer quan-
tities between the Eulerian and the Lagrangian frames of reference. 
Therefore, the original IB method introduced by Peskin [35] depending 
on the use of a regularized delta function 𝛿ℎ [36] for the transfer of 
quantities is employed. The coupling is achieved through the inter-
polation operation (𝐮∗) for the velocity (𝖤 → 𝖫) and the spreading 
operation (𝐅IB) for the forces (𝖫 → 𝖤) defined as:
𝐔∗(𝐗𝑙) =

∑

𝐮∗(𝐱𝑖,𝑗,𝑘) 𝛿ℎ
(

𝐱𝑖,𝑗,𝑘 − 𝐗𝑙
)

𝛥𝑣𝑖,𝑗,𝑘 ∀ 1 ≤ 𝑙 ≤ 𝑁𝐿, (5)

𝑖,𝑗,𝑘∈𝑔ℎ

4 
𝐟 IB(𝐱𝑖,𝑗,𝑘) =
𝑁𝐿
∑

𝑙=1
𝐅IB

(

𝐗𝑙
)

𝛿ℎ
(

𝐱𝑖,𝑗,𝑘 − 𝐗𝑙
)

𝛥𝑉𝑙 ∀ 𝐱𝑖,𝑗,𝑘 ∈ 𝑔ℎ. (6)

Hence, the steps of the predictor–corrector method accounting for 
the immersed boundary can be summarized by the following equations:

1. 𝐮∗ = 𝐮𝑛 + 𝛥𝑡
𝜌𝑓

𝐫𝐡𝐬𝑛 ∀ 𝐱𝑖,𝑗,𝑘 ∈ 𝑔ℎ, (7)

2. 𝐔∗ = (𝐮∗) ∀ 𝐗𝑙 ∈ 𝛤 , (8)

3. 𝐅IB = 𝜌𝑓
𝐔𝑑 − 𝐔∗

𝛥𝑡
∀ 𝐗𝑙 ∈ 𝛤 , (9)

4. 𝐟 IB = (𝐅IB) ∀ 𝐱𝑖,𝑗,𝑘 ∈ 𝑔ℎ, (10)

5. 𝐮∗∗ = 𝐮∗ + 𝛥𝑡
𝜌𝑓

𝐟 IB ∀ 𝐱𝑖,𝑗,𝑘 ∈ 𝑔ℎ, (11)

6. 𝛥𝑝′ =
𝜌𝑓
𝛥𝑡

∇ ⋅ 𝐮∗∗ ∀ 𝐱𝑖,𝑗,𝑘 ∈ 𝑔ℎ, (12)

7. 𝐮𝑛+1 = 𝐮𝑛 − 𝛥𝑡
𝜌𝑓

∇𝑝′ ∀ 𝐱𝑖,𝑗,𝑘 ∈ 𝑔ℎ. (13)

The flow field around the T-structure in the test section simulated in 
this work necessitates a stretched grid that clusters grid points near the 
walls to accurately capture the boundary layers. As a result, a general 
curvilinear non-uniform grid is employed. To account for the non-
uniformity of the grid, a modified window function is defined according 
to Pinelli et al. [37]. This window function includes 10 unknown poly-
nomial coefficients, which are determined by imposing a set of discrete 
modified moment conditions to ensure the integral conservation of both 
force and moment. The number of polynomial coefficients arises from 
the three-dimensionality of the problem and the second-order accurate 
spatial discretization scheme used [37]. The resulting linear system of 
equations is solved using the linear algebra package LAPACK [38]. For 
further details, readers are referred to Boulbrachene and Breuer [13].

The tracking of Lagrangian markers is performed in the computa-
tional space (c-space), which is derived by transforming the structured 
grid connecting the cell centers to an orthonormal grid, as described 
by Schäfer and Breuer [39]. By using this transformation, the time-
consuming search process in the physical space (p-space) associated 
with finding the new computational cell containing the Lagrangian 
marker is avoided [40]. In c-space, the location of the Lagrangian 
marker is defined as a combination of an index triple, representing 
the cell containing the marker and a fractional offset within that cell. 
This approach not only facilitates efficient searching of the nearest cell 
center, necessary for determining the bounds of the regularized delta 
function used in the IB method, but also allows for the conversion of 
the marker’s position back to p-space. This transformation from c-space 
to p-space is accomplished using a trilinear interpolation based on the 
cell-centered coordinates [39]. In addition to its role in evaluating the 
precise location of the Lagrangian markers in physical coordinates, this 
interpolation is also crucial for visualizing the immersed boundary in 
p-space.

The immersed boundary (i.e., the paddle) is set into motion accord-
ing to a prescribed velocity defined in the physical space. To accurately 
update the marker’s location in c-space, it is first necessary to transform 
the prescribed velocity components from p-space to c-space. This trans-
formation is accomplished using the spatial metric coefficients followed 
by a temporal integration. The metric coefficients are the entries of the 
Jacobian matrix of the p-space to c-space coordinate transformation 
and are evaluated at the Lagrangian location. For this purpose, the 𝐶𝑍+
tracking scheme proposed by Schäfer and Breuer [39] is employed. 
Further details can be found in Boulbrachene and Breuer [13]. 

2.3. Numerical description of the structural deformation

The deformation of the T-shaped structure due to fluid loads at 
the FSI interface is predicted using the Carat++ solver. This software 
specializes in the finite-element and isogeometric analysis of structures, 
with focus on predicting the geometrically non-linear behavior of thin-
walled components, such as shells and membranes [41,42]. In the 
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current study, the structure is assumed to behave in a linear-elastic and 
isotropic manner and a St. Venant-Kirchhoff material law is employed 
to link the second Piola–Kirchhoff stress tensor 𝐒 with the Green–
Lagrange strain tensor 𝐄 [43]. The dynamic equilibrium of the structure 
is described by the momentum equation (Cauchy’s first equation of 
motion) written in a Lagrangian frame of reference and expressed with 
the second Piola–Kirchhoff stress tensor as: 

𝜌𝑠
𝜕2𝐝
𝜕𝑡2

= ∇ ⋅ (𝐅 ⋅ 𝐒) + 𝜌𝑠 𝐛. (14)

Here, 𝜌𝑠 represents the density of the structure, 𝐝 denotes the dis-
placement of the material point in space, 𝐅 is the material deformation 
gradient, and 𝐛 represents the specific volume forces. To solve the 
problem in the finite-element context numerically, the weak form of 
Eq. (14) is formulated based on the principle of the virtual work. 
To derive the principle of virtual work, Eq. (14) is multiplied by an 
arbitrary test function (chosen here as the variation of the displacement 
field 𝛿𝐝) and integrated over the volume of the structural domain 𝛺𝑠. In 
a state of equilibrium, the resulting virtual work 𝛿𝑊  that is performed 
by the inertial, internal, and external forces of the system due to the 
virtual displacement field 𝛿𝐝 shall be zero. The weak form then reads:

𝛿𝑊 = ∫𝛺𝑠

𝜌𝑠
𝜕2𝐝
𝜕𝑡2

⋅ 𝛿𝐝 𝑑𝛺𝑠

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝛿𝑊dyn

+∫𝛺𝑠

𝛿𝐄 ∶ 𝐒 𝑑𝛺𝑠

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝛿𝑊int

−

(

∫𝛤𝑠
𝐓̂ ⋅ 𝛿𝐝 𝑑𝛤𝑠 + ∫𝛺𝑠

𝜌𝑠 𝐛𝑠 ⋅ 𝛿𝐝 𝑑𝛺𝑠

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝛿𝑊ext

= 0, (15)

where 𝛿𝐄 is the virtual strain and 𝐓̂ = 𝐧 ⋅ (𝐅 ⋅ 𝐒) is the traction 
on the boundary 𝛤𝑠. Given the weak form, a spatial and a tempo-
ral discretization is conducted to construct a non-linear system of 
equations that can be solved in an iterative manner. The continuous 
displacement field 𝐝(𝐱) is approximated by interpolating the discrete 
nodal displacements 𝐝 with the help of shape functions 𝑁(𝜃1, 𝜃2, 𝜃3)
(where 𝜃 is the curvilinear convective coordinate): 

𝐝(𝜃1, 𝜃2, 𝜃3) ≈
𝑛𝑛𝑜𝑑
∑

𝑖=1
𝑁𝑖(𝜃1, 𝜃2, 𝜃3)𝐝𝑖. (16)

Here, 𝑛𝑛𝑜𝑑 is the number of nodes within the finite element. Inserting 
Eq. (16) in Eq. (15) yields the semi-discrete form: 
𝐌 ̈̃𝐝 + 𝐟 int(𝐝) = 𝐟ext, (17)

where 𝐌 is the mass matrix, 𝐟 int is the internal force (non-linear 
function of 𝐝), and 𝐟ext is the external force. The damping effect in the 
structure is modeled by adding a damping matrix 𝐂 in Eq. (17) as: 
𝐌 ̈̃𝐝 + 𝐂 ̇̃𝐝 + 𝐟 int(𝐝) = 𝐟ext. (18)

Given the significance of internal structural damping in such scenarios, 
the well-established Rayleigh damping method is applied. The constant 
mass- and stiffness-proportional parameters (𝛼𝑟, 𝛽𝑟) of the Rayleigh 
damping are evaluated based on additional experimental structural 
tests, as detailed in Appendix  A.

For time integration, the structural response is discretized using the 
standard second-order Newmark scheme. This method ensures accurate 
prediction of dynamic structural responses under fluid-induced loads.

2.4. Coupling procedure

The simulation framework for addressing the FSI problem is based 
on a partitioned two-way coupling procedure [15], as sketched in Fig. 
1. This method integrates the fluid solver (FASTEST-3D, discussed in 
Section 2.1) with the computational structure dynamics (CSD) solver 
(Carat++, Section 2.3). The coupling between these two solvers, as well 
as the mapping of data between the non-matching CFD and CSD surface 
grids at the FSI interface, is managed by the open-source software 
5 
EMPIRE (Enhanced Multi Physics Interface Research Engine, [44]). The 
mapping process, critical for accurate data transfer between the CFD 
and CSD solvers, utilizes a mortar mapping technique suitable for the 
FEM discretizations. Comprehensive details on the mortar mapping 
approach can be found in the works of Wang et al. [45] and Apos-
tolatos et al. [46]. The framework supports both standard loose and 
strong coupling schemes, ensuring flexibility in handling various FSI 
scenarios. All data exchange between the fluid and structural solvers 
relies on message passing interface (MPI) communications, which en-
sures efficient parallel processing and synchronization of the coupled 
simulations.

This FSI simulation framework without IBM has been validated 
using a variety of test cases, including experimental FSI benchmarks, 
i.e., De Nayer et al. [47], De Nayer et al. [48], and De Nayer and Breuer 
[49] to cite just the latest studies. These studies provide a robust basis 
for the reliability and accuracy of the FSI framework. However, it is 
important to note that the IB technique, integrated to the methodology 
in this study, was validated separately in Boulbrachene and Breuer 
[13] and Boulbrachene and Breuer [50]. What makes the current study 
distinctive is the integration of the FSI simulation framework with the 
IB technique – a combination that has not been previously applied. 
This novel integration is a special feature of this research, allowing 
for the accurate simulation of complex fluid–structure interactions 
where additional moving boundaries are involved, as in the case of 
the WGG discussed earlier. The successful application of this combined 
methodology (see Fig.  1) demonstrates its potential for advancing the 
simulation of dynamic FSI problems.

3. Test case configuration

The current numerical study is based on two aforementioned experi-
mental investigations: the implementation and testing of the wind gust 
generator in the wind tunnel conducted by Wood et al. [1], and the 
synchronized measurements of the T-structure under wind gust load in 
the wind tunnel by Breuer and Neumann [12] (see Fig.  2). These studies 
serve as the experimental basis for validating the numerical simulations 
in this work. The relevant physical parameters1 will be described next.

3.1. Physical parameters

The subsonic wind tunnel with an open test section of the length 𝑙
has a rectangular nozzle outlet (width 𝑤 × height ℎ). The parameters 
relevant to the fluid flow and the gust generation are summarized in 
Table  1. The wind tunnel blower is operated at a low speed, resulting 
in a low free-stream velocity 𝑢∞. To generate a horizontal gust, the 
paddle of the WGG performs a rapid downward and upward movement, 
thus obstructing the nozzle outlet for a short period of time 𝛥𝑡gust, 
denoted the gust generation time. When the paddle reaches its maxi-
mum displacement 𝛥𝑦max, the maximum blocking ratio 𝐵𝑅 of the nozzle 
is attained, which approximately coincides with the instant at which 
the maximum velocity of the artificially generated horizontal gust is 
achieved. Wood et al. [1] investigated five different motion patterns of 
the paddle and analyzed their effect on the gusts generated. The present 
study focuses on gust type 1, which features a fast and symmetric 
motion pattern designed to mimic the 1-cosine shape of the ECG gust as 
defined by IEC-Standard [6]. The characteristic parameters of the gust 
generated by this motion pattern are outlined in Table  1. It is important 
to note that the chosen gust case leads to a strong variation of the 
velocity at the outlet of the nozzle with a maximum gust velocity, which 
is about 63 % higher than the free-stream velocity [1]. For detailed 

1 Note that the experimental study by Breuer and Neumann [12] and the 
numerical study by  Boulbrachene and Breuer [13] use different coordinate 
systems. In this study, we follow the latter, where the direction normal to the 
ground plate is defined as the 𝑦-axis.
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Fig. 2. Sketch of the wind tunnel with the open test section, the wind gust generator, and the T-structure mounted on the ground plate.
Table 1
Fluid flow and gust generation parameters.
 Free-stream velocity 𝑢∞ 5.14 m/s  
 Density (𝜗 = 20 ◦C) 𝜌𝑓 = 𝜌air 1.225 kg/m3  
 Dynamic viscosity 𝜇air 18.27 × 10−6 kg/(m s) 
 Width of the nozzle outlet 𝑤 0.5 m  
 Height of the nozzle outlet ℎ 0.375 m  
 Test section length in wind tunnel 𝑙 0.8 m  
 Maximum displacement of paddle in flow 𝛥𝑦max 0.1437 (0.145)a m  
 Maximum blocking ratio 𝐵𝑅 = 𝛥𝑦max∕ℎ 0.387 –  
 Duration of paddle in flow 𝛥𝑡gust 0.352 (0.356)a s  
 Extremal downward velocity 𝑣dWGG −1.05 m/s  
 Extremal upward velocity 𝑣uWGG +0.95 m/s  
 Extremal downward acceleration 𝑎dWGG −20 m/s2  
 Extremal upward acceleration 𝑎uWGG +15 m/s2  
a The values in brackets are the original values provided in Wood et al. [1] based on the prescribed values of the tooth 
belt axis in the experimental setup. They slightly deviate from the values adjusted in Boulbrachene and Breuer [13] and 
employed in this study to better match the real measured values in the experiment.
time histories of the paddle’s kinematics – displacement, velocity and 
acceleration – please refer to Fig. 4 in Wood et al. [1].

Designed as a benchmark case, a geometrically simple T-shaped 
structure is mounted perpendicularly on the flat and smooth ground 
plate, which serves as the bottom boundary of the wind tunnel’s test 
section, as sketched in Fig.  2. The structure consists of a thin sheet of 
brass (alloy CuZn37) with the thickness 𝑡𝑠. The dimensions of the rect-
angular thin rod (𝑏1, ℎ1) and the shield-shaped part at the top (𝑏2, ℎ2) 
are given in Table  2. The structure is mounted in the symmetry plane of 
the test section at a distance of 𝑑𝑠 from the nozzle’s outlet. Gravitational 
acceleration with |𝑔| = 9.81 m∕s2 in negative 𝑦-direction is considered. 
The material properties such as the density 𝜌𝑠, the Young’s modulus 
𝐸𝑠 and the Poisson’s ratio 𝜈𝑠 given in Breuer and Neumann [12] were 
estimations based on literature values. Thorough investigations on the 
material used in the experiment are detailed in Appendix  A. These tests 
showed that the value of the Young’s modulus assumed in Breuer and 
Neumann [12] was too high. The revised value is also provided in Table 
2. It is worth noting that this initial false estimation of the Young’s 
modulus has no influence on the measurement data [12] of the flow 
field and the structural deformation used for comparison purpose in 
the present study.

The Reynolds number for the undisturbed free-stream flow around 
the T-structure, calculated based on the entire height ℎ𝑠 = ℎ1 + ℎ2 and 
the properties provided in Table  1, is approximately Re = 41,360.
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Table 2
Properties of the T-structure.
 Width of rectangular thin rod 𝑏1 9.4 × 10−3 m  
 Height of rectangular thin rod ℎ1 80 × 10−3 m  
 Width of shield-shaped part 𝑏2 80 × 10−3 m  
 Height of shield-shaped part ℎ2 40 × 10−3 m  
 Total height of the structure ℎ𝑠 = ℎ1 + ℎ2 0.12 m  
 Thickness of structure 𝑡𝑠 0.5 × 10−3 m  
 Distance between structure and nozzle 𝑑𝑠 0.25 m  
 Density (𝜗 = 20 ◦C) 𝜌𝑠 8.435 × 103 kg/m3 
 Young’s modulus 𝐸𝑠 93.7 × 109 N/m2  
 Poisson’s ratio 𝜈𝑠 0.34 –  

3.2. Numerical parameters

3.2.1. Computational domain and boundary conditions
The complex wind tunnel geometry depicted in Fig.  2 is simplified 

to model the nozzle, the ground plate and the moving paddle as shown 
in Fig.  3. For this purpose, the geometry of the nozzle is reduced to a 
straight duct of length 1.5 m neglecting the nozzle’s contraction ratio. 
The rectangular cross-section of the duct matches the nozzle’s outlet in 
the experimental setup. A uniform velocity distribution with 𝑢steadyinlet =
4.914 m/s is applied at the inlet patch. As the boundary layers develop 
along the walls of the duct, the flow reaches the desired free-stream 



M. Breuer et al. Computers and Fluids 294 (2025) 106621 
Fig. 3. Geometry of the test case and definition of the boundary conditions. 
Source: Schematic sketch adapted from Boulbrachene and Breuer [13].
velocity 𝑢∞ = 5.14 m/s at the outlet, consistent with the experimental 
conditions.

This description of the inlet velocity applies to the scenario where 
the wind tunnel is operated without WGG. However, Wood et al. [1] 
observed an undershoot of the streamwise velocity below the free-
stream velocity at the nozzle’s outlet during and after the paddle 
encounter. This drop in the inlet velocity is attributed to the paddle 
acting as a bluff body, obstructing the fluid flow and thus causing 
significant pressure losses. These increased pressure losses cannot be 
compensated by the blower in the short term. Consequently, less air 
is blown through the wind tunnel manifesting as an undershoot below 
the free-stream velocity. Further experimental tests in Wood et al. [1] 
demonstrated that the recovery time for the free-stream velocity to be 
reestablished is much longer than 𝛥𝑡gust. To account for this inlet ve-
locity drop, Constant Temperature Anemometry (CTA) measurements 
recorded inside the nozzle during the gust generation process were 
utilized in Boulbrachene and Breuer [13] to define a time-dependent 
inlet boundary condition. The specifics of the inlet velocity function 
including the CTA measurements on which it is based are detailed 
in Boulbrachene and Breuer [13]. Additionally, no-slip and imperme-
ability boundary conditions are imposed on the walls of the duct, the 
ground plate, and the T-structure.

The duct is connected to a large container that extends 2 m in 
all directions from the duct’s outlet. This container, measuring 2 m 
× 4.375 m × 4.5 m, includes the test section, which contains the 
ground plate and the mounted T-structure, as well as the immediate 
surrounding area of the open measuring section. To simulate the real 
wind tunnel environment, no-slip and impermeability boundary con-
ditions are applied at the far-field walls of this container, except at 
a small outlet patch that models the receiver of the wind tunnel. At 
this outlet, a convective boundary condition is employed, with the 
convective velocity set to 𝑢conv = 𝑢steadyinlet , ensuring the proper outflow 
of air from the domain.

3.2.2. Computational grids
Given the geometric simplification of the wind tunnel’s nozzle and 

the specific T-structure under consideration, the computational domain 
can be represented using a Cartesian grid, as long as the flexible 
structure remains undeformed by the flow field. This allows for the 
use of an initial Eulerian grid, which is a block-structured Cartesian 
grid consisting of approximately 117.5 × 106 control volumes (CVs). 
Compared to the preliminary validation study [13] of the flow in 
the empty test section without the T-structure, which showed good 
agreement between the data predicted by the immersed boundary 
method and the experimental data [1], the grid in the current study 
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comprises a factor of about 3 more CVs to account for an appropriate 
resolution of the flow around the T-structure.

The grid design and distribution of grid points across the compu-
tational domain in the current case are motivated by the following 
considerations. The geometric block-structure comprises 120 blocks, 
which are further subdivided into a parallel block-structure consist-
ing of 942 blocks. This subdivision enables parallel execution across 
942 computational cores. Grid refinement near relevant rigid walls 
(i.e., duct walls, ground plate and T-structure) is essential to capture 
the significant viscous effects leading to the formation of thin boundary 
layers. The goal is to position at least some nodes (i.e., the centers of 
the  cells) within the viscous sublayer  (𝑦+ ≤ 5). This careful refinement 
allows to accurately resolve the near-wall turbulence and boundary 
layer effects, which is critical for the fidelity of the simulation results. 
To ensure this, the following considerations were made.

The hydraulic diameter of the rectangular duct, calculated as
𝐷ℎ = 4𝑤ℎ∕(2(𝑤 + ℎ)) = 0.4286 m, serves as the characteristic length for 
determining the Reynolds number Re𝐷ℎ

= 𝜌air𝐷ℎ 𝑢∞∕𝜇air = 147, 701. 
Assuming a smooth pipe, the Darcy friction factor can be estimated 
based on the relation provided by Moody [51], yielding a skin friction 
coefficient 𝑐𝑓  of approximately 3.97 × 10−3. To accurately resolve the 
near-wall region, the height of the first grid cell off the wall (𝛥𝑦) 
is crucial. The grid spacing must ensure that the dimensionless wall 
distance 𝑦+𝑐𝑐 at the cell center is approximately 2, a value suitable for 
capturing near-wall effects. This can be calculated using the relation 
𝛥𝑦∕𝐷ℎ =

(

4∕Re𝐷ℎ

)

⋅
√

2∕𝑐𝑓 ≈ 6× 10−4, which results in a required grid 
spacing of 𝛥𝑦 ≈ 2.6 × 10−4 m. This grid spacing is applied along the 
walls of the duct, the ground plate, and in the vicinity of the T-structure 
(see Figs.  4(a) and (b)). This careful design of the grid allows the 
simulation to accurately capture the complex interactions between the 
fluid and the structure, particularly in regions of high shear stress and 
strong velocity gradients near solid boundaries.

To reduce the computational costs, the grid is mildly stretched 
in the off-wall directions with an expansion factor of about 1.05. 
Nearly the same expansion factor is also applied in the streamwise 
direction. Starting with the finest grid resolution at the outlet of the 
nozzle, where the paddle is located, the grid is mildly coarsened in 
upstream and downstream direction. Furthermore, in the vicinity of the 
flexible structure the same grid refinement is applied in all directions. 
Note that the current grid was already used in the preliminary study 
by Boulbrachene and Breuer [50] and the predicted results for the 
fluid flow induced by the gust generator but without considering the 
T-structure were validated against the experimental data by Wood et al. 
[1]. Beside the validation study [13], this is a further evidence that the 
presently applied grid is appropriate.
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Fig. 4. Details on the fluid and structure grids.
Based on the free-stream velocity, the stability of the explicit time 
integration scheme is ensured by choosing a time step size of 𝛥𝑡 = 10−5 s 
leading to a Courant–Friedrichs–Lewy number of less than 0.43. The 
same time step is set for the CSD solver.

For the structural dynamics simulation, the thin, flexible T-structure 
is discretized by 980 quadrilateral four-node shell elements, resulting 
in a total of 1080 nodes for the standard grid, as visible in Fig.  4(c). 
This choice is based on a grid sensitivity study detailed in Appendix  B 
considering a static and a dynamic test case. Taking two finer grid levels 
into account, this investigation confirms that the standard grid leads to 
accurate results making further refinement and the associated increase 
of the already high computational effort superfluous. The elements 
used are special seven-parameters shell elements [52]. To avoid locking 
phenomena, the Enhanced Assumed Strain (EAS) method as proposed 
by Bischoff et al. [53] is employed. Specifically, the EAS parameters 
are set to (M, B, T, Q, S) = (0, 0, 4, 4, 0). The Rayleigh damping 
values mentioned in Section 2.3 are set to 𝛼𝑟 = 0.47383 Hz and 𝛽𝑟 =
2.1602 × 10−8 s based on preliminary studies detailed in Appendix  A.

3.2.3. Lagrangian markers
The geometry of the thin moving paddle, with a thickness of 3 ×

10−3 m, is simplified to a parallelepiped with right angles, measuring 
0.3 m × 0.5 m. This rectangular cross-section penetrates the flow 
exiting the nozzle and is positioned 0.015 m away from the nozzle 
outlet in accordance with the experiment. The spacing between the 
Lagrangian markers that describe the paddle is carefully chosen based 
on the minimum local Eulerian grid spacing encountered by the paddle 
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during its closing and opening stroke (see Fig.  4(a)). This strategy 
is crucial to prevent any fluid from penetration through the surface 
of the paddle due to insufficient Eulerian cells coverage by the La-
grangian markers’ window function. In each coordinate direction, the 
minimum local Eulerian grid spacing is determined leading to the re-
quired number of uniformly distributed Lagrangian markers. As shown 
in Boulbrachene and Breuer [13], this procedure leads to a very high 
number of required Lagrangian markers, significantly slowing down the 
computations. This is because only a limited number of blocks contain 
Lagrangian markers and have to conduct the interpolation, spreading 
and tracking processes. A one-dimensional non-uniform distribution in 
spanwise direction allows to reduce the number of Lagrangian points 
from 6.7 million (uniform distribution) to about 1.57 million.

In this enhanced variant, the Lagrangian markers maintain a uni-
form distribution along the 𝑥- and 𝑦-axes. However, along the 𝑧-axis, 
the distribution is defined in such a way that for each cell center a 
Lagrangian marker is assigned, following the grid stretching employed 
along the 𝑧-axis. This strategy is chosen because, during the paddle’s 
opening and closing stroke, the distribution of Eulerian points along the 
𝑧-axis does not change. By matching the Lagrangian marker distribution 
with the Eulerian grid stretching, the simulation ensures accurate inter-
action between the fluid and the paddle while minimizing unnecessary 
computational costs. This tailored distribution of markers optimizes 
the computational efficiency without compromising the fidelity of the 
simulation.

In addition to specifying the initial positions of the markers, the 
vertical velocity of the paddle as a function of time must also be 
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Fig. 5. Kinematic characteristics of the fitted gust type 1 paddle movement pattern.
Source: Adapted from Boulbrachene and Breuer [13].
defined to describe its movement. For the gust type 1 considered in this 
study, Boulbrachene and Breuer [13] fitted a smooth (differentiable) 
analytical function to the vertical velocity curve derived from the ex-
perimental data, as shown in Fig.  5. In accordance with the experiment, 
an offset displacement of 𝛥𝑦os = 0.045 m is included to account for the 
distance the paddle must travel from its idle position to start blocking 
the nozzle’s outlet. This measure prevents unwanted initial interactions 
between the paddle and the undisturbed free-stream flow. Additionally, 
it facilitates a gradual buildup of the paddle’s velocity prior to the 
interaction. A bell-shaped displacement pattern is prescribed, allowing 
the paddle to block a maximum of 𝛥𝑦max = 0.1437 m of the nozzle’s 
outlet, with a total interaction time of 𝛥𝑡gust = 0.352 s. Following this, 
the paddle returns to its idle position. The present values of 𝛥𝑦max
and 𝛥𝑡gust differ slightly from those reported in Wood et al. [1]. The 
reason is that the latter correspond to the prescribed values for the 
tooth belt axis in the experimental setup, whereas the present values 
more accurately reflect the actual measured motion pattern [13]. As 
described in Section 2.1, the displacement of the paddle is a derived 
quantity. Consequently, in the simulation, it is sufficient to prescribe 
the vertical velocity of the paddle.

4. Results and discussion

For the discussion of the results, the Cartesian coordinate system 
introduced in the zoomed view of Fig.  3 is used. The origin is located 
in the symmetry plane at the clamping point of the T-structure on the 
ground plate. The coordinates are normalized by the height ℎ𝑠 of the 
entire T-structure, and the velocities by the free-stream velocity 𝑢∞. 
The time 𝑡 is made dimensionless by the gust generation time 𝛥𝑡gust, as 
detailed in Section 3.1. The time instant, at which the paddle starts to 
obstruct the outlet of the nozzle initiating the gust generation process, 
serves as the reference point in time defining 𝑡 = 0 for the subsequent 
analysis.

The discussion of the results is organized as follows: To understand 
the flow around the T-structure, Section 4.1 begins with an examination 
of the flow field and the structural deflections in the case without a 
gust as an additional validation of the FSI framework. The analysis of 
the wind gust and its impact on the structure throughout the entire 
process is presented in Section 4.2. For both scenarios, a comparison 
with the available experimental data is carried out.
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4.1. Flow field and structural displacements without gust

In Breuer and Neumann [12], time-resolved measurements were 
repeated 104 times under identical operational conditions of the wind 
tunnel and wind gust generator, enabling phase-averaging of both the 
flow and the structural data. The data recorded prior to the gust 
injection, i.e., 𝑡∕𝛥𝑡gust ≤ 0, are used to analyze the flow field without the 
influence of the gust. This part of the study can also be considered as an 
additional validation study for the ALE framework complementing the 
previously mentioned studies [13,50] for the case including the flexible 
T-structure.

As described in detail below, the deflection of the T-structure, 
and particularly the amplitude of its oscillations, is minimal in the 
absence of a gust. This allows the flow field to be time-averaged in the 
numerical simulation, facilitating comparison with the phase-averaged 
experimental data. For this purpose, the flow field was averaged over 
1 million time steps, corresponding to a time interval of 10 s. Assum-
ing that the T-structure approximately oscillates at its first dominant 
eigenfrequency 𝑓num1 = 6.826 Hz, as determined for the bending mode 
in Appendix  A, this time interval corresponds to approximately 68 
oscillations, which is sufficient to ensure statistical convergence.

Fig.  6 presents contours of the averaged streamwise and vertical 
velocity fields in the geometric symmetry plane (𝑧 = 0). Additionally, 
streamlines calculated for the averaged flow in this plane are depicted 
for both the measured and the predicted data. The flow decelerates 
in front of the structure and deflects both in upward and downward 
direction, as evident in the contours of the vertical velocity component. 
The resulting stagnation region is clearly visible in the streamwise 
velocity contours. Both the rectangular thin rod and the shield-shaped 
section act as bluff bodies, disrupting the flow. Flow separation occurs 
at the sharp corners of the T-structure, generating a large recirculation 
region, which is especially prominent behind the shield-shaped part. 
A black contour line with the streamwise velocity 𝑢 = 0 marks the 
recirculation region in the symmetry plane, further highlighted by the 
streamlines of the time-averaged flow. The length of this backflow 
region is approximately 1.25 times the total height ℎ𝑠 of the structure. 
Comparing the numerical and the experimental data depicted in Fig.  6, 
the predicted streamwise and vertical velocity components generally 
align well with the measured data. However, due to reflections of 
the laser light used for the particle-image velocimetry, velocities in 
the immediate vicinity of the ground wall could not be determined. 
Furthermore, the comparison clearly reveals that the statistics of the 
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Fig. 6. Comparison between measured and predicted data of the averaged flow field in the symmetry plane: streamwise velocity, vertical velocity, and streamlines.
Source: Experimental data taken from Breuer and Neumann [12].
simulation data have converged better than the measurements. Con-
sidering that the experimentally determined mean values are based 
on only 104 independent measurements, while in the simulations the 
flow field was continuously averaged over a time interval of 10 s 
including 105 samples, it is obvious why the predicted distributions are 
smoother than the measured data. This minor discrepancy arises due 
to the fact that the experiment was not designed to determine time-
averaged quantities, but rather aimed to capture the instantaneous and 
statistically unsteady processes of wind gusts. Thus, small differences 
in the streamlines based on the averaged data can be expected. Despite 
this issue, the shape and size of the recirculation region in both data 
sets show good agreement.

The three-dimensional extension of the recirculation region can be 
clearly seen in Fig.  7(a), which shows an iso-surface of the predicted 
flow field based on 𝑢 = 0. Additionally, Figs.  7(b) and 7(c) depict 
contours of the streamwise velocity and the pressure at three 𝑦-𝑧-slices 
in the wake (𝑥∕ℎ𝑠 = 1/6, 2/3, and 4/3). At the slice 𝑥∕ℎ𝑠 = 2∕3, located 
approximately in the middle of the backflow region, both the velocity 
and pressure contours display a nearly circular shape, and the region 
extends well beyond the width of the T-structure in the spanwise 𝑧-
direction. Also notable are the nearly circular wall streamlines around 
the T-structure on the ground plate visible in Fig.  7, which form due 
to the blockage of the flow field. A backflow area near the ground 
plate, directly in front of the rectangular section, can also be observed. 
This is attributed to the horseshoe vortex system forming in front of 
bluff bodies, a phenomenon commonly observed in flows around wall-
mounted obstacles such as cubes [e.g., 18] or hemispheres [e.g., 54]. 
Surprisingly, the horseshoe vortex system forms relatively far upstream 
of the T-structure, despite the thin profile of the rod and the minimal 
blockage of the flow field near the bottom wall.
10 
The good agreement between experiment and simulation is also 
evident in the velocity profiles extracted along a vertical line in front 
of the T-structure (𝑥∕ℎ𝑠 = −1∕6) and three vertical lines in the wake 
(𝑥∕ℎ𝑠 = 1∕6, 2∕3, and 4∕3). Fig.  8 shows the time-averaged streamwise 
and vertical velocity components in the symmetry plane. Four dotted 
lines denote the four positions in the flow field where the velocities 
are compared. For reference, the T-structure is drawn as a red line. 
Each profile is plotted at its respective position which explains the 
shift +𝑥∕ℎ𝑠 used in the caption of Fig.  8. Due to the different ranges 
of the two velocity components, the profiles are scaled with different 
factors for improved visibility, e.g., 0.3 for the streamwise component 
and 0.8 for the vertical component. Minor deviations are observed, 
especially for the vertical component, which is significantly smaller 
than the streamwise velocity.

The predicted Reynolds stresses in the symmetry plane are depicted 
in Fig.  9, showing all three normal components and the most significant 
shear stress component 𝑢′𝑣′. The strong shear layers forming in the 
wake of the shield-shaped part of the T-structure are clearly visible, 
particularly in the normal Reynolds stress component 𝑢′𝑢′ and the 
Reynolds shear stress 𝑢′𝑣′. The normal vertical Reynolds stress 𝑣′𝑣′ is 
notably large in the region where the end of the recirculation area is 
located. In Breuer and Neumann [12], the Reynolds stresses presented 
were limited to the two normal components (𝑢′𝑢′, 𝑣′𝑣′) and the shear 
stress component (𝑢′𝑣′), as the 2D PIV measurements could only cap-
ture velocities within the plane of the laser light sheet.2 Furthermore, 
the distributions were not very smooth due to the 104 measurements 
available being insufficient for fully converged higher-order moments. 

2 Note the different coordinate system in Breuer and Neumann [12].
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Fig. 7. Predicted time-averaged three-dimensional flow field in the wake of the T-structure: Slices at 𝑥∕ℎ𝑠 = 1/6, 2/3, and 4/3. Wall streamlines at the ground plate.
Fig. 8. Comparison of predicted and measured time-averaged velocity profiles at four positions in the flow field in front of and behind the T-structure depicted as a red line: 𝑥∕ℎ𝑠
= −1/6, 1/6, 2/3, and 4/3.
Source: Experimental data by Breuer and Neumann [12].
Consequently, a direct comparison between the experimental and sim-
ulated results is not meaningful. However, qualitatively, there is a high 
level of agreement between the simulation and the measurement data 
for the Reynolds stresses.

Finally, a comparison of the mean deformation between the exper-
iment and the simulation is carried out. Fig.  10(a) shows the averaged 
deformation of the T-structure in the symmetry plane. The bending of 
the structure under the fluid load is clearly visible. Due to the small 
thickness of the T-structure, shear forces play a marginal role for the 
resulting fluid force in streamwise direction. In contrast, the stagnation 
pressure with a pressure coefficient 𝑐𝑝 close to one in the majority of the 
front face (Fig.  10(b)) and the low-pressure recirculation region with 
negative 𝑐𝑝 values in the back (Fig.  10(c)) lead to the dominance of the 
pressure forces. Nevertheless, the deflections remain overall small. For 
instance, the center of the shield-shaped part of the T-structure, denoted 
as point 1 in [12], deflects by only about 2.45 % of ℎ𝑠, and for the upper 
edge of the structure, the deflection is approximately 3.2 %. As visible 
in Fig.  10(a) the predicted data agree well with the measurements. Note 
the different ranges of values assigned to the axes, which makes the 
11 
minor deviations appear much larger than they actually are, i.e., in the 
order of a few micrometers.

To analyze the deflection behavior of the T-structure for the flow 
case without gust, Fig.  11(a) presents selected excerpts from the time 
histories of the structural displacements of point 1 for both the mea-
surement and the simulation. The experimental data clearly reveal two 
oscillation modes between which the coupled system switches back 
and forth. In the time period shown, a phase of about 4 s is initially 
visible, characterized by relatively large oscillation amplitudes. This 
is followed by a phase of about 6 s, in which the amplitudes have 
noticeably decreased. This phenomenon is succeeded by another and 
even longer phase with large amplitudes. Such an irregular switching 
between the modes with distinctly different amplitudes is also observed 
in the simulations. A thorough investigation of the deflection behavior, 
using animations of the predicted results, shows very clearly that 
there are two different vibration modes. Evidence for this statement 
is provided by Fast Fourier transformations of the deflections discussed 
below. If predominantly large vibration amplitudes are observed, the 
structure is in the bending-dominated mode. If, on the other hand, 
the amplitudes become small, the twisting mode becomes dominant, 
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Fig. 9. Predicted Reynolds stress components in the symmetry plane.
Fig. 10. (a) Comparison of predicted and measured time-averaged deformation of the T-structure in the symmetry plane; Time-averaged distribution of the pressure coefficient 
𝑐𝑝 = (𝑝 − 𝑝∞)∕(0.5 𝜌air 𝑢2∞) on the front side (b) and the back side (c) of the structure including wall streamlines.
Source: Experimental data from Breuer and Neumann [12].
though bending does not disappear completely. The oscillation mode 
changes in an unpredictable sequence, with both modes occasionally 
occurring simultaneously, as evident in the animations of the structure.

Fast Fourier transformations of the deflections for both simulated 
and measured data are depicted in Fig.  11(b). Two dominant frequen-
cies are found (𝑓 = 6.34 Hz and 6.68 Hz) in both data sets. These 
frequencies are close to the natural bending frequency of approximately 
6.82 Hz, as determined in Appendix  A. A detailed analysis of the 
predicted data reveals that the stronger peak at 𝑓 = 6.68 Hz corresponds 
to the oscillation mode dominated by the bending of the structure. The 
slight reduction in frequency compared to the pure bending frequency 
in vacuum is attributed to the additional damping caused by the sur-
rounding fluid. The second peak in the FFT at 𝑓 = 6.34 Hz is associated 
to the state when the amplitudes of the oscillations are found to be 
significantly smaller and the twisting mode plays a prominent role in 
the kinematics of the T-structure. In this case, a FFT of the deflections 
of a point on the T-structure outside the symmetry plane depicted in 
Fig.  12 also shows a perceptible peak at the natural frequency of the 
second mode (see 𝑓num in Appendix  A), i.e., the twisting mode.
2
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It can be observed that the amplitudes of the measured oscillations 
are larger than those achieved in the simulations, likely due to the 
absence of inflow turbulence in the simulations. In principle, this could 
have been incorporated in the coupled predictions by using a synthetic 
turbulence generator, as done in previous studies such as Breuer [55] 
and De Nayer et al. [47,48,56]. However, implementing this option 
would require the knowledge of the characteristic properties of the 
incoming turbulence, such as the relevant length scales, which were 
not available for this setup. Consequently, this aspect was excluded in 
the initial approach.

4.2. Flow field and structural displacements with gust

The analysis of the flow field and structural displacements for 
the case without gust carried out in the previous section provides a 
description of the initial state before the gust impacts the structure. 
A large recirculation region is found behind the shield-shaped part, 
extending approximately 1.25ℎ𝑠, and the maximum deflections remain 
quite small.
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Fig. 11. Time histories and fast Fourier transformation of the total displacements of the center of the upper rectangular part of the T-structure. Predicted data and experimental 
data by Breuer and Neumann [12] for the case without gust.
Fig. 12. Fast Fourier transformation of the total displacements of a point (red circle) 
on the T-structure outside the symmetry plane.

In the subsequent section, the more interesting case of the gust 
impact is analyzed. This scenario significantly differs from the previous 
one. In the former case, the incoming flow was steady, except for the 
very low turbulence intensity of approximately 0.2 % found in the 
wind tunnel by Wood et al. [54] and assumed to be valid in Breuer 
and Neumann [12]. This facilitated the analysis of the data based on 
time averaging. However, this is no longer possible in case of an active 
gust generator tackled in this section. The time-averaging approach is 
deemed invalid as the flow is statistically unsteady. Therefore, a phase-
averaging procedure is required to obtain comparable numerical and 
experimental data.

In the experiment [12], this phase-averaging procedure relied on 
the synchronization of the measurement devices (PIV and DIC cameras) 
and the gust generator. The trigger signal for the PIV cameras was 
used to also trigger the paddle and the DIC cameras. Consequently, 
each recorded time step was comparable to the respective time step of 
subsequent gusts. The start of the paddle’s motion was defined as 𝑡 = 0
for both PIV and DIC recordings. The same definition is applied in the 
numerical simulation. Thus, the temporal reference for phase averaging 
is the position of the paddle during the gust generation.

As mentioned in Section 4.1, the phase averaging in the experi-
ments relied on 104 realizations. Indeed, cycle-to-cycle variations with 
standard deviations of the deflections of about 5 to 10 % of the phase-
averaged total deflections were observed across different repetitions of 
the wind gust. Besides the (low) turbulence level of the flow within the 
wind tunnel, the timing of the gust initiation relative to the respective 
oscillation state is mainly made responsible for these variations. Due 
to the very high numerical effort involved in the coupled simulations, 
solely 32 predictions are used to determine the phase averages. For this 
purpose, the gust generation process is initiated starting from different, 
13 
randomly chosen time instants of the flow and structural deformation 
predicted by the simulations without gust.

At 𝑡 = 0, the paddle begins to obstruct the outlet of the nozzle, 
initiating the gust generation process. In the following, the effect of 
the gust on the flow field and the structural deformation is analyzed at 
different instants in time. A comparison between the simulation results 
and the measured data is presented for 𝑡∕𝛥𝑡gust = 0, 0.25, 0.5, 0.75, 
1.0, 1.5, 2.0, and 2.5 (see Fig.  5 for the definition of the time instants). 
This time interval encompasses the gust generation time, the direct 
interaction time between the gust and the T-structure, and the phase 
when the gust exits the domain of interest.

Fig.  13 depicts a comparison between the measured data [12] and 
predicted data based on the phase-averaged streamwise velocity in the 
geometric symmetry plane. The flow field at 𝑡∕𝛥𝑡gust = 0 is presented as 
a reference, using the same contour levels as in the subsequent figures. 
Furthermore, Fig.  14(a) shows the corresponding displacements at this 
time instant. At 𝑡∕𝛥𝑡gust = 0.25, first alterations of the flow field due 
to the growing wind gust become visible in the region upstream and 
above the T-structure, whereas the region behind the obstacle is only 
marginally affected. The structure is also only minimally deflected at 
this stage (see Fig.  14(b)). At the third instant (𝑡∕𝛥𝑡gust = 0.5) when 
the paddle reaches its reversal point, the peak gust velocity is found 
in the region beneath the paddle. Consequently, significant changes 
occur for both the flow field (Fig.  13c) and the deflection of the 
structure (Fig.  14(c)). The size of the recirculation region behind the 
shield-shaped part and the structural deflections of the entire structure 
increase noticeably compared to the previous snapshot. The maximum 
deformation is, however, reached slightly later at 𝑡∕𝛥𝑡gust ≈ 0.6, when 
the upper edge of the T-structure deflects by approximately 0.1 ℎ𝑠. At 
the time instants when the paddle gradually unblocks the nozzle outlet, 
i.e., 𝑡∕𝛥𝑡gust = 0.75 and 1.0 depicted in Figs.  13d/13e and 14(d)/14(e), 
the previously described trends reverse. The recirculation region starts 
to shrink and the flow velocities gradually recover as the structure 
swings back. At approximately 𝑡∕𝛥𝑡gust = 1.0 the recirculation region 
has the smallest size with a length of less than 1 ℎ𝑠. Afterwards, it 
increases again and slowly reaches its pre-gust level again. The same 
applies to the deflections, which aside from some weak oscillations, 
return to their pre-gust level. At about 𝑡∕𝛥𝑡gust = 2.5, the original flow 
conditions and structural deflections are almost completely restored as 
visible in Figs.  13h and 14(h).

To further analyze the structural deformation during the gust im-
pact, Fig.  15(a) presents time histories of the deflection of the center 
of the shield-shaped part of the T-structure (point 1). On the one hand, 
the instantaneous deformations predicted for ten individual gusts are 
shown. On the other hand, the corresponding phase-averaged data 
based on all predicted realizations (i.e., 32) are determined. Again 
𝑡 = 0 marks the initialization of the gust generation, and the time 
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Fig. 13. Comparison between measured and predicted data of the phase-averaged streamwise velocity in the symmetry plane at different time instants of the gust encounter.
Source: Experimental data taken from Breuer and Neumann [12].
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Fig. 13. (continued).
Fig. 14. Comparison between measured and predicted data of the phase-averaged displacements in the symmetry plane at different time instants of the gust encounter. 
Source: Experimental data taken from Breuer and Neumann [12].
axis is normalized by the gust generation time 𝛥𝑡gust. For comparison 
purposes, Fig.  15(b) depicts the corresponding experimental data. Note 
that the phase-averaged data in this case are based on a larger sample 
of individual gusts (i.e., 104).

Before the paddle enters the fluid stream (𝑡 < 0), minor flow-induced 
oscillations of the structure are visible. As discussed in Section 4.1 
for the case without gust, the amplitudes of the measured oscillations 
are slightly larger than those observed in the simulations. The most 
likely cause for this deviation is the lack of inflow turbulence in the 
simulation as explained above.

Between the initiation of the gust and its first noticeable effect on 
the structure, a time delay of approximately 0.2𝛥𝑡gust is evident in the 
predicted data. This phenomenon was also noted in the measurements 
by Breuer and Neumann [12] and is attributed to the distance between 
15 
the nozzle’s outlet and the T-structure, as well as the gust develop-
ment time. Following this, the deflection increases rapidly, reaching 
its maximum value of about 0.07 ℎ𝑠 at approximately 𝑡∕𝛥𝑡gust = 0.6. 
Obviously, cycle-to-cycle variations are evident affecting the maximum 
deflection reached in each gust. In the experiment, slightly larger 
maximum deflections of approximately 40 μm are observed, leading to 
a marginally higher peak deflection in the phase-averaged data.

After reaching its maximum deflection, the structure swings back 
in the opposite direction. At 𝑡∕𝛥𝑡gust ≈ 0.95, the primary effect of 
the gust is largely alleviated, and the monitoring point returns to a 
deflection level similar to its pre-gust state. Due to the structure’s 
elasticity and inertia, it oscillates beyond this state, reaching a mini-
mum deformation of approximately 0.01 ℎ𝑠 at about 𝑡∕𝛥𝑡gust = 1.3. An 
interesting observation is that most gusts pass through a local maximum 
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Fig. 15. Time histories of the total displacements of the center of the upper rectangular part of the T-structure: Phase-averaged data (black thick line) and 10 singular gusts 
(colored lines).
before reaching this minimum, with considerable variations from gust 
to gust. In the corresponding time interval of 0.9 ≤ 𝑡∕𝛥𝑡gust ≤ 1.3, 
the largest deviations are visible between the phase-averaged predicted 
displacement and its measured counterpart. Overall, during the initial 
rebound smaller deflections are seen in the simulation compared to the 
experiment. This discrepancy can be attributed to the absence of turbu-
lence intensity in the inflow of the current computational framework. 
Additional preliminary predictions taking a certain level of background 
turbulence into account, confirm its influence on the amplitude of 
the T-structure’s response. Nonetheless, the finally achieved minimum 
deflections in the simulation and the experiment are very similar.

Afterwards, at 𝑡∕𝛥𝑡gust > 1.5, the oscillations gradually return to 
the status before the gust impact. The oscillation frequencies found 
in this time interval are similar to the dominant bending frequency of 
approximately 𝑓 = 6.68 Hz observed in Section 4.1 for the case without 
gust. Therefore, the gust can also be seen as a kind of an external 
excitation.

Overall, the predicted time histories exhibit significant cycle-to-
cycle variations, similar to those observed in the measurements. These 
16 
variations are primarily attributed to the pre-deflected position of the 
structure at the moment of the gust impact.

4.3. Three-dimensional flow field induced by the gust

To visualize the three-dimensional representation of the gust phe-
nomenon, Fig.  16 illustrates pressure differences obtained by subtract-
ing the pressure of the time-averaged flow results without gust from 
the phase-averaged pressure of the gust case. A negative iso-surface of 
this pressure difference highlights additional vortex cores induced by 
the gust.

During the paddle’s downstroke a large horizontal vortex forms 
directly behind its base, where the gust is generated (see Fig.  16(a)). 
Due to the velocity gradient in the shear layer (high velocity at the 
nozzle’s outlet and low velocity behind the paddle), the central region 
of this vortex rotates around the positive 𝑧-axis. A similar velocity 
gradient on either side of the nozzle outlet leads to the formation of 
vertical vortices, which later evolve into the ‘feet’ of a large arc-shaped 
vortex. Over time, this arc-type structure is convected downstream as it 
grows in size. At 𝑡∕𝛥𝑡 = 0.5, when the paddle reaches its maximum 
gust
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blocking ratio, the arc-shaped vortex, marking the gust front, passes 
beyond the T-structure (see Fig.  16(b)). The feet of this structure, sym-
metrically positioned on both sides of the bottom plate, rotate around 
the 𝑦-axis. This large arc-like structure is connected to the paddle’s 
sides through two prominent side vortices formed at the paddle’s lower 
corners and rotating around the 𝑥-axis.

As expected, the shear layer behind the paddle and the gust front 
contains a series of Kelvin–Helmholtz vortices. Furthermore, the sym-
metric vortices at the top of the strong front vortex adopt a horn-like 
shape. These vortices are likely resulting from the interaction between 
the 𝑦-axis, the 𝑥-axis and the 𝑧-axis rotating vortices (see Fig.  16(b)). 
Fluid particles flowing close to the nozzle’s sides are captured by the 
𝑦-axis rotating vortices and redirected toward the center of the test 
section. Some of these fluid particles, located near the 𝑥-axis rotating 
vortices, are accelerated upward and drawn into the counter-rotating 
flow generated by the large 𝑧-axis rotating vortex. The clockwise rota-
tion of the large front vortex pulls the fluid downward toward the floor, 
and, in combination with the main flow, funnels it toward the center 
of the test section, giving rise to the elongated horn-like vortices.

As the paddle moves upward, returning to its original position, the 
arc-shaped vortical structure descends into the wake while remaining 
connected to the paddle via the side vortices, which gradually weaken. 
The large 𝑧-rotating vortex defining the gust front is initially quasi-2D 
(see Fig.  16(a)). At later stages (see Figs.  16(b) and 16(c)), the two-
dimensionality is disrupted. This is attributed to the deceleration effect 
that the stationary fluid surrounding the ground plate has on the gener-
ated gust. Therefore, the center of the 𝑧-rotating vortex (undergoing less 
resistance) progresses faster. Moreover, the horn-like vortices above the 
arc-shaped vortex begin to dissipate around 𝑡∕𝛥𝑡gust = 0.75. Overall, Fig. 
16 illustrates the complexity of the flow dynamics induced by the wind 
gust.

5. Conclusions and outlook

Combining different numerical methods in an appropriate way, 
which at first glance do not seem to belong together, can be useful for 
simulating complex coupled fluid–structure interactions. In this case, 
the focus is on investigating a flexible structure in a wind tunnel, 
subjected to highly dynamic loads generated by a custom-designed 
wind gust generator. The simulation of the turbulent flow around 
the T-structure and its dynamic deformation is carried out using a 
partitioned method based on the ALE approach on general, curvilinear, 
body-fitted grids, a technique that has been widely applied to similar 
problems. The gust generation process, which involves a rigid paddle 
moving through the flow field, is modeled using the IB method with 
direct forcing. Despite the paddle causing significant disruption to the 
free-stream flow in the wind tunnel and inducing a rapid, short-term in-
crease in the main flow velocity, the IB method ensures smooth pressure 
and velocity fields without any numerically induced oscillations. This 
enables a precise reproduction of the real gust generator in the wind 
tunnel and a thorough analysis of the actual FSI problem including 
three-dimensional visualizations of the entire flow field not available 
in the experiments. Furthermore, it allows for a meaningful comparison 
of the simulation results with the experimental data reported by Breuer 
and Neumann [12]. The main findings can be summarized as follows:

• In the case without gust, the deformation of the T-structure 
remains small. Furthermore, marginal bending and even weaker 
torsional oscillations of the structure were observed, which allow 
averaging of the fluid flow and structure in time. The predicted 
flow field is found to be in close agreement with the PIV mea-
surements of Breuer and Neumann [12]. The same applies to the 
predicted structural deformations and the DIC measurements.

• Both simulation and experiment exhibit a large recirculation re-
gion behind the shield-shaped section and strong shear layers 
17 
Fig. 16. Three-dimensional visualization of the gust effect on the flow field: Iso-
surfaces of the pressure differences between the time-averaged pressure without the 
gust and the phase-averaged pressure in case of the gust.

occurring around this backflow area. The maximal structural 
deformations are in the range of 3 to 4 mm.

• Both measurements and simulations exhibit two distinct oscilla-
tion modes of the structure, between which the coupled system 
alternates irregularly. Relatively large amplitudes are observed 
in the bending-dominated mode, while noticeably smaller am-
plitudes occur in the mode where twisting also plays a role. 
Both corresponding bending frequencies are close to the natural 
bending frequency in vacuum.

• Wind gusts significantly change the flow field around the struc-
ture. In close agreement between simulation and experiment, 
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the recirculation region behind the shield-shaped part increases 
noticeably to about 1.45 ℎ𝑠 when the velocity of the approaching 
flow rises due to the wind gust. A maximum deformation of the 
upper edge of the T-structure of about 0.1 ℎ𝑠 is approximately 
reached at 𝑡∕𝛥𝑡gust = 0.6.

• When the paddle unblocks the nozzle’s outlet and the gust starts 
to diminish, the recirculation region shrinks significantly reaching 
a minimum size of about 0.9 ℎ𝑠 at approximately 𝑡∕𝛥𝑡gust =
1.0. Simultaneously, the structure moves against the main flow 
direction. After a few bending oscillations the flow field as well 
as the structural behavior of the pre-gust levels are recovered.

• Cycle-to-cycle variations play a role for both cases, with and 
without wind gusts. For the gust case, these variations are mainly 
attributed to the pre-deflected position of the structure at the 
moment of the gust impact. A second factor relevant to the 
gust and the no-gust case is the turbulence intensity of the flow 
exiting the wind tunnel nozzle. Since the inflow turbulence was 
not taken into account in the simulations for simplification, the 
oscillation amplitudes are found to be slightly smaller than those 
in the experiments. Additional preliminary simulations taking the 
inflow turbulence into account confirm that the amplitudes of the 
structural oscillations rise with an increasing turbulence intensity 
level. Further studies in the future shall quantify this effect.

The study demonstrates that the simulation methodology developed 
works well, successfully replicating both the gust generation process 
in the wind tunnel induced by the moving paddle and the coupled 
FSI problem of the thin structure interacting with the strongly varying 
turbulent fluid flow with maximum inlet velocities rising by more than 
60 %. In future studies, this methodology will enable comprehensive in-
vestigations of complex fluid–structure interaction problems, especially 
those involving membrane structures subjected to predefined wind gust 
loads.
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Appendix A. Determination of the Young’s modulus and material 
damping parameters

To determine the parameters for the material model used in this 
study, two simple structural test cases were conducted in the labo-
ratory and numerically simulated using the Carat++ solver (see Fig. 
A.17). The first test involved bending the T-shaped structure and then 
releasing it in a vacuum environment. The second considered the same 
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but for the twisting mode. The displacements at point 1, as defined 
in [12], were measured using a laser vibrometer (see Fig.  A.17(a)). This 
measurement point is located at the center of the upper rectangular part 
of the T-structure.

The structural simulation employed the finite-element (FE) mesh de-
scribed in Section 3.2.2, with the dimensions of the T-shaped structure 
corresponding to those used in the experimental study by Breuer and 
Neumann [12]. The material density 𝜌𝑠 was set to 𝜌𝑠 = 8435 kg∕m3, 
as provided in [12]. The brass material (alloy CuZn37) was modeled 
using the St. Venant-Kirchhoff law, with a typical Poisson’s ratio of 
0.34 for brass. Using a Young’s modulus of 𝐸𝑠 = 110 GPa, as initially 
suggested by Breuer and Neumann [12], led to an overestimation of 
the first dominant eigenfrequency associated with the bending mode of 
the T-shaped structure. To achieve a more accurate match, a reduced 
Young’s modulus of 𝐸𝑠 = 93.7 GPa was determined through a trial-
and-error process based on the dynamic bending test. In these tests 
the gravitational acceleration was taken into account but the structural 
damping was first of all ignored. The adjustment of 𝐸𝑠 resulted in a 
natural bending frequency of 𝑓num1 = 6.814 Hz, closely aligning with 
the experimental bending frequency of 𝑓 exp1 = 6.82 Hz. The frequency 
of the second mode, determined by the pure twisting case around 
the vertical 𝑦-axis, also agrees reasonably well between the simulation 
(𝑓num2 = 23.75 Hz) and the experiment (𝑓 exp2 = 22.45 Hz).

As visible in the experimental data in Fig.  A.17(a), the structure 
exhibits structural damping. To account for the damping, the Rayleigh 
damping model is employed in this study. The mass- and stiffness-
related Rayleigh damping coefficients, 𝛼𝑟 and 𝛽𝑟, were determined 
using an automated search process with the surrogate-based MATLAB 
optimization function surrogateopt. The objective was to minimize the 
L2-norm of the error between the logarithmic decrement of the ex-
perimental and numerical deflection data at point 1. To isolate the 
pure bending mode in the experimental data, a discrete Fourier trans-
formation was performed on the temporal response of the measured 
data. A rectangular window function was then applied to isolate the 
frequency response associated with the bending frequency. Finally, 
a clean signal in the time domain (depicted by the red curve in 
Fig.  A.17(b)) was obtained via an inverse Fourier transformation. The 
numerical optimization process was configured to perform a maxi-
mum of 200 evaluations, with 12 evaluations running in parallel on 
a computing cluster. The bounds for the optimization were set to 
0.4 Hz ≤ 𝛼𝑟 ≤ 0.5 Hz and 10−8 s ≤ 𝛽𝑟 ≤ 10−6 s, respectively. Each eval-
uation involved setting up the simulation, running the structural solver, 
and post-processing the results to evaluate the error in the logarithmic 
decrement. The procedure yielded several sets of 𝛼𝑟 and 𝛽𝑟 values, that 
resulted in a very good agreement between the predicted and the mea-
sured data of the bending deflections. For example, Fig.  A.17(b) shows 
the results achieved with 𝛼𝑟 = 0.47383 Hz and 𝛽𝑟 = 2.1602 × 10−8 s. The 
structural damping in these cases has only a marginal influence on 
the bending frequency of the dynamic simulation. Thus, the simu-
lated value of 𝑓num1 = 6.826 Hz remains quasi unchanged and in close 
agreement with the experimental value of 𝑓 exp1 = 6.82 Hz.

To obtain the final values from the possible parameter combinations 
(𝛼𝑟, 𝛽𝑟) resulting from the bending test, the twisting behavior was also 
taken into account. Although twisting plays a less important role than 
bending in the present case, it should still be considered in order to 
represent the physics as good as possible. In the experiment and in 
the simulation, this second vibration mode was therefore also excited 
and its decay behavior was analyzed. For parameter combinations 
that had shown almost identical results for the first mode, there were 
noticeable differences in the decay behavior of the second mode. The 
final selection from this pool of best-fit parameter combinations for 
bending was made based on the best fit with the experimental twisting 
decay curve resulting in 𝛼 = 0.47383 Hz and 𝛽 = 2.1602 × 10−8 s.
𝑟 𝑟
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Fig. A.17. Free-oscillation test in vacuum: Determination of the material parameters of the model.
Table B.3
Static grid sensitivity study: Total displacements 𝑑 of the center of the shield-shaped part of the T-structure 
for different grids under increasing wind load.

Load
Grid Standard Fine Reference

Wind velocity Wind load d Error d Error d
[m/s] [N/m2] [m] [%] [m] [%] [m]
5.14 16 2.0593 × 10−3 0.42 2.0608 × 10−3 0.35 2.0680 × 10−3

8.40 43 5.5212 × 10−3 0.42 5.5252 × 10−3 0.35 5.5446 × 10−3

12.8 100 12.6886 × 10−3 0.42 12.6984 × 10−3 0.34 12.7422 × 10−3
Appendix B. Grid sensitivity study for the structure model

A special seven-parameters shell element is used for the finite-
element discretization of the T-structure. The material parameters de-
termined in Appendix  A are applied. Three levels of refinement are in-
vestigated under uniformly applied wind loads of 16, 43 and 100 N/m2, 
resulting from wind velocities of 𝑢inflow = 𝑢∞ = 5.14 m/s, 1.6 𝑢∞ =
8.40 m/s and 2.5 𝑢∞ = 12.8 m/s. These exemplary loads are calculated 
based on the assumption that the static pressure at the front of the body 
is approximately 0.5 𝜌air 𝑢2inflow. The resulting total displacements 𝑑 at 
point 1, i.e., the center of the shield-shaped part of the T-structure, 
are given in Table  B.3. The load-controlled geometrically non-linear 
analysis yields very similar results for the standard, fine, and reference 
grids, consisting of 980, 4000, and 16,000 quadrilateral shell elements, 
respectively. This table also includes the relative errors with respect 
to the results obtained on the reference grid. It is evident that spatial 
convergence has already been achieved with the standard grid.

To assess the influence of the grid on the dynamic response of the 
flexible T-structure, the structure is first deformed and then released 
in a vacuum. In the first configuration, the structure oscillates at a 
frequency of 𝑓num1  in its first dominant mode, the bending mode. In the 
second configuration, it oscillates at a frequency of 𝑓num2  in its second 
mode, the twisting mode. Table  B.4 summarizes these frequencies, 
which were determined by fast Fourier transformations of the total 
displacement at the center of the shield-shaped part of the T-structure. 
The convergence of both frequencies is achieved with the standard grid.

Data availability

Data will be made available on request.
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Table B.4
Dynamic grid sensitivity study: First and second dominant frequencies 
associated with the total displacement of the center of the shield-shaped 
part of the T-structure.
Frequencies

Grid Standard Fine Reference

f Error f Error f
[Hz] [%] [Hz] [%] [Hz]

𝑓 num1 6.826 0.18 6.814 0.0 6.814
𝑓 num2 23.78 0.93 23.67 0.47 23.56
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