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Abstract

Properly describing the interaction between a structure and an internal or surrounding fluid
flow, known as Fluid-Structure Interaction (FSI), is of utmost importance for accurately pre-
dicting the resulting loading on the structure. This work provides a framework for accurately
and computationally efficient describing the structure’s wind-induced loading. More specifi-
cally, a parametric analysis for calculating the resulting forces at the interface through a se-
ries of three-dimensional (3D) CFD simulations is initially presented. In particular, two
independent parameters are employed in this work, namely the dimensions of the structure
and the wind velocity. Furthermore, the methodology for building reduced order models and,
thus, more computationally efficient models of the resulting wind loading on the structure is
introduced. Finally, these methods are applied in a real-life case study application in Greece.
Specifically, a 40 [m] tall chimney is examined in this work, and the extracted numerical re-
sults demonstrate the effectiveness and applicability of the proposed techniques in large-scale
engineering problems.
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1 INTRODUCTION

The engineering field of Fluid-Structure Interaction (FSI)is defined as the mutual interac-
tion between a movable or deformable structure and an internal or surrounding fluid flow [1].
More specifically, the core idea in FSI applications is that, due to the presence of the fluid,
forces are exerted on the structure which results in the deformation or the movement of the
structure. Subsequently, the produced structural deformation/movement will, in turn, affect
the fluid flow.

Within this work, a simplified FSI approach is followed in order to study the fluid flow
around structural components and, thus, the resulting wind loading. More specifically, slender
structures, such as chimneys [2, 3], are of particular interest due to the vortex-induced vibra-
tions (VIVs) [4]. Therefore, the focus is placed on such slender structures and, more specifi-
cally, on a real-life case study of a chimney within this work.

Based on this, the general framework for the parametric wind loading analysis is initially
proposed. Specifically, two independent parameters are used in this work, namely the dimen-
sions of the structure and the wind velocity. In particular, the chimney's dimensions are ap-
propriately scaled to examine the influence of the resulting fluid flow around the structure and,
thus, on the phenomena involved. Furthermore, wind velocity constitutes a free parameter of
the aforementioned parametric analysis. Consequently, it varies in the range of 5-20 [m/s]
such that the effect of the vortex-induced vibrations can be properly resolved.

Following that, the procedure for building reduced order models and, thus, more computa-
tionally efficient models of the resulting wind loading on the structure is presented. A series
of 3D CFD simulations is initially performed, based on the above-presented parametric analy-
sis. It is well known that wind tunnel testing accurately reproduces the atmospheric boundary
layer (ABL) and the flow around structures. The proposed framework can be applied utilizing
the results from extensive wind tunnel tests and on-site measurements, which is the ultimate
goal. Building aerodynamics took place in the ABL where turbulence closure models are cru-
cial. A simple logarithmic law can describe the mean velocity profile. Generally, international
standards and building codes define the parameters entering the logarithmic law according to
the surrounding surface. It should be noted that log law is strictly valid for flow over uniform
rough terrain and not for flow around individual objects. Therefore, an accurate CFD model
should always be calibrated with experimental data from wind tunnels or field experiments
and on-site measurements. In the case of CFD simulations, a closure model for the turbulence
closure model is selected. Subsequently, based on the results of these analyses, the reduced-
order model is identified using the sparse identification of nonlinear dynamics (SINDy) [5, 6]
to create an interpretable model. The prior knowledge of the system properties and behavior
drives the selection of the test functions dictionary. Also, machine learning techniques could
be implemented based on computational and experimental results.

Finally, a real-life case study application is examined in this work. More specifically, the
model of a 40 [m] tall chimney is examined herein. Using this model, the above-mentioned
techniques, including the parametric analysis and the model order reduction, are employed.
The extracted numerical results demonstrate the effectiveness and applicability of the pro-
posed methods in real-life and large-scale engineering problems.

4524



Sotiria Stefanidou, Olga Markogiannaki and Elias Paraskevopoulos

2  FLUID FLOW ANALYSIS

Within this paper, a CFD approach is followed in order to calculate the fluid flow around
the chimney and, thus, to extract the forces at the interface. Therefore, a detailed description
of the computational model used throughout this work is provided in this section. For the case
of an incompressible flow, the continuity and Navier-Stokes equations are derived in the form

V. V=0 (1)

DV_¥ yvv=—1vpiwvvig (2) @
Dt ot P B

where V and p denote the unknown velocity and pressure fields, respectively. In addition,
pis the fluid density, v denotes the fluid kinematic viscosity, while the vector g corresponds to
the gravitational acceleration.

Concerning the turbulence modeling, a Reynolds-averaged simulation is performed by us-
ing the open-source CFD software, OpenFOAM [7]. Furthermore, the two-equation k- Shear
Stress Transport (SST) model for the turbulence kinetic energy k and turbulence-specific dis-
sipation rate o [8, 9] is employed in order to achieve closure. This model uses the k-o model
to estimate turbulence in the near-wall region and k-¢ outside the boundary layer, while a
blending function is utilized in order to connect these two models. Inlet flow conditions are
consistent with the ABL for a terrain category II according to Eurocodes. It should be noted
that wall function roughness is appropriately modified to be compatible with the inlet wind
profile and minimize horizontal inhomogeneity problems. Also, a grid independence test was
performed to find the appropriate optimal grid.

Concerning the fluid domain, the corresponding dimensions are chosen based on the chim-
ney's height, as shown in Fig. 1. More specifically, the length of the domain is selected as 6H,
where H is the structure's height. Moreover, the flow inlet is located 3H upstream from the
center of the chimney. In addition, the width of the fluid domain is 6H, while the correspond-
ing height is equal to 4H.
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Figure 1 Fluid domain dimensions and boundary conditions

Furthermore, the numerical model's boundary conditions (BCs) are illustrated in Fig. 1. In
particular, symmetry boundary conditions are applied to the top and side boundaries of the
domain. Therefore, the fluid can slide freely along these boundaries of the domain but cannot
penetrate or pull away. Moreover, no-slip boundary conditions are imposed at the chimney’s
surfaces, while a pressure outlet condition is specified at the outlet.

3 PARAMETRIC ANALYSIS

In the proposed methodology, the fluid flow around the chimney and, thus, the resulting
forces at the interface need to be examined under various flow conditions. Consequently, it is
necessary to define the dependent and independent parameters of the parametric analysis and
calculate their numerical values in advance based on the expected flow conditions for the case
study application.

In this paper, the wind velocity and the dimensions of the structure are chosen as the two
independent parameters. More specifically, the wind velocity varies in the range of 5-20 [m/s]
with an increment of 0.5 [m/s] such that the effect of the vortex-induced vibrations is properly
resolved. Furthermore, the dimensions of the chimney severely influence the resulting fluid
flow and, thus, the involved phenomena. Therefore, concerning the dimensions of the struc-
ture, three different cases have been examined in this work. That is, a case with the original
dimensions of the chimney and two cases where the baseline diameters have been scaled by
0.8 and 1.2, respectively. Consequently, a total of twentyone (3x7=21) CFD simulations have
been carried out in this work.

Finally, the resulting wind pressures at the structure are calculated at several positions.
Namely, pressures are calculated at 24 control sections (along the height) and 12 points at
each section were used to capture the in section variation of the pressures (24x12=288 points).
In every part of the structure (Base, Middle, Top) Fig 2. at least five(5) control section were
used.
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Figure 2 Resulting forces at the three distinct regions of the chimney

4 REDUCED ORDER MODEL

In order to derive a reduced-order dynamical model for the pressure variation, the SINDy
method with controls (6) was applied.

P f( k,t) 3
= VLK,
; - I 2 ( )

p(0) =p, 4)

This concept is based on the method of snapshots and sparse regression. The evolution of
pressure is described in terms of a selected set of parameters. The selected parameters are
wind reference velocity (v), the geometric parameters of the structure (k) and time.

The library of candidate nonlinear functions ®(p,v,k) contains any function that may de-
scribe the data. The choice of these members is crucial, and any knowledge of the system's
behavior should be utilized.

After collecting the snapshots the system of equations (Eq. 3) can be written as

P:@(p,v,k)f )

The coefficients = are mostly sparse and the final set of active (nonzero) coefficients is ob-
tained solving the following optimization problem (sparse regression):

1. il I
gK:argmmE Pk—G)( p, v, k) §K 2+ 2‘|§K‘|(]

(6)

T x

The term ||* ||Upromotes sparsity in the coefficient vector &, although leads to nonconvex

formulation. The primary outcome is an interpretable model, with only a few terms from the
library @(sparse regression) in contrast to classical least square regressions.
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S NUMERICAL RESULTS AND DISCUSSION

Herein, the model of a 40 [m] tall chimney is examined in order to ensure the validity of
the proposed techniques. In particular, all necessary dimensions of the structure are illustrated
in Fig. 3. It should be noted that these are the baseline dimensions of the chimney model.
Therefore, the corresponding diameters of the model are scaled by 0.8 and 1.2 during the par-
ametric analysis in order to examine the influence on the resulting fluid flow around the struc-
ture and, thus, on the phenomena involved.
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= L2 ]
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- = 1.2 [m]
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Figure 3 Chimney model and baseline dimensions

Using the above-presented model of the structure, the pressures at the interface are calcu-
lated for all twentyone (21) cases described previously in the section of the parametric analy-
sis. More specifically, the case with the original dimensions of the chimney is initially
examined, while the two cases where the baseline diameters have been scaled by 0.8 and 1.2,
respectively, are studied next. In all cases, the second independent parameter, namely the
wind velocity, varies in the range of 5-20 [m/s].

Proceeding with the extracted numerical results, the resulting forces at the structure for the
case with the original dimensions are shown in Fig. 4 as functions of the wind velocity. These
results computed from the reduced order model (for the pressures) obtained in section 4. For
this, the last five (5) seconds of each (transient) simulation are utilized in order to get a repre-
sentative value for the resulting forces of each case. In particular, the root mean square (RMS)
value is employed in this work. It should be noted that a similar treatment is also employed in
the cases where the baseline diameters have been scaled. Furthermore, in the same graph, the
drag force calculated by using the analytical expression

4528



Sotiria Stefanidou, Olga Markogiannaki and Elias Paraskevopoulos

F = %cdpsz (3) (7)

is also included, where A denotes the frontal area of the chimney and p the density of air.
In addition, the drag coefficient cd is taken equal to 0.7.
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Figure 4 Total drag force as function of wind velocity for the case with the original dimensions

Obviously, the drag force calculated by utilizing the analytical expression is in good
agreement with the results derived by the CFD software, due to the geometrical simplicity of
the examined case. Moreover, the FFT analysis of the lift force in the middle part of the
chimney is illustrated in Fig. 5 for the case where the baseline diameters have been scaled by
1.2 and the wind velocity is 10 [m/s]. As can be seen, the frequency of oscillating the result-
ing lift force, due to vortex shedding is 0.99. In addition, the expected (theoretical) value re-
sulting from the analytical expression

n=st= (4) (8)

where D is the corresponding diameter of the chimney and St is the Strouhal number. Us-
ing the numerical values D=1.2*%1.6=1.92 [m] and St=0.18, according to international stand-
ards [10], the theoretical value of the frequency is

n=0.9375 )

which is very close to the value calculated by utilizing the CFD software.
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Figure 5 FFT analysis for the lift force in the middle part of the chimney. Baseline diameters scaled by 1.2 and
wind velocity v=10 [m/s]

6 SYNOPSIS AND FUTURE WORK

Within this work, the focus is placed on adequately estimating the resulting wind loading
on a structure, under various flow conditions, in a computationally efficient way. More specif-
ically, a parametric analysis is initially employed to describe the structure’s wind-induced
loading as a function of two independent parameters, namely the dimensions of the structure
and the wind velocity. For this, a series of three-dimensional CFD simulations is initially per-
formed by utilizing the open-source CFD software, OpenFOAM. The proposed framework
can be applied utilizing the results from extensive wind tunnel tests and on-site measurements,
which is the ultimate goal. Furthermore, the methodology for building reduced order and, thus,
more computationally efficient models of the resulting wind loading on the structure is pre-
sented next by employing the sparse identification of nonlinear dynamics (SINDy with con-
trol).

Finally, these methods are applied in a real-life case study application in Greece. Specifi-
cally, a 40 [m] tall chimney is examined in this work. As can be seen, both the total drag force
and the frequency of the vortex shedding are in good agreement with the respective analytical
(theoretical) values. Therefore, the extracted numerical results demonstrate the effectiveness
and applicability of the proposed techniques in large-scale engineering problems.
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