
Citation: Péntek, M.; Riedl, A.;

Bletzinger, K.-U.; Weber, F.

Investigating the Vibration

Mitigation Efficiency of Tuned

Sloshing Dampers Using a Two-Fluid

CFD Approach. Appl. Sci. 2022, 12,

7033. https://doi.org/10.3390/

app12147033

Academic Editor: José A.F.O. Correia

Received: 30 May 2022

Accepted: 6 July 2022

Published: 12 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Investigating the Vibration Mitigation Efficiency of Tuned
Sloshing Dampers Using a Two-Fluid CFD Approach
Máté Péntek 1,* , Andreas Riedl 1, Kai-Uwe Bletzinger 1 and Felix Weber 2

1 Lehrstuhl für Statik, Technische Universität München, 80333 Munich, Germany; a.m.riedl@tum.de (A.R.);
kub@tum.de (K.-U.B.)

2 Maurer Switzerland GmbH, Grossplatzstraße 24, 8118 Pfaffhausen, Switzerland; f.weber@maurer.eu
* Correspondence: mate.pentek@tum.de

Abstract: The efficiency of a Tuned Sloshing Damper (TSD) when mitigating wind-induced structural
vibrations is investigated. We assessed the performance in terms of peak structural displacements
and accelerations, compared to that of the Tuned Mass Damper (TMD). One load scenario considers
oncoming gusts due to natural turbulence, whereas the other assumes predominant vortex shedding
at a low turbulence intensity. The known optimum tuning rules for TSDs and TMDs were adopted.
We combined numerical models for fluids and structures to simulate the dynamic effects caused by
wind loading. A two-fluid Computational Fluid Dynamics (CFD) approach was used for the realistic
simulation of the TSD. The interaction between the flow, the structural behavior and the added devices
was captured. All of these computational methods and respective models represent the necessary
components of a modular and flexible simulation environment. The study demonstrates that this
workflow is suited to model the inclusion of TSDs and TMDs, as well as to capture the effect of
transient wind at full scale. We specifically used it to quantify the efficiency of added dampers.
The process highlights challenges in properly tuning a TSD and its reduced efficiency compared to
that of a TMD. Such an outcome is attributed to the water mass and potential added damping only
being partially activated. The computational framework promises the ability to improve such designs
by enabling numerical optimization for better efficiency.

Keywords: vibration mitigation; tuned sloshing damper; TSD; tuned mass damper; TMD; numerical
simulation; coupled simulation; computational wind engineering; CWE

1. Introduction

Our work presents a comparative study on the effectiveness of Tuned Sloshing
Dampers (TSDs) and Tuned Mass Dampers (TMDs). The focus lies in assessing the effi-
ciency in reducing vibrations, specifically displacements and accelerations, for a generic
high-rise structure under wind load. In the case of a target construction, Building B is
chosen, which is a standard tall building according to the study proposed by the Com-
monwealth Advisory Aeronautical Research Council (CAARC) [1,2], later readdressed
by the International Association for Wind Engineering (IAWE) [3,4]. From herein, we re-
fer to it simply as CAARC-B. There are two representative loading conditions for such
constructions: one is the naturally turbulent approaching wind flow, and the other is
characterized by low (even practically nonexistent) oncoming turbulence at the critical
streamwise velocity. Whereas the former category typically leads to a broad-band excitation
in an along-wind direction, the latter case generally results in resonance under a narrow-
band force, implying dominant cross-wind motions. Our goal is to realistically model
the functioning of a TSD for assessment purposes. Additionally, we show that the modular
numerical workflow is a viable path in analyzing transient loading on structures, including
added dampers as well as capturing the interaction between them. As we aim to exploit
recent advances in numerical approaches, we focus on the usage and realistic modeling
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of TSDs by means of Computational Fluid Dynamics (CFD). A so-called two-fluid (also
known as two-phase –one being air, the other water) formulation enables capturing slosh-
ing and wave breaking in a manner adequate for our goals. Similar approaches are of
interest in various hydrodynamic application cases, such as general wave modeling [5],
ocean engineering [6] or the multiphase flow of gases and liquids [7,8]. In our project,
the comparison of sloshing-based mechanisms was made with TMDs because such devices
represent a well-known benchmark in working principles and effectiveness. In addition,
both devices are typically set up to optimal parameters for specific working conditions
acting passively. TSDs represent a special category within Tuned Liquid Dampers (TLDs),
which, together with TMDs, are also generically a part of Added Mass Dampers (AMDs).
Essentially, such elements achieve mitigation by a combination of increased inertia and
additional damping, which they contribute to the “host” system.

We took this well-documented structure under wind loading, optimally tuned a pas-
sive TSD and TMD and simulated the transient and coupled effects using a specific nu-
merical environment. Assuming the same added mass is contributed by both devices (i.e.,
the added weight on the structure is equal), the characteristic kinematics is assessed and
discussed. The goal is to outline the efficiency of TSDs when compared to TMDs under sim-
ilar and representative load conditions. Numerical tools as part for Computational Wind
Engineering (CWE) permit such investigations, not least because they enable a modular ap-
proach. Wind loading was captured using Large Eddy Simulations (LES) (a particular CFD
model, specifically the VMS-ASGS formulation as detailed in [9]), whereas the behavior
of the structure was assessed with Computational Structural Dynamics (CSD). These are
coupled to permit Fluid–Structure Interaction (FSI), specifically of interest for the case
of vortex-shedding-induced resonance. A feedback mechanism is not only restricted to
the reciprocal influence of structural deformations on the wind loading conditions, but also
must be extended to the connection between the building and an AMD. To summarize, each
of these models were attributed a dedicated numerical setup and solver, best suited to its
requirements, whereas a partitioned scheme (with theory and usage thoroughly discussed
in [10–13]) connects them in the most appropriate manner to capture interaction between
them. This is, at its basis, a divide et impera approach, harmonized by recent advances
in computational multiphysics. The numerical models follow a discretization based on
formulations using the Finite Element Method (FEM). Our contributions are, in part, con-
tained in the Kratos Multiphysics open-source project [14,15], which is a joint research and
development activity. Herein, scientists and engineers collaborate together, specifically
striving for modularity and scalability. Depending on the required computational effort,
we additionally leveraged our developments on a High Performance Computing (HPC)
infrastructure. Our simulations benefit from the capabilities enabled by SuperMUC-NG.

2. Modeling of TSDs

The intention is to realistically model and use TSDs to efficiently mitigate wind-
induced vibrations. These devices are basically liquid containers, where the sloshing
motion under oscillations counteracts the base excitations of the structure that they are
mounted in. TSDs contribute with added mass, damping and stiffness, similarly to TMDs.
Such elements are added to highrise structures near the top. Design considerations rely on
knowing the exact structural parameters that define their inherent deformations patterns.
Specifically, we need to compute the particular eigenmodes and imply proper normalization.
Figure 1 shows these main concepts. Here, the basic definition of a TSD is also included,
specifically marking the initial water height h0 and the definition of the wave in time t by
the varying height h(x, t) for the sloshing in direction x.
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Figure 1. Scheme of a TMD attached to a structure (left) and the main parameters for defining a TSD (right).

All formulas needed for the design depend on the basic definition used in defining
a TSD. The fundamental sloshing frequency of the water fw inside a TSD can be expressed
using the linear wave theory [16],

fw =
1

2π

√
πg
L

tanh
(

πh0

L

)
. (1)

In Equation (1), g is the gravitational acceleration and h0 and L mark the basic geo-
metric parameters of the initial water height and tank length. In the following, a denotes
the amplitude of the horizontal displacement, whereas fext and ωext mark the (circular)
frequency of the external excitation. Three main characteristics influencing the behavior of
a TSD are summarized in Equation (2):

depth ratio
h0

L
,

frequency ratio β =
fext

fw
=

ωext

ωw
,

amplitude ratio
a
L

.

(2)

The water content can be calculated using the proper density ρw, according to Equation (3):

mw = L W h0 ρw. (3)

For a rectangular device, only a part of the total liquid mass fully contributes to
the sloshing motion. Other parts do not provide any momentum in the desired motion
because of the existence of recirculation zones. Therefore, the water mass can be divided
into the effective mass in motion me f f and the rest m0. Equation (4) provides the relations
based on the linear potential flow theory [17]:

me f f =
8 tanh πh0

L
π3h0

L

mw,

m0 = mw −me f f .

(4)

2.1. Choice of an Adequate Numerical Model

An appropriate numerical model needs to be identified and set up properly. There are
various numerical approaches that can, in principle, simulate the movement of sloshing
liquids. Traditionally, models based on the shallow water equations were the choice as
the computational requirements remained fairly low. These continue to provide a good
initial approximate for certain scenarios of wave motions. Respective theories perform
particularly well when the horizontal length scale is considerable larger than the vertical
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scale, thus, the naming of shallow. Corresponding equations result from depth-integrating
the Navier–Stokes relations, which are the generally accepted governing formulas for
flow problems. Shallow water equations cannot represent quantities over height, as the
resulting variables are the wave height and horizontal travelling velocity of the wave.
Consequently, the outcomes solely describe the surface level of the sloshing and its speed.
This poses strong limitations for nonlinear dynamic motions, where they are unable to
tackle wave breaking or to provide a realistic insight into the inner dynamics, which is
linked to the internal energy considerations of the sloshing tank. Another type of numerical
model is represented by formulations using a particle analogy. These imply considering
the sloshing liquid as the collection of movement of all particles in the container. Two
main categories can be identified: one uses an explicit numerical mesh, which deforms
according to the sloshing movement; the other type uses an implicit numerical mesh,
meaning the existence of a background grid on which the particles are tracked. The for-
mer type suffers when large mesh distortions are present (the case of highly dynamic
movement), whereas both models can have issues with the conservation of mass. Further
investigations would be needed for more insight into the accuracy, robustness and scala-
bility. Nonetheless, this type of approach still remains promising for the design of TSDs.
The main result is represented by the positions and velocities of the particles. Internal
forces and reactions on the tank can be derived mainly based on collision and cohesion.
Specific implementations used for testing are part of the Kratos Multiphysics [14] project.
From here, we explored the use of the ShallowWaterApplication (with various considera-
tions outlined in [18]) for the depth-integrated theory, the PfemFluidDynamicsApplication
(theory and applications reviewed in [19]) and the ParticleMechanicsApplication (with im-
portant principles focusing on material points described in [20]) as the approaches based
on the particle analogy (implying a Lagrangian view of the governing physics), as well
as the two-fluid formulation (with a Eulerian approach to the flow) of the Navier–Stokes
equations contained in the FluidDynamicsApplication. A comparison is detailed in the work
of [21]. The very last model of the flow equations can consider two phases in the flow:
for our purposes, water and air. When used to model a TSD, the expected velocities are
moderate, resulting in a Mach number Ma < 0.3, such that the assumption of incompress-
ibility is appropriate [22]. The detailed derivation of the formulas below is presented in [23].
Corresponding numerical results describe the flow field being represented by the velocity
and pressure in the domain. Under the assumption of the two phases being immiscible,
this model enables the identification of the interface between water and air. The entire
container domain Γ is divided into two complementary subdomains, seen in Equation (5),

Γ = Γa(ir) ∪ Γw(ater). (5){
ρi

(
∂ui
∂t + (ui∇)ui

)
− µi∆ui +∇pi = fi

∇ui = 0
in Γi for i = air, water. (6)

Equation (6) presents a generic expression of the Navier–Stokes equations (ρi is the den-
sity, ui the velocity, µi is the dynamic viscosity, pi marks pressure and fi is the body
force), valid for both subdomains. The momentum equation is accompanied by the mass
(i.e., continuity) conservation. This is the particular formulation and the accompanying
governing equations of the CFD simulations that we used in this study. It provides a re-
alistic model of the dynamic sloshing motion at a slightly higher computational effort.
The transient analysis not only captures the interface of the wave at an appropriate level of
accuracy and resolution but also provides critical insight into the motion of water below
the surface level. This latter aspect is necessary for assessing the effect of added mass
and damping from a TSD. Moreover, such a CFD formulation tends to scale well on HPC
infrastructures, which is critical for detailed three-dimensional investigations. It is also
promising when exploring various improvement possibilities, such as the detailed effect of
screens or other beneficial alterations to the container shape.
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2.2. Design Principles

Required design steps follow the line of thought representative for optimally tun-
ing a TMD. Both are passive AMDs, aimed at reducing oscillations, specifically using
the rules applicable for accelerations. Displacements will also be decreased. This pro-
cess starts by identifying and decomposing the main directions of motion. In Figure 2,
we show the schematic representation of the TMD and TSD, respectively. These are de-
picted in-plane on the cross-section of the structure. Mechanically, the TMD acts on each
bending mode as a Single-Degree-of-Freedom (SDOF) system. Due to the fact that the
mode shapes of the construction are uncoupled (i.e., bending modes neither affect each
other, nor the torsional mode), the TMD can be tuned for each direction independently.
This results in one-dimensional models. We are led to the total action by superposing the or-
thogonally functioning oscillators. TSDs follow an analogous principle. We considered two
perpendicular sloshing directions, which are presented by a water in motion using a two-
dimensional model (with sideways and vertical orientations) for each of the directions.
This is actually a beneficial simplification, as it discards potential effects from the waves
influencing each other.

Figure 2. In-plane schematic representation of TMDs and TSDs.

The key design steps need to address the following major points:

1. Determine the mass ratio as an upper limit, depending on the maximum weight to be
added to the structure;

2. Set a frequency (or tuning) ratio by determining at which frequency the added device
should naturally vibrate;

3. Assess the damping ratio in the case of a TSD representing the estimate of the addi-
tional damping that could be achieved.

Optimizing AMDs in order to affect accelerations is analogous between the TMD and
TSD. As the behaviour of TSDs is inherently nonlinear, this approach provide a starting
basis for the design. We outline the necessary steps for a TMD in Setup 1. Such steps
are applicable for setting up an equivalent linear SDOF mechanical model, with viscous
damping. The process needs to take place for each of the dominant directions. Numerical
values for the parameters are presented in Table 2. In the case of a TSD, this process
is slightly modified, as highlighted in Setup 2. The workflow follows steps proposed
by [24,25].



Appl. Sci. 2022, 12, 7033 6 of 24

Setup 1 The steps for optimally tuning a TMD.

1 Choose the total mass ratio 1 µtot ≤ 1.5 % 1

2 Calculate the added mass 2 m = µtot mS 2

3 Calculate the modal mass ratio µ =
m

m∗S
η2 3

4 Calculate the tuning (i.e., frequency) ratio Ωopt =
1√

1 + µ
4

5 Calculate the frequency of the damper based
on the target structural frequency

fopt = Ωopt fS,target 5

6 Calculate the stiffness k =
(
2 π fopt

)2 m 6

7 Calculate the optimal damping ratio ζopt =

√
3µ

4(1 + µ)(2 + µ)
7

8 Calculate the damping coefficient c = 2 ζopt m
(
2 π fopt

)
8

All parameters are for a TMD, unless specified otherwise and appropriately marked by a subscript. 1 Here, we use

as an upper limit the value typical for cantilever-type structures, as recommended by [26]. 2 η is the value of the

mode shape at the AMD.

Setup 2 The steps for optimally tuning a TSD

1
Choose the mass ratio similarly to how
it is carried out for the TMD (we take
the same exact value for our studies)

µtot,TSD
!
= µtot,TMD 1

2 Calculate the effective damping ratio, as it
should be optimally provided by the TSD ζe f f ,opt =

1
4

√
µ(1 + µ)

1 + 3µ/4
2

3
Calculate the optimal damping ratio,
which should be higher than the one
previously determined

ζopt =

√
µ(1 + 3µ/4)

4(1 + µ)(1 + µ/2)
3

4 Calculate the tuning (i.e., frequency) ratio,
similar to the one for the TMD Ωopt =

√
1 + µ/2
1 + µ

4

5 Calculate the frequency of the damper
based on the target structural frequency fopt = Ωopt fS,target 5

6 Calculate the optimal response ratio Ropt =
1 + µ√

2µ + 3µ2/2
6

7 Calculate the total damping ratio aimed to
be achieved ζtot = 0.8 ζS + ζe f f ,opt 7

8
Calculate the RMS relative response
motion of the equivalent linear
mechanical model 1

σr using R =
σr

σS
and ζtot = ζS

σ2
S,initial

σ2
S,target

8

9
Set the container dimensions L and h0
such that the natural sloshing frequency
fulfills the optimality criterion

fopt
!
= fw =

1
2π

√
πg
L

tanh
(

πh0
L

)
9

10

Set the relevant parameters for a screen
(solidity ratio S, number of screens n and
position x) such that the damping ratio 2

fulfills the optimality criterion

ζopt
!
= ζwith screens =

Cl

√
32
π3 tanh2

(
πh0

L

)
∆Ξ

σr

L

10

11
Determine the number 3 N and width W
of water containers such that the total
target mass is reached

mw = N L W h0 ρw
!
= µtot mS 11

All parameters are for a TSD, unless specified otherwise and appropriately marked by a subscript. 1 The initial

displacement can be achieved by a priori determining or assuming a typical value. 2 The damping ratio for

a TSD with screens under random excitation, as given by the mathematical model in [25]. 3 The total amount of

water mass would typically be inefficient in one container and also difficult to allocate space for, so it needs to be

distributed.
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2.3. Efficiency Considerations

A typical setup for a TSD might assume the wave motions to be dominantly uni-
directional. For more complex movement patterns, a coupling between various directions
will be more realistic. Additionally, for such case,s the shape of the container needs to
be reconsidered, as sharp edges at the corners could be detrimental. This consideration
not only holds in the horizontal plane, but also in the vertical one. Consequently, some
use cases will lead to the adoption of sloped bottoms and avoid all kinds of sharp corners
where possible. These measures intend to increase the amount of liquid in motion. Further
improvements will lead to the usage of three-dimensional screens. Such elements, placed
in the middle of the container, have the intention of increasing the friction (and thus
dissipating kinetic energy through damping) of the sloshing water. The ideal placement
will aim to locate the regions with the highest kinetic energy.

2.3.1. Vertical Slat Screens

Damping is typically proportional to the sloshing velocity. This means that the highest
increase in dissipation can be achieved by placing additional slat screens, where the fluid
motion is expected to be the largest. This would mean near the middle of the tank. Particular
damping characteristics can be achieved by specific combinations of the number of slats
and their placement. As practical recommendations are case-dependent, here, we outline
the main ideas necessary for such tuning. Numerical solutions have the potential of
assisting the design process and optimizing setups.

Kinetic energy is dissipated by the inherent viscous damping at the walls of the tanks,
supplemented by wave breaking. This is typically suboptimal without additional elements
to increase dissipation [25]. Poles, screens and various other objects can be inserted into
the container for improved damping [27–29]. Vertical slat screens consist of stacked ele-
ments. The installation of such devices is simple. Varying spacing additionally permits
the change in damping characteristics. These can be also used in semi-active damping
devices [27,30] with changes possible during operation. Inclined and oscillating variations
have also been tried [28]. The working principle is similar to the flow through porous media.
Respective openings will induce an additional friction and pressure drop. Consequently,
the primary influence of a screen is determined by the solidity ratio S. It is a characteristic of
these devices, defined as the ratio of slat width dslat to the slat spacing bslat (i.e., of the solid
material to the opening where the fluid can pass).

In recent works describing nonlinear models for TSDs [27,28,31], screens are taken into
account by being numerically modeled by linear loss coefficients or with fixed pressure loss
factors. For such cases, it is important to correctly evaluate the pressure loss. This influences
the proper description of screens in transient flow conditions. For a steady flow, provisions
are provided in [32]. Further consideration related to the detailed modeling of sharp-
edged slat screen are described in [27–29]. Experimental values for relevant coefficients are
provided by [33].

2.3.2. Sloped Bottoms and Rounded Corners

A shortcoming of rectangular containers is the increased non-effective mass. Sharp-
edged corners of TSDs will result in zones where the water stays still. The inertia of
the sloshing fluid has further undesired effects. In particular, beating [34] (or pulsating) is
counter-productive, this happening due to continued sloshing once the motion of the base
construction stops. This is an amplitude modulation of the structure. Such artifacts are
improved when designing with inclined bottoms. This is in line with observations from
ocean hydrodynamics and sloped beaches. The longitudinal motion can be dominant
in a certain direction. It is well-matched by tanks particularly elongating in this specific
orientation. Tall structures will undergo excitations in a combined mode, either due to
the force acting in a skew angle or in the case of typical bending–torsion coupling. A rect-
angular shape in the horizontal plane might pose some more drawbacks, as uncontrolled
or interfered waves can occur due to the corners. The positive aspect is that such side
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effects can be overcome with careful geometric considerations. On the downside, each
change will contribute with a nonlinear effect to the optimal tuning, thus complicating
the design process.

3. Validation of the CFD Approach

Having outlined all typical considerations for setting up a TSD, the validation of
the numerical model based on the two-fluid assumption follows. Consequently, a series
of CFD simulations is planned, with the water tank undergoing controlled vibrations.
They are induced in the form of imposed horizontal motions, with a series of prescribed
amplitudes and frequencies. We use the extensive physical experimental results from [35]
as a reference for comparison. Our aim is to replicate that setup, which was carried out on
a shake table. The assessment was conducted at that reduced (i.e., model) scale, deriving
the dimensionless characteristics supporting the final design of an optimally tuned TSD for
our tall structure.

3.1. Experimental Setup

The numerical experiments focus on the sloshing of water in a rectangular container
at a reduced scale. In [35], the dimensions length L = 0.590 m and width W = 0.335 m are
used. The following combinations of water heights, excitation amplitudes and frequencies
are planned: a constant excitation amplitude a = 5 mm with different water levels h0;
keeping a constant depth ratio h0/L = 0.102 and varying amplitude ratios a/L. The in-
vestigations imply a harmonic horizontal forcing motion in time x(t) = a sin(ωext t),
with the prescribed circular forcing frequency being defined as ωext = β ωw. The above
characteristics need to be studied systematically because they lead to the design of TSDs
aimed at mitigating structural vibrations. As the optimal working condition is at harmonic-
dominant structural motions, this methodology represents the adequate preparatory phase.
The critical outcome of the investigation is the total (dimensionless) sloshing force Fsl (and
F′sl) acting on the liquid container, as defined in Equations (7) and (8). The base shear mainly
results from the difference in hydrostatic pressure on the two lateral walls (i.e., the water
height: right hR and left hL). The denominator contains the maximum inertial force of
the water treated as a solid mass mw (being the total mass of liquid),

Fsl =
1
2

ρ g
(

h2
R − h2

L

)
, (7)

F′sl =
Fsl

mw ω2
ext a

. (8)

We additionally recorded the physical work; here, the energy E transferred to or
from the object. An appropriate relationship considering a forcing cycle is provided
in Equation (9). The dimensionless dissipated energy per cycle ∆E′ is also marked, being
expressed in Equation (10). This is achieved by normalizing with the kinetic energy of
the entire liquid considered as a solid mass,

∆E =
∫ t+T

t
Fsl(t) x(t)dt, (9)

∆E′ =
∆E

1
2 mw (ωext a)2

. (10)

3.2. Imposed Motion Studies

The series of studies was designed using certain parameters from [35], such that the out-
come supports the application case of a TSD, as described in [36,37]. We present the sloshing
response in the form of the horizontal sloshing force, the shape of the hysteresis curve and the
dissipated energy. These values are compared to the reference results in [35]. The comparison
is supported by using the dimensionless expressions in Equations (8) and (10). The effect per
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vibration cycle is of focus, where the enclosed area in the hysteresis loop represents the dis-
sipated energy. We calculated the relative deviation of the assessed values from the results
in [35].

Whereas the detailed results are contained in [21], here, we particularly focused on
representing the characteristic outcome relevant for further design steps. The deviations
observed in Figures 3 and 4 are low. Accompanying quantitative results are presented
in Table 1. Not only are the areas of the hysteresis loops very close, but also the shape of
the curves depict a comparable behaviour. For cases with a high water depth and small
amplitude ratios, the simulations tend to slightly overestimate the sloshing response. We
attribute this to additional internal numerical damping for such cases. Overall, the CFD-
based approach reproduces the nonlinear sloshing forces very reliably. It can be seen
that even higher harmonics are captured by the model, despite the hysteresis loops not
identically overlapping with the reference ones.
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Figure 3. Validation results for varying the water height.
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Figure 4. Validation results for varying the amplitude of excitation.

Table 1. Dimensionless energy per hysteresis cycle.

∆E′ a = 5 mm a = 20 mm a = 60 mm

h0 = 20 mm h0 = 40 mm h0 = 60 mm

Experiment 36.00 29.90 8.30 19.40 10.20

CFD 32.01 24.92 9.12 17.55 11.82
Diff. to exp. [%] −11.1 −16.7 9.9 −9.5 15.9

Such studies can be designed in various ways, depending on the exact aim. For our use
case, we limited them to a two-dimensional domain, without extensive focus on varying
the excitation frequency. The results are mainly related to the effect of varying depth and
amplitude ratios at a frequency characteristic for our building. It is expected of the TSD to
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have to mitigate motions that are unidirectional, so this assumption is deemed appropriate.
For other cases, three-dimensional simulations might be the only viable alternative, which
is possible with CFD simulations.

Computational methods make it possible to visualize various results. In Figure 5,
we include one of these, as a selection of variables and properties can be captured. Here,
we see the clear distinction between air and water based upon density (similarly possible
based upon viscosity). Additionally, the velocity and pressure fields are also available
to aid in various discussions and design purposes.

Figure 5. Showcasing the representative setup and qualitative results for the imposed motion of
a = 5 mm and h0 = 40 mm: the water surface being best identified by the border between the densities
of air and water.

4. Wind Loading and Vibration Mitigation

Wind loading represents a characteristic load case for tall buildings. It is critical
to ensure structural safety and occupational comfort during the design process. Due to
the inherent slenderness, high-rises are prone to vibrations. This leads to the necessity
to find ways to mitigate such oscillations. Added devices constitute a common way to
counteract these effects, with them being either planned already in early design phases or
sometimes even considered as part of retrofitting measures. In particular, passive AMDs
represent a common solution to wind-induced vibrations. We choose the prototypical
case of a sharp-cornered construction, the CAARC-B building. The advantage of this
example is that the load conditions are thoroughly studied. Multiple references substantiate
the knowledge base, as it represents a benchmark for building aerodynamics. Not only
is the oncoming naturally turbulent wind described in detail, but also vortex-shedding
characteristics are well-known. This cuboid shape is prone to such a phenomenon, typically
resulting in a von Kármán vortex street [38]. Clear vortical structures (more dominant
in the case of low-to-no incoming turbulence) are linked to nearly harmonic cross-wind
excitation forces.
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4.1. Structural Model

The benchmark building has the aspect ratio of its dimensions height H: depth D:
width W of 6:1.5:1, with H = 180 m. With a prescribed density of 160 kg/m3, the total
mass results in 38.880 tonnes. It is a generic structure, with the mass, stiffness and damping
characteristics distributed homogeneously. Further provisions give the target modes of
vibrations and respective frequencies. The first three for such a cantilever structure are as
follows: weak bending at fbending,weak = 0.20 Hz, strong bending at fbending,strong = 0.23 Hz
and torsion at ftorsion = 0.40 Hz. These eigenmodes are uncoupled.

The initial study aimed to use this model for base-force measurements according to
the High-Frequency Force Balance (HFFB) method. The peculiarity for that method is that
the fixity is flexible, but the building is rigid along its height. As a result, the mode shapes
are linear. We created a model setup for Finite Element Analysis (FEA). This numerical
replica was built up with elements using a formulation corresponding to the FEM. It led
to a structure detailed with multiple types of elements, such as shells, trusses and beams,
tuned to match the prescribed geometric and mechanical properties. This directly led to
more realistic shapes of vibration, similar to those known for cantilever-type structures.

4.2. Considered Load Cases

Wind loading is numerically captured using a LES approach, typical in CFD for tran-
sient flow fields [39,40]. The respective numerical domain follows the setup as presented
in [41]. There are certain particularities to this setup, depending on whether the aim is to
realistically model the natural turbulence in the Atmospheric Boundary Layer (ABL) or
whether the scope is to trigger strong vortex shedding. The former case implies nonzero tur-
bulence, whereas the latter can become critical for very low (to practically zero) turbulence
intensity. In Figure 6, we show the main aerodynamic considerations and definitions.

4H
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4H 4H
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12H 8H

Top

Wall Outlet
Inlet

D W

H

x
z

y

Bo�om

Inlet      
Outlet   
Bo�om  
Structure
Top        
Wall  

| imposed velocity  
| imposed pressure
| wall function
| no slip condition
| slip condition        
| slip condition     

Angle of a�ack

Bending axis

Weak

Strong

90°

0°

Figure 6. Definition of the wind loading: direction and simulation domain.

4.2.1. Turbulent Wind Loading

Here, we focus on the excitation typically arising in the Atmospheric Boundary Layer
(ABL). Fluctuations in the wind field occur naturally for the CAARC-B, with available
provisions describing the target state. This is characterized by the (streamwise, time-
averaged) mean velocity profile along the height, accompanied by the turbulence intensity,
as well as the (integral) turbulence length scale for this velocity component at the top of
the structure. To achieve this state, we numerical modeled the inlet by synthetic turbu-
lence, a specific type of generated condition (using the WindGen generator [42] based
on the theory by [43]). We provide our assessment, additionally including the Power
Spectral Density (PSD) for the streamwise velocity component. As the velocity is directly
linked to the surface pressure, the along-wind excitation force will have a similar spectrum.
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This scenario is thus characterized by a broad-band excitation, mostly in a streamwise (i.e.,
along-wind) direction.

The load mechanism is typically dominated by the oncoming flow, this being the gusti-
ness approaching the ABL. It is acceptable to assume that the deformation state of the struc-
ture will not have a strong influence on the flow field itself. Consequently, we recorded
the wind forces by CFD and applied it on the structural model, as typically carried out
in Computational Structural Dynamics (CSD). Following the approach defined as One-Way
Coupling (OWC), forces are transferred to the structure, but the resulting deformation state
is not updated in CFD.

4.2.2. Oscillations in Smooth Flow

Fluctuations in the flow can either exist without the presence of the structure, such
as the case in the previous scenario, or additional ones can arise due to a body being
immersed into the flow. The CAARC-B is a bluff body that will facilitate vortex creation
around it. Of particular interest is the case of a smooth flow, which triggers dominant
shedding around the building. The critical situation is when the vortex shedding frequency
fsh matches one of the lower eigenmodes of the structure. We planned a setup to trigger
this mechanism for the weak bending mode.

At a particular angle of attack, this occurs for a given streamwise velocity. This is
described in detail by [41]. It leads to a practically constant along-wind force accompanied
by a close-to-harmonic cross-wind component. If the narrow-banded excitation force [44]
exactly matches the underlying structural frequency, we are led to the situation of me-
chanical resonance. However, in the case of (wind) flow, vortex-shedding can trigger
a feedback mechanism, also called lock-in [38]. This means that not only is the exact overlap
of the frequencies dangerous, but also the slight shifts might need considering, as the
oscillating systems could synchronize. This leads to the necessity of the approach labeled
as Two-Way Coupling (TWC). In the numerical context, this means that forces simulated
by CFD trigger deformations in the CSD model, which, in turn, will require an update of
the shape in the flow field.

4.2.3. Simulated Conditions

Wind flow conditions are characterized with typical metrics of the streamwise velocity
component, presented in Figure 7. The turbulent flow approaches the building at a 0◦

angle of attack (streamwise perpendicular to the wide face). This is defined by a lower
mean magnitude at a higher turbulence intensity TI. The energy spectrum of this velocity
contains higher energy distributed over multiple frequencies. Smooth flow (i.e., minimal to
no oncoming fluctuations) is seen in the case of the 90◦ angle of attack (streamwise parallel
to the wide face). For this latter scenario, the along-wind velocity component has lower
energy, as observed in the spectrum.

The energy content of the flow is inherent to the natural conditions of the approaching
wind. The shape of the building determines the characteristics of the aerodynamic forces
that arise under such conditions. These are presented in Figure 8. Along-wind, the vertical
lines (dashed) represent the weak and strong bending frequencies, with 0.2 Hz and 0.23 Hz.
We can see that there is no peak in the energy content at these values. Conversely, for the
cross-wind component, the smooth flow peaks at approximately 0.2 Hz (dashed), with it
matching the weak bending mode. In the case of approaching turbulence, we can also
observe a cross-wind peak at 0.08 Hz (marked as dash-dotted). This peak is expected
as, also in turbulent conditions, vortex shedding will exhibit itself. However, the mechanism
overlaps with the fluctuations already present in the oncoming flow field.
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4.3. Coupled Simulations in CWE

Wind effects on structures often imply a feedback mechanism, thus rendering arising
phenomena as challenging to be investigated. This means that the force deforms the struc-
ture, whereas such changes in shape will alter the flow field, leading to a modification
of the excitation itself. This is a crucial characteristic in the case of flexible constructions.
Numerical methods constitute one of the viable ways to investigate such effects. The main
advantage is that corresponding simulations are not affected by scaling as the digital mod-
els are created at full (i.e., real) size. Following a partitioned approach, dedicated solvers are
linked to the wind flow and structure, respectively. Nonetheless, this will lead to particular
requirements of corresponding computing power, alongside issues related to the accuracy,
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Wind effects on structures often imply a feedback mechanism, thus rendering arising
phenomena as challenging to be investigated. This means that the force deforms the struc-
ture, whereas such changes in shape will alter the flow field, leading to a modification
of the excitation itself. This is a crucial characteristic in the case of flexible constructions.
Numerical methods constitute one of the viable ways to investigate such effects. The main
advantage is that corresponding simulations are not affected by scaling as the digital mod-
els are created at full (i.e., real) size. Following a partitioned approach, dedicated solvers are
linked to the wind flow and structure, respectively. Nonetheless, this will lead to particular
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4.3. Coupled Simulations in CWE

Wind effects on structures often imply a feedback mechanism, thus rendering arising
phenomena as challenging to be investigated. This means that the force deforms the struc-
ture, whereas such changes in shape will alter the flow field, leading to a modification
of the excitation itself. This is a crucial characteristic in the case of flexible constructions.
Numerical methods constitute one of the viable ways to investigate such effects. The main
advantage is that corresponding simulations are not affected by scaling as the digital mod-
els are created at full (i.e., real) size. Following a partitioned approach, dedicated solvers are
linked to the wind flow and structure, respectively. Nonetheless, this will lead to particular
requirements of corresponding computing power, alongside issues related to the accuracy,
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robustness and stability of the scheme. Additional details characterize the kind of coupling
schemes used, OWC or TWC. This choice is problem-dependent, with potential effects
being highlighted by the aerodynamic and elastic studies in [45]. Further generalizing
the partitioning, numerical simulations permit the inclusion of additional components,
such as AMDs, as shown in Figure 9. Whereas extending a structural model with a TMD
would be straightforward by adding additional entries in the mass, damping and stiffness
matrices (native to the FEM-formulation of structures), this is not a universal solution.
For the particular case of a CFD model for a TSD, this submodule (or component) has to be
treated in a dedicated manner. It also needs to be included in the broader computational
scheme. The generalized concept follows the developments in [41,46]. This is a viable
approach for investigating the efficiency of TSDs and TMDs alike, at full scale, while
capturing all relevant details. It is also possible to use it for general controllers, with the
applicability highlighted by [47].

1
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Deformations
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or TMD
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CFD analysis
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Figure 9. Representation of the coupled wind–structure–damper simulation.

For our purpose, we set up the TMD and the TSD based on the presented structural
properties and following the principles enumerated in Section 2. In Table 2, all crucial
parameters are detailed for the weak and strong bending mode, respectively.
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Table 2. Setup of the interacting systems—tructure and AMDs—using the definitions based on the
structure-attached coordinate system.

System Property Symbol Unit Weak Bending Strong Bending

Structure 1,2

Height H [m] 180
Width W [m] 30
Depth D [m] 45
Total mass m [×103 kg] 39,875
Equivalent density ρ [kg/m3] 164
Mode shape number i [−] 1 2
Eigenfrequency f [Hz] 0.20 0.23
Value of the mode shape at the AMD η [−] 0.94 0.96
Generalized modal mass of the mode shape m∗ [×103 kg] 10,144 12,698
Damping ratio ζ [%] 1.00 1.00

TMD 1,3

Mass m [×103 kg] 180
Frequency f [Hz] 0.20 0.23
Stiffness k [kg/s2] 280,321 371,690
Damping ratio ζ [%] 7.61 6.96
Damping c [kg/s] 34,215 36,031
Total mass ratio µtot [%] 0.45
Modal mass ratio µmod [%] 1.57 1.32

TSD 1,4

Length L [m] 9.50 7.00
Width W [m] 3.00 2.30
Resting water height h0 [m] 1.57 1.12
Location of screens x [−] (0.4, 0.6)L
Solidity ratio of screens S [−] 0.32 0.30
Mass per unit mN [×103 kg] 45 18
Number of TSD units N [−] 4 10
Total mass mw [×103 kg] 180

Total mass ratio µtot [%] 0.45
Modal mass ratio µmod [%] 1.57 1.32

Effective mass per unit me f f ,N [×103 kg] 33 13
Effective mass me f f [×103 kg] 135

Total mass ratio µtot [%] 0.34
Modal mass ratio µmod [%] 1.17 0.99

Damping ratio with screens ζ [%] 5.59 4.88

Labeling of the flow-attached axis Turbulent flow at 0◦ angle of attack Along-wind—X Cross-wind—Y
Smooth flow at 90◦ angle of attack Cross-wind—Y Along-wind—X

1 Respective symbols will be attributed the initials of the systems—Structure, TMD, TSD—as subscripts to be able
to differentiate. 2 The total mass mS will be used to compute µtot and the generalized modal mass m∗S for µmod .
3 In case of a TMD the total and effective mass are the same. 4 Here we present results of the tuning process for a
TSD with vertical slat screens. The mass ratios are provided for the total mass as well as the effective one.

5. Results

This section focuses on presenting the kinematics at the top of the building. We in-
cluded the time series for the two orthogonal directions, for the displacement as well as
the acceleration. These are the typical quantities of interest for the design. Baseline results
characterize the motion of the structure under wind loading, without any AMD.

The broad-band excitation is caused by naturally turbulent wind. For this, engineers
typically consider a 10-minute time frame, as that is deemed statistically stationary and rep-
resentative for relevant actions on structures [48]. The initial time phase of 45 s (as seen
in Figure 10) represents the initiation phase, with these values being discarded for the quan-
titative evaluation. Specific metrics are evaluated and shown in Table 3. The along-wind
response is comparable, with the TMD and TSD performing similarly, at approximately
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±5 % relative of each other. For the cross-wind direction, the TSD performs at around
25 % worse than a TMD under these settings. Both AMDs improve the structural response
by mitigating deflections up to 50 %. We mention that such devices aim to perform well for
excitation forces near the natural vibration of the underlying construction. However, this
load case is broad-banded, so less efficiency is to be expected.
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Table 3. Statistics of the kinematics of the top point under turbulent wind loading.

Case

Along-Wind Cross-Wind
Dispx [m] Accx [m/s2] Dispy [m] Accy [m/s2]

Mean RMS Max Mean RMS Max Mean RMS Max Mean RMS Max

Baseline 0.18 0.21 0.53 0.00 0.17 0.52 0.00 0.09 0.26 0.00 0.16 0.47

With TMD 0.18 0.19 0.39 0.00 0.08 0.23 0.00 0.06 0.17 0.00 0.08 0.25
Diff. to baseline [%] 0.0 −9.5 −26.4 0.0 −52.9 −55.8 0.0 −33.3 −34.6 0.0 −50.0 −46.8

With TSD 0.18 0.19 0.38 0.00 0.08 0.25 0.00 0.07 0.20 0.00 0.11 0.33
Diff. to baseline [%] 0.0 −9.5 −28.3 0.0 −52.9 −51.9 0.0 −22.2 −23.1 0.0 −31.3 −29.5
Diff. to TMD [%] 0.0 0.0 −2.6 0.0 0.0 8.7 0.0 16.7 17.6 0.0 37.5 32.0

Time series are accompanied by a quantitative statistical evaluation. As an additional
metric, we define a maximum value based upon derived quantities, instead of the sample
maximum. In Equation (11), the estimate is shown using a peak factor G = 3 (with an esti-
mate provided in this magnitude by [48]) alongside the mean and standard deviation σ of
the time series,

Max = Mean(series) + G σ(series). (11)

A dedicated discussion on the exact choice of the peak factor is out of the scope
of the current study, as it serves here as an amplification factor. It is taken as the same
throughout the statistical analysis, with its magnitude deemed representative. For special
design cases, this term needs a more in-depth investigation. Table 3 provides a summary.
Alongside the absolute values, the relative error is also displayed, being evaluated in pairs,
between the TMD–baseline, TSD–baseline and TSD–TMD.

Our second scenario represents narrow-banded loading in the cross-wind direction.
The dominant force arises in the smooth flow as a result of vortex shedding. Such an exci-
tation case is more typical for the setting that is aimed to be mitigated by AMDs. Passive
devices typically work well at particular frequencies. In Figure 11, we include the times
series for displacements and accelerations. This is amended by the statistical evaluation
in Table 4. The total time used for the evaluation is 200 s, with the initialization being
25 s. This choice resulted from capturing at least ≈ 25 periods of the vortex shedding
(with T = 5 s for the shedding frequency fsh = 0.2 Hz matching the weak bending). We can
clearly see in the time series that, for the baseline case, around 150 s are necessary to reach
the stationary state of damped harmonic oscillations. To put this in context, these very
specific flow conditions for a tall structure would need to be stable for 2.5 min to arrive at
this state, where it would imply ±3 m oscillations at a 180 m height. Both AMDs would be
able to reduce this to well under 1 m.

Table 4. Statistics of the kinematics of the top point in smooth flow.

Case

Along-Wind Cross-Wind
Dispx [m] Accx [m/s2] Dispy [m] Accy [m/s2]

Mean RMS Max Mean RMS Max Mean RMS Max Mean RMS Max

Baseline 0.40 0.41 0.56 0.00 0.24 0.72 0.00 1.62 4.88 0.00 2.58 7.75

With TMD 0.39 0.39 0.45 0.00 0.10 0.30 0.00 0.13 0.39 0.00 0.21 0.62
Diff. to baseline [%] −2.5 −4.9 −19.6 0.0 −58.3 −58.3 0.0 −92.0 −92.0 0.0 −91.9 −92.9

With TSD 0.39 0.39 0.50 0.00 0.18 0.53 0.00 0.26 0.78 0.00 0.41 1.22
Diff. to baseline [%] −2.5 −4.9 −10.7 0.0 −25.0 −26.4 0.0 −84.0 −84.0 0.0 −84.1 −84.3
Diff. to TMD [%] 0.0 0.0 11.1 0.0 80.0 76.7 0.0 100.0 100.0 0.0 95.2 96.8
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Figure 11. Time series of the kinematics of the top point in smooth flow.

A TMD was set up using an assumption of the linear mechanical model particularly
tuned to the eigenfrequencies of the building. For TSDs, this is the analogous workflow,
yet the tuning process is more complicated. It needs additional considerations of the initial
representative response and the amount of mitigation that is aimed to be achieved. Thus,
the design is a function of the response amplitude. Altering load conditions would theoret-
ically lead to different optima. We based our considerations on a representative amplitude
of acceleration of around (0.15–0.2) m/s2 for the baseline structure. This value seems to be
more appropriate for the broad-band load case, and sub-optimal for the narrow-banded one.
A proper decision for each particular design will need to be taken, weighing in the relative
importance of specific load cases.

For the particular scenario of smooth flow, both AMDs achieve a considerable im-
provement of close to 100% cross-wind. In the along-wind direction, the TSD performs
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A TMD was set up using an assumption of the linear mechanical model particularly
tuned to the eigenfrequencies of the building. For TSDs, this is the analogous workflow,
yet the tuning process is more complicated. It needs additional considerations of the initial
representative response and the amount of mitigation that is aimed to be achieved. Thus,
the design is a function of the response amplitude. Altering load conditions would theoret-
ically lead to different optima. We based our considerations on a representative amplitude
of acceleration of around (0.15–0.2) m/s2 for the baseline structure. This value seems to be
more appropriate for the broad-band load case, and sub-optimal for the narrow-banded one.
A proper decision for each particular design will need to be taken, weighing in the relative
importance of specific load cases.

For the particular scenario of smooth flow, both AMDs achieve a considerable im-
provement of close to 100% cross-wind. In the along-wind direction, the TSD performs
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clearly worse than the TMD. It needs to be mentioned that, for this load case, the harmonic
loading around the weak axis is more critical. Still, the relative performance in this direction
shows a considerable difference of 100%, in favor of the TMD.

Accompanying these qualitative and quantitative outcomes on the direct effect of
AMDs on structures in wind, we provide a snapshot of representative results. Using
computational methods permits analyzing all systems involved at full scale, at various
levels of detail. In Figure 12, we include typical data that help to visualize: wind loading
using CFD, the structural response captured with CSD and the sloshing motion enabled by
CFD. This depiction complements the abstraction of the workflow shown in Figure 9.

Figure 12. Representative visual results using a computational workflow.

The complexity of the models and computational effort for the analyses are substanti-
ated by Tables 5 and 6. Here, we document certain characteristics related to the detailing
of the numerical setup. This is best represented by the number nodes and respective
variables, the key quantities for a FEM-based formulation. The total duration and amount
of time steps will further influence the requirements in the case of transient simulations.
The second table includes the approximate computational cost in the form of core hours.
We provide it as the magnitude should be meaningful for the engineering practice, as well
as to those aiming at similar studies.

Table 5. Complexity of the numerical models.

Type of
Simulation

Number of Nodal Variables Degrees of Freedom Total Time Time Step
Elements Nodes Name & Type per Node Total [s] Size [s] Number

Turbulent wind
CFD

7.0× 106 1.3× 106 Pressure (scalar) and
velocity (vector)

4 5.2× 106 645 0.02 3.2× 104

Smooth flow CFD 4.0× 106 0.7× 106 Pressure (scalar) and
velocity (vector)

4 2.8× 106 200 0.01 2.0× 104

Structure CSD 2.1× 106 6.0× 104 Displacement and ro-
tation (vector)

6 3.6× 105 Will depend on what the
structure or AMDs are coupled

toTSD CFD 7.5× 104 3.9× 104 Pressure (scalar) and
velocity (vector)

3 1.2× 105

TMD CSD 2 1 Displacement (vec-
tor)

2 2



Appl. Sci. 2022, 12, 7033 21 of 24

Table 6. Numerical effort required for assessment.

Type of Simulation Core Hours 1

[CPUh]

Turbulent wind CFD 12,000

Smooth flow CFD 7000
Diff. to wind turbulent CFD [%] −41.6

Smooth flow FSI 15,000
Diff. to smooth flow CFD [%] 114.3

Smooth flow FSI + TMD 23,000
Diff. to smooth flow FSI [%] 53.3

Smooth flow FSI + TSD 32,000
Diff. to smooth flow FSI [%] 113.3

1 Using MPI distributed memory parallelism on Intel Skylake—Xeon Platinum 8174 processors with a base
frequency of 3.10 GHz and 33 MB cache.

In Table 6, computed core hour values are shown, which we documented for simu-
lations carried out on the same hardware. It can be observed that CFD simulations with
turbulent wind will require more capacities because there needs to be a refinement of
the mesh from the inlet to the structure to maintain approaching turbulence. Additionally,
the total simulation time is typically longer. Despite a larger time step (in this particular
case), the resulting effort can be two to three times higher than for the CFD simulation
in the case of smooth flow. FSI approaches tend to increase the cost by a factor of at least
2 due to TWC. Including AMDs into the workflow further magnifies requirements by at
least a factor of (1.5–2).

6. Conclusions and Outlook

Our work focused on modeling and numerically simulating the effect of added damp-
ing systems on structures excited by wind. In particular, we contributed a fully compu-
tational workflow that uses CFD not only to capture wind flow but also to include TSDs.
This happens in a coupled manner to enable interaction at full scale. Consequently, such
an approach currently represents the highest fidelity method for these kinds of assess-
ments. Further innovation lies in developing proper algorithms, with an implementation
supporting modularity and scaling on dedicated computing units. Our results support
the argument for applicability in the case of similar user scenarios.

We investigated the vibration mitigation efficiency of TSDs using a two-fluid CFD
approach. The results show that these can be considerably less efficient than TMDs for the
load cases covered. The specific metrics are related to the displacement and acceleration at
the top of the building, under wind load. In particular, the RMS and estimated maximum
values of the time series are of interest. The optimal tuning was oriented towards acceler-
ations. This baseline comparison shows that a simple passive TMD will tend to perform
better than the equivalent setup of a TSD. We need to recall the challenging design process
for this latter category. As this is mostly based on a linear mechanical model, more effort is
needed to improve the process itself. The nonlinear behavior of the TSD should be inves-
tigated at full scale, ideally with coupling to the structure being modeled and simulated.
Additionally, there is much room for improvement when considering the possibilities of
sloping bottoms, rounding corners and including screens. One specific configuration of
vertical slat screens that we do consider, and its effect, are included in our results. Further
numerical optimization would potentially lead to improvements in the performance of
TSDs. Additionally, we explored recent numerical advances in finding an appropriate
model for the mechanical effects of the considered AMDs. The sloshing motion is realisti-
cally simulated by the two-fluid CFD approach. The validation studies of a rectangular
container under prescribed motion are well in-line with the experimental reference. This en-
sures that the effect of sloshing is correctly captured, as substantiated by the time histories
and hysteresis curves. The combination of CFD and numerical optimization is a viable way
to investigate the effects of TSDs, as well as to find improved designs.
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The chosen load cases relate to two representative scenarios, both describing various
facets of wind loading on tall structures. Atmospheric turbulence is modeled by a generated
synthetic wind, whereas the other scenario aims to trigger strong vortex shedding. Yet
again, CFD-based methods are able to properly model such flow phenomena, which
contribute to the realistic loading of constructions. The loading itself is set up based on
referenced work. Furthermore, the structure is modeled by a detailed numerical replica,
including all structural details and resulting in a particular mass, stiffness and damping
distribution in space. It is defined at its full size.

Our numerical workflow and framework permits capturing the interaction between
the excitation source and the considered structure, as well as the AMDs. This leads to
an integrated process where all effects can be simulated at the proper scale and necessary
resolution. The current contribution showcased its usability by including AMDs that were
tuned for the two orthogonal directions separately, modeled one-dimensional (for the TMD)
and two-dimensional (for the TSD). The total damping effect was yielded from superposing
reactions. Future work will focus on validating this assumption using three-dimensional
models. This shall also enable their usability in structures with coupled bending and torsion.
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