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Lay Abstract

Tall buildings are often susceptible to swaying in the wind. Though this is not a cause
for concern over the safety of the structure, perceptible motion can alarm occupants. Many
tall buildings use systems to reduce the sway, such as installing a large tank of liquid at the
top of the building known as a tuned liquid damper (TLD). The liquithéntank sloshes
and opposes the sway of the structure. Engineers often use models to calculate the response
of a TLD. The goal of this thesis is to create an efficient model based on a technique which
represents the sloshing liquid in a TLD using small mgwparticles. The model is
validated using experimental testing data. The model can represent complicated phenomena
that is difficult or impossible to capture with existing models and can be used to extend

knowledge about the behavior of TLDs.



Ph.D. Thesi§ K.P.McNamara; McMaster Universifiy Civil Engineering

Abstract
The tuned liquid damper (TLD) is used to reduce the motion of many tall structures
around the world. A TLD consists of a partially filled tank of liquid located near the location
of maximum structural response. Due to the nonlinear behavior of sloshinds)igu
suitable nonlinear model must be employed for proper TLD design. Existing models
typically have limitations on liquid depth, excitation amplitude, and are often unable to

directly capture complicated phenomena such as sloshing impact with the ilihB. ce

The goal of this study is to create a TLD model without such limitations. A smoothed
particle hydrodynamics (SPH) model is developed for a TLD. SPH has seen application to
TLDs in the past, however the computational requirements often make iildefas use
outside of an academic setting. An efficient method for representing TLD damping
elements is proposed in this study. This method significantly reduces the computational
time by allowing for a much larger particle resolution. This enablesithelagion of
multiple hours of time, which has not been previously achieved using SPH.

The model is validated with experimental data. The TLD model is coupled to a
structure to represent a structleD system under large amplitude excitations.
Modifications to the SPH solid boundary conditions for lahgation simulations are
investigated to mitigate the loss of fluid particles. The influence of limiting TLD freeboard
on structureTLD system response is investigated. The model is used to simulate the
respnse of a serietype pendulum tuned mass damper (TMILD system considering
both horizontal and vertical excitation. The model is demonstrated to capture the response

of TLDs across a range of complex scenarios.
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Chapter 1: Overview of Study
1.1 Background

The trajectory of modern structural design has led to buildings that push the envelope
of height and slenderness. According to the Council on Tall Buildings and Urban Habitat,
there are over 106uildings with height exceeding 300 metres currently under construction
worldwide[1]. With the introduction of lightweight materials, structures have become more
flexible and sensitive to dynamic loading from the environm&Wind loading is
particularly important for tall structures with long natural periods. Structures are being
designed not only to resist wind forces, but also to reduce wind loads through shape
optimization, twisting, false floors, and other architectura¢ropgs[2]. In addition to
considering ultimate limit state structural design, engineers must combaindinzed
vibration at the serviceability level. It is common for buildings to sway in the wind;
however, the sway becometcreasingly prominent in slender and flexible structures.
Many modern structures have governing accelerations occurring at low return periods, such
as the lyear or Imonth evenf3]. If the motion of the structure exceedstaerthresholds,
occupants begin to perceive the movement, causing alarm and discpmfirtit has
become imperative for engineers to develop methods and systems to reduceluwied

structural motion.

One methodo reduce the dynamic behavior of a tall structure is to modify its mass
and stiffness, shifting the natural frequency away from the regions of larganseinced
motion [6]. However, this can add significant material costj amay be impossible
depending on the stage of the project. The other structural parameter which must be
considered is damping, which is a measure of the ability to dissipate energy. Unlike mass
and stiffness, damping is difficult to directly quantify fostaucture, though is known to
be very small for tall flexible structures subject to wind loadifig Different structural
systems provide varying levels of inherent damg8g®]. Dampirg can be significantly
increased by introducing a supplementary damping system. Historically, only landmark
structures would be likely to include a supplementary damping system. However, modern

structures have increasingly taken advantage of these systemsf 2018, 18% of
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buildings with height greater than 250 metres are equipped with some type of

supplementary damping syst¢h@].

Many types of supplementary damping systems exist to reduce the dynamic response
of structuresThese systems are typically grouped into two general categories: distributed
systems and mass systems. In distributed systems many devices are installed in various
locations across a structure. Most distributed systems operate by dissipating energy when
the ends of the device move relative to one another. Examples of distributed systems are
viscous fluid, viscoelastic, metallic, and friction dampgr$. These systems are
particularly effective for resisting seismic motion kman also help to improve wind
induced responses. Mass systems, often also known as dynamic vibration absorbers (DVA),
consist of placing a large mass near the location of maximum structural response. The DVA
mass is typically in the range of56 of the g@neralized mass of the primary structure. The
natural frequency of the DVA is tuned to be close to that of the primary structure using
optimal formulae which minimize the respofisg]. The response of a properly tuned DVA
will oppose the motion of the primary structure. Due to the coupling between the structure
and DVA motions, the frequency response function of the structure will be modified by the
presence of the DVA, as illustrated kiigure 1.1. This can result in significant motion

reductions.

There are two fundamental categories of passive DVAs consisting of mass systems
and liquid systems, as shownHhigure 1.2. Tuned mass dampers (TMD) utilize a large
solid mass, often configured as a pendulum or spriagsdashpot systerfi2]. The large
mass absorbs energy from thenpatry structure, which is typically dissipated using viscous
fluid dampers, though innovative energy dissipation solutions such as an eddy current
system have been implemen{é&a]. The other fundamental DVA category is liquiased
systems, where the solid mass is replaced with a liquid. Examples are the tuned liquid
column damper (TLCD) and the tuned liquid damper (TLD), which is also known as the
tuned sloshing damper (TSD). TLCDs consist ofghidped tank partially filled wh liquid
that sloshes when the structure sways. Energy is dissipated with turbulence using orifice

plates and screenf$4]. TLDs consist of a partially filled tank of liquid that sloshes in

2
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response to structural vibration. tBorLDs and TLCDs are often used as fire suppression
storage tanks, which allows them to serve a dual purpose. One downside to a TLD
compared to a TMD is that only a portion of the liquid participates in sloshing, which results
in an effective TLD mass thé&s less than the total mass of liq{dd].

1.2 Tuned Liquid Dampers

TLDs have been implemented in many structures around the world. The TLD has the
benefit of simple construction and minimal components, which makes it attrasioy
economical compared to the TMD. Early TLD designs often consisted of many small tanks
which achieved the required liquid mass in ensenib&d. More recent applications
typically utilize one or multiple large tank&7]. Sloshing liquids in containers like TLDs
are typically classified based on the ratio of liquid depth to tank I¢@8thas illustrated
in Figure 1.3. Shallow TLDs have small depth to length ratios, which has the benefit of
providing low natural frequencies and a high percentage of liquid mass particii&fon
Energy is dissipateth shallow TLDs through wave breaking and wave impact with the
tank walls[19]. Shallow TLDs often have chaotic and highly nonlinear sloshing responses,
which can be unpredictable and complicated to model numerically, ofteminggsome
form of empirical paramet¢20, 21] Additionally, due to the shallow depth, multiple TLD
tanks may be required to achieve the necessary liquid mass. Intermediate and deep TLDs
have more liquid mass, howava smaller percentage of the liquid participates in sloshing,
and there is low inherent damping, primarily due to viscous interaction at the tank
boundarie$22].

Flow obstructing devices are commonly used in TLDs to incrba@sgamping beyond
what the liquid alone provides. The flow obstructions induce turbulence in the sloshing
liquid, leading to energy dissipation. Additionally, the obstructions help to regularize the
flow, which reduces nonlinearities and can simplify euical modelling. Examples of
flow obstructing devices implemented in TLDs are 28}, screen$24], baffles[25], and
paddles[26]. Unlike a TMD, the TLD does not need to overcome friction to activate,
meaning that it can operate at very low respori2és However, the damping force

provided by the flow obstructions isgportional to liquid velocity squared, which means

3
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that TLD performance is amplitude dependent. Each TLD will have a response at which
the damping approaches the optimal value for a V3. Below this response level, the
damping will be smaller than optimal. Above this response level the TLD will be more than
optimally damped, potentially reducing its performance. However, TLDs have been

demonstrated to have robust and efficient performance across a variety of s¢28arios

It is possible to decouple the response of a 2D rectangular TLD into independent
directiong24]. This allows a TLD to be tuned to work in both primary directions, targeting
motion reduction irmultiple modes of the primary structure. In the simplest form, TLDs
are often rectanguldR9] or circular in shap¢30]. Various modified shapes have been
investigated, such as annujad, 32] spherica[33], conical[34], and sloped bottor85]
tanks. These different shapes can achieve a wide range of sloshing frequahces @so
increase the percentage of liquid mass participation. TLDs can be designed to fit within
unique spaces or around building components, either through irregular tank[Sb§p&s

the introduction of core penetrati® within the tank37].

1.2.1 Numerical TLD Models

Numerical models for TLDs are integral to the design process, allowing engineers to
efficiently calculate the response of structlitdD systems. Various numerical models
havebeen developed for TLDs. Using potential flow theory, the TLD response can be
represented as an infinite summation of sloshing m@#sLinear equivalent mechanical
models have been developed to capture the fundamentalld&irey mode respon$es].
These models are computationally efficient, and the response can be easily solved in the
frequency domain. Linear equivalent mechanical models can be coupled to a structure and
have beemlemonstrated to predict the structure response well, though they do not capture
the nonlinear TLD wave heighfd5]. To obtain an improved estimate of the nonlinear
sloshing response, multhodal models which consider nonlimeeoupling among the
different sloshing modes have been applied to TILE% 40, 41]and structurelLD
systemg[36]. The nonlinear model response is often determined using tit@gration

techniques, which increases the computational requirements compared to frequency
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domain methods. Frequency domain methods to predict peak nonlinear TLD wave heights

have also been proposgt2].

The NavierStokes (NSequations describe the motion of fluids through conservation
of mass and conservation of momentum. Exact solutions to the NS equations exist only
under certain conditions, and thus various methods have been developed to solve the
eqguations numerically. @How water wave theory (SWWT), which uses a deptaraged
version of the NS equations, has been applied to shallow T204.9] as well as TLDs
with flow obstructions such as nd&3] and screenpt3]. In SWWT, the domain can be
discretized in one or two dimensions, representing the liquid surface. Solutions to the
SWWT equations for TLDs have been found using the random di@i;dinite difference
[43], and Lagrangian particle path methdi4)].

Models based on potential flow and SWWT often have limitations in terms of liquid
depth and response amplitude. This can teazkrtain assumptions becoming invalid, for
example the assumed ordering of modal contributions in the-matial method18].
Additionally, at large amplitudes convergence issues may arise. More robust computational
fluid dynamics (CFD) methods which solve the full NS equations can overcome these
limitations, however these methods often require significant computational resources.
TLDs have been modelled using the mesh based finite difference njé8jaahd finite
volume method31, 46] Capturing the free surface can be complicated with fhaskd
methods, often requiring complicated tracking algoritih® and domain reneshingat
large amplitudept8]. In contrast, meshless methads inherently capture the free surface.
Examples of meshless CFD methods include smoothed particle hydrodynamics (SPH),
elementfree Galerkin, and moving particle semmplicit (MPS)[48]. SPH was selected
for this research due to its ability to capture large free surface motions and sloshing wave
impact with the tank ceilingddditionally, of the meshless methods, SPH has seen the most
research and development in recent years, which provides a significant number of resources

to be used in developing anouse code.
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1.2.1.1 Smoothed Particle Hydrodynamics

SPH was first introduced in the 1970s for astrophysics applicdd®ns0] The fluid
is represented by a series of discrete particles which are used as integration points in a
Lagrangian framework. Properties of the fluid at each particle such as velocity, density,
and pressure are calculated from wegghtontributions of the neighbouring partidgs].
This allows the NS equations to be discretized as a series of summations which can be
efficiently calculated numerically. The original astrophysics implementation of SPH
focused on compressible flows without solid boundary conditions. SPH was extended to
applications involving a free surface and incompressible fluids by introducing solid
boundary treatments and a stiff equation of state to relate fluid pressure and density.
Incompressible fluids are represented as weakly compressible by limiting fluctuations in
density to sufficiently small valug52]. This implementation is commonly referred to as
weakly compressible SPH (WCSPH) and has been deedvarious free surface
applicationg[53]. One major limitation to WCSPH is the calculation of pressure fields,
which can result in noisy and unphysical pressure v§i4dsSignificant researchas been
done to improve WCSPH pressures, such as the introduction of numerical dissipation terms
[55] or regularization of the fluid density after a certain number of time§s&ysWhile

effectivg these methods can increase the computational burden of WCSPH.

An alternative is the incompressible SPH (ISPH) me{Baddl In this method, rather
than relating pressure and density through an equation of state, a presssor Eguation
(PPE) is solved directly based on enforcing the incompressible fluid conditions of a
divergence free velocity field7], an invariant fluid densitjp8], or a blended combination
of the two[59, 60] Solving the PPE is computationally expensive compared to the equation
of state in WCSPH, however the increased accuracy of ISPH can allow for larger timesteps
[61]. The PPEsolution can be found using implicit methods which require inversion of a
sparse matrif62], or explicit methods which can be solved directly by employing a
sufficiently small timestep63, 64, 65] ISPH calculates smooth pressure fields without
additional numerical dissipation, which is particularly attractive for sloshing liquid

problems.
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SPH has been applied to TLDs and sloshing liquids in tanks in various studies. Bulian
et al.[66], Marsh et al[67], and Green et a[68, 69, 70]have studied the response of
shallow depth sloshing liquids in tanks without internal flow obstructions. Kashani et al.
[71] and Halabian et aJ72] investigated the response of TLDs with dam@ageens using
ISPH and WCSPH. Other studies have investigated the response of sloshing liquids with
baffles[73] and porous elements like screens and breakwptédrs/5, 76] Dueto the
computational demands of SPH compared to other models, the method has not seen

significant application to TLDs.

1.3 Impetus for Research

Numerical models are an important tool used in the design of TLDs. Many TLD
numerical models have been developedesehmethods often have limits on excitation
amplitude, liquid depth, and are unable to capture complicated phenomena such as impact
with the tank ceiling. The limitations of existing numerical models place constraints on the
ability of TLD designers to siolate complex TLD phenomena, often leading to the need

for experimental testing.

The SPH method can model a TLD without these limitations and has seen recent
application to sloshing liquids in tanks and TLDs. However, TLDs are often used as an
applicationfor demonstrating the power of the SPH method, rather than focusing on
developing an SPH model that is tailored to modelling TLDs and applicable to scenarios
that expand the knowledge of TLD behavior. In particular, the computational requirements
of SPH Iimit the duration of simulations despite the availability of powerful computational
infrastructure. This limits the feasibility of using SPH to study actual TLDs, where it is

often necessary to simulate the response over multiple hours.

Development of an &€ient SPH model for TLD applications capable of simulating
long durations would greatly expand the ability of researchers and TLD designers to
numerically model TLDs. Numerically modelling the behavior of TLDs with shallow liquid
depths, large amplitudgoshing, and tank modifications such as limited freeboard would
allow for improved understanding of TLD behavior, and advancements to TLD design.
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1.4 Research Objectives

The primary objectives of this research are:

Develop an efficient SPH model code for TLEguipped with damping screens.
Investigate the feasibility of using SPH for long duration simulations (i.e. random wind
loading).

1 Couple the SPH model to a structure to investigate the streittidesystem response
under large amplitude excitations.

1 Validate the SPH model using experimental data for a variety of TLD and structure
TLD system cases.

1 Numerically investigate the response of limited freeboard TLDs to determine the

impact on performance of designing for sloshing impact with the tank ceiling.

1.5 Organization of Thesis

This thesis was prepared using a Asandwi
published articles and articles submitted for potential publication. As a result, there is some
repetition between the chapters, particularly in theothiction and numerical modelling

sections. Each chapter has its own literature review and reference list.

Chapter 2 introduces the explicit incompressible SPH numerical model created for this
study. The SPH model is validated using hydrostatic and daak mmulation cases. A
novel SPH formulation for TLD damping screens is presented and validated with
experimental data covering a range of TLD tank sizes, liquid depths, screen arrangements,

and excitation amplitudes.

Chapter 3 couples the SPH model depebtbin Chapter 2 to a structure to calculate
the response of a structdféD system. The structure is subject to large amplitude
excitation consisting of long duration random and short duration transient excitations. The
results are compared to experimémtata for the systenithe performance of the SPH
model for keeping fluid particles contained within the tank boundaries is discussed.



Ph.D. Thesi§ K.P. McNamara; McMaster University Civil Engineering

Chapter 4uses the structiw€LD model presented in Chapter 3investigate the loss
of SPH fluid particleshrough solid boundaries over the course of long duration simulations
of a structureTLD system. When the excitation is large and splashing occurs in the TLD,
fluid particle penetration of the tank boundaries can qQaeghich was observed in Chapter
3. Fou methods to mitigate the boundary penetration are investigated in terms of
containing the fluid particles and accurately capturing the strugluPeresponseThe
boundary condition modifications show improved agreement with experimental data

compared tahe results of Chapter 3.

Chapter Suses the structiv€LD model presented in Chapter 3rtomerically stug
the impact of limiting TLD freeboard on the response of a strudtuiz system. The
structureTLD system response is determined for a range oftadian amplitudes and
freeboard levels, and the performance of the limited freeboard TLD at controlling structural
motion is assessed. A linearized mechanical model is introduced for the sthnciiee

freeboard TLD system to account for added energsigtion from ceiling impact.

Chapter 6 investigates the nonlinear response of a $gpegpendulum TMBTLD
system.An experimental shake table testing program was completed for the system.
fully nonlinear pendulum equation of motion is coupled Td_& represented by the SPH
model presented in Chapter. ZThe nonlinear model results are comparedthe
experimental shake table testing data for the system as well as a simplified linear

mechanical model.

Chapter 7 reviews the conclusions and contringifrom the research and presents

potential future work.
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Figurel.3: Classification of TLD based on ratio of liquid depth to tank length
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Chapter 2: Incompressible smoothed particle hydrodynamics model of
a rectangular tuned liquid damper containing screens

Reproduced with permission from Elsevier.
Mc Namara K.P., Awad B.N., Tait M. J, Love J
0

hydrodynamics model f a rectangular tuned
of Fluids and Structures 103 (2021): 103295, DXDI1016/j.jfluidstructs.2021.103295

Abstract

Damping screens are often installed within a tuned liquid damper (TLD) to increase
the energy dissipation beyond what the sloshing liquid alone can provide. Many numerical
models exist to study the response of a TLD; however, there are often asklatigations
on fluid depth or excitation amplitude. The smoothed particle hydrodynamics (SPH)
method can capture the fully nonlinear TLD response without limitation by solving the
NavierStokes equations throughout the fluid domain. A -tWmoensional eglicit
incompressible SPH model is presented and validated against a hydrostatic and dam break
flow scenario. The damping screens are modelled in SPH on a macroscopic level using
Mori sonds equation for force on mamationisj ect
computationally efficient compared to explicitly modelling the damping screens using solid
particles as it allows for a much larger initial particle spacing. The SPH model results for
screen forces, wave heights, and TLD sloshing water foacesvalidated against
experimental time and frequency response data. The SPH model is found to be in excellent
agreement with the experimental data for a range of TLD tank dimen&ien8.966 and
1.524 m), fluid depthsh{L = 0.05 to 0.25), excitation grtitudes Ko/L = 0.0025 to 0.031),
and excitation frequencies (b = 0.7 to 1.

damping screens can be used to study the nonlinear response of a rectangular TLD.

KEYWORDS: tuned liquid damper (TLD), damping screen, cgiied particle
hydrodynamics (SPH).
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2.1 Introduction

The tuned liquid damper (TLD), also known as the tuned sloshing damper (TSD) is a
type of dynamic vibration absorber (DVA) often employed to suppress unwanted vibration
in structures. The TLD consists opartially filled tank of liquid (generally water) that is
installed near the location of the maximum vibration of a targeted structural mode. The
sloshing frequency of the TLD is tuned to be near the targeted structural modal frequency
by adjusting the t& dimensions and liquid depth. When the structure vibrates, the liquid
in the TLD sloshes, applying a force to the structure and reducing its vibration. The TLD
is an attractive technology compared to other DVAs, such as the tuned mass damper
(TMD), due b its low cost and simple construction. Numerical models of a TLD are an
integral part of the design process which allow the study of both the TLD and structure
TLD system response to external loadings such as wind or earthquakes.

The nonlinearity of the sloshing in a TLD leads to significant challenges when
attempting to model the TLD across the full range of geometries, liquid depths, and
excitation amplitudes that may be necessary for aweddl TLD application. Many
different TLD numerical models have been studied in the literature. Equivalent linear
mechanical models, wherein the TLD is represented as an equivalent TMD with mass,
stiffness, and damping parameters have been investigated as a simplified tool for
preliminary TLD studes(Tait, 2008) however, they are limited to capturing only one or a
few modes of sloshing. Other models have been based on potential flow theory for deeper
tanks where the response is inherently less nonliftéameko & Yoshida, 1999)For
shallow depth TLDs, nonlinear models based on shallow water wave theory have been
presentedTait, EIl Damatty, Isyumov, & Siddique, 2005pwever, these models typically
have limits of applicability based on fluid depth and convergence at large amplitudes. The
geometry of a TLD is often dictated by the structure into which it will be installed. Various
tank geometries have been stud{Peéng & Tat, 2008) extending to a TLD of arbitrary
geometry where the sloshing modes are determined by the finite element (hetwd&.

Tait, 2011)
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Computational fluid dynamics (CFD) models are an attractive option for aapthe
fully nonlinear response of a TLD by solving the Naag@okes (NS) equations throughout
the entire fluid domain. Previous studies investigated-#tndcture interaction (FSI) with
a sloshing tank using the finite element method (FENMho & Lee, 2004) Finite
Difference Method (FDMJChen & Nokes, 2005and Boundary Element Method (BEM)
(Huang, Duan, & Zhu, 2010These methods are based on adafned mesh that is unable
to capture large deformations of the free surface and wave breaking without improvements,
such as free surface capturing and tracking techniques, which are complex and require large

computational overhegao,2011)

Lagrangian mesfree methods have evolved recently to deal with lamgelitude free
surface flows. The Smoothed Particle Hydrodynamics (SPH) method discretizes the fluid
domain into individual particles rather than cé€lMonaghan, 1992)SPH is capable of
capturing wave breaking and large fluid responses without expensive tracking algorithms
(Monaghan, 1994 SPH has been applied to many different applications of sloshing motion
and FSI. Two main approaches are used across SPH simulations involving a free surface,
namely weakly compressible SPH (WCSPH) and incompressible SPH (ISPH). WCSPH
was proposed by Monaghétf94)and solves the NS equat®through an explicit scheme
that relates density and pressure using an equation of state. The equation of state is selected
such that fluctuations in density are limited; however, this can lead to oscillations in
pressure if not handled correcf{lyioleau & Rogers, 2016)SPH was first implemented
by Cummins and Rudm&gi999) ISPH enforces incompressibility of the fluid by solving
a pressure Poisson equation (PPE) and ensuring either a divergen(@uireains &
Rudman, 1999r density invarian(Shao & Lo, 2003kondtion, or some combination of
both (Jiang, You, Hu, Zheng, & Ma, 20195PH is generally grouped into implicit and

explicit schemes depending on how the PPE is solved.

Sloshing in tanks and TLDs has been investigated usingrs®ttious studieBulian
et al.(2009)investigated the response of a TLD undergoing angular motion coupled to a

simplified structure using WCSPH, finding good agreement with experimental data for
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both the TLD and sticture responseéMarsh et al.(2011) studied the performance of a
series of different tank shapes, including rectangular, cylindrical, and trapezoidal using
WCSPH.Cao et al(2014)used a WCSPH scheme to investigate the wave heights and
sloshing induced pressures in a rectangular tank in both 2D and 3D and found that a baffle
at the midtank significantly reduced the fluid response. Green and Efdd@)completed

long duration SPH studies on rectangular TLDs and found good agreement with
experimental data for wave heights and sloshing water fdtedsbian et al(2019)studied

a rectangular TLD coupled to a stture undergoing earthquake excitation. Jiang et al.
(2019) studied violent sloshing using an ISPH model and found good agreement with

experimental data for free surface profiles and impact pressures in a rectangular tan

The sloshing motion in a TLD typically does not achieve the required energy
dissipation to control the vibration of a structure effectively. Flow damping devices, such
as netgKaneko & Ishikawa, 1999paffles(Chu, Wu, Wu, & Wang, 2018paddlegLove
& Haskett, 2018) or screengTait, El Damatty, Isyumov, & Siddique, 200&jJe often
installed to increase the TLD damping. Thdsenping devices can be implemented on a
microscopic level, where the devices are explicitly modelled and the flow around them is
fully captured, or a macroscopic level, where the overall impact of the devices is included

in the model, but the localized flois not necessarily captured.

This study will focus on slat type damping screens as implemented by Taj2e04al)
Kashani et al(2018)studied the TLD equipped with slat screarsing ISPH where the
slats were modelled on a microscopic scale and compared to experimental results from Tait
et al.(2005) Other SPH studies have considered explicitly modelling thin perforated walls
comparable to the slat screens using boundary partitestodemo, Meringolo, & Veltri,
2016) The major drawback to explicitly modelling the |Hlateens on a microscopic scale
in SPH is that the particle spacing must be very fine to capture the screen geometry
effectively, leading to high computational cost. Valizadeh and Rud&tdv)presented a
macroscopic paus screen implementation in SPH that included a force term derived from

the pressure drop through a screen for channels undergoing steady flow.
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This paper presents a computationally efficient macroscopic damping screen
implementation for studying a recgudar TLD using SPH. A twalimensional explicit
ISPH model for free surface flows that was developdubinse is presented. The model is
validated against hydrostatic and dam break cases. The damping screen implementation
based on Mor i s orce®rsa selanergetl obgect unflen oscillating flow is
presented and adapted for SPH. The SPH damping screen implementation is validated using
a broad set of existing experimental shake table testing results, considering multiple TLD
tank geometries (L = 0.86m and 1.524 m), damping screens, fluid depths (h/L = 0.05 to
0.25), and excitation amplitudesdK = 0.0025 to 0.031). The SPH model is found to show

excellent agreement with experimental results.

2.2 Smoothed Particle Hydrodynamics Model

A schematic of agctangular TLD containing damping screens is shoviigare2.1.
The origin is placed at the bottom left corner of the tank. The dimensions of the TLD tank
define the slid domain boundaries, with lengthand heightH. The fluid in the tank is
water that is filled to a constant heighticross the entire tank length. Damping screens
with openings are placed at different locations in the xagden For this study, t screens
are assumed to be vertical. This section outlines the explicit incompressible SPH model

developed to model a TLD equipped with damping screens.

2.2.1 Governing Equations and Domain Discretization
The governing equations solved by the SPH model arédbeangian form of the

NavierStokes (NS) equations for incompressible flow:

|2

2.1)

” rl“l T

©)

0
$"| ?n 5 l‘)rl "| ';'H (22)

00
where} is the density of the fluid (assumed to be 1000 Rgom water),u is the fluid
velocity vector, P is the fluid pressureis the kinematic viscosity (10m?s for water),
andg is the body force vector, whighcludes gravity and external forces. In this notation,

bold symbols denote a vector quantity.
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In the SPH method, the fluid domain is represented by a series of discrete particles that
each have associated properties, such as position, velocity, presslirdensity. The
particles are evenly spaced at an initial distadd-or a specific particlg the volume is
equal toV; = dp™, wherend is the number of spatial dimensions. For a 2D simulation, the
particle spacing islp by dp, with a unit dimension in the perpendicular direction, so the
volume and mass of each particle ¥ye 1-dp? andmy= | V %=Thg fidwp properties
are interpolatd using a kernel function approximatidonaghan, 1992)

i 51 o1 iFe Qi (2.3)

where A(r) is an arbitrary function of interest (i.e. velocity, density)js the particle
neighbourhoodW is the kernel function, anker is the smoothing length. This concept is

illustrated inFigure2.2.

The approximation of equatiof2.3) is calculated by the summation of neighbour

particles:
L0 (2.9

wherej indicates all particles within theeighbourhooaf particlei (j= 1 , 2, ®\mN), an
andjj are the mass and density of the particle. Controlling the size of the kernel domain is
based on the smoothing lendpila,, which is a key parameter for the accuracy of the results.

In this study the fifth order Wendland kernel function is u8&#dndland, 1995)

6 n deCﬁpE m N G (2.5
s n ¢

2 *and for 2D simulationgy =~ ——.

wheren

The first-order derivative adopted in this paper is the symmetrized form which
conserves both linear and angular momentMmnaghan, 1992)
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I (2.6)
The Laplacian operator is defined(@immins & Rudman, 1999)
nggnb Ya 6‘>18 o (2.7
” ” | —_
where 0 0 0, and — ujp
B
s

2.2.2 Time Integration

In the present study, the ISPH algorithm follows the widely psegction method to
solve the NS equation€ummins & Rudman, 1999 he predictive step calculates an
intermediate velocity* considering only viscous and body for¢8sao & Lo, 2003)and

then wses this velocity to calculate the intermediate position

0F o DUl TH Ege <Evikaegd0 (2.8)

o (2.9)

A\l
o

<>
<
O

whereon I is the viscous forceyis the gravitational acceleratidfex: is the external force
applied to the fluid (i.e. base acceleration or excitation force acting on the TLFscas6l
is the force from the damping screens which is introduced in Secfich

An intermediate density *is calculated based on the intermediate velocity and
position of the fluid particle@Nomeritae, Daly, Grimaldi, & Bui, 20167 he fluid pressure

is then calculated by solving the pressure Poisson equation (PPE):

. _U 5?2 (2.10)
Yo

Based on Jiang et 4R019) a pressure stabilizing source term is added to the PPE to

combine both the divergenéee and densitynvariant incompressible SPH conditions:
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6" " & (2.11)
v Ive Pl W
where the first term represents the densityariant effect and the second term represents
the divergencdree effect, and is equal to 0.01. The PPE is discretized by the following

expressior{Yeylaghi, Moa, Oshkai, Buckham, &r&@vford, 2016)

(2.12)
e 78 W % °‘

This equation is solved using an explicit approach, where the timestep is assumed to
be sufficiently small such that the pressure of each particle at titngain be calculated
from the pressure of the neighbour particles at timEhus, equatiorf2.12) can be re

arranged:

o 7 P . ”
) B 5800 p | =B & |-—ys— 2.13
0 o . 3~o YO ( )

If a particle pressure is calculated to be negative, it is set to zero as negative pressures

should not occur in the simulations considgifddmeritae, Daly, Grimaldi, & Bui, 2016)

Incompressibility is imposed at the end of the timestep by correcting the velocity of

the fluid particles considering the pressure term:

109 1 2ovo (2.14)
Then the positions are updated:
16 0 e 29 10 yf '9 96 (2.15

2.2.3 Boundary Conditions
Multiple layers of fixed dummy particles are used to model the solid boundaries of the
SPH domain following the method outlined by Adami e(2012) The boundary particles

have the same spacing, density, and mass as the fluid particles, and do not change position
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throughout the simulation. The pressure of each boundary particle (subsgript

determined from the surrounding fluid particles (sulpscyiby the expression:

B o] "oy e
5 bo CB "i o (2.16)
B

The velocity of the boundary particles is calculated to enforce either-alifpes ne
slip condition, adlustrated inFigure2.3. A no-slip condition is implemented by reflecting
the perpendicular fluid velocity and enforcing the parallel velocity tedve. A freeslip
condition is implemented by reflecting the perpendicular fluid velocity and enforcing the
parallel velocity at the solifluid interface to be the same as the fluid velocity. A-5ke
condition is implemented in this study.

In additionto the solid boundaries, for the incompressible SPH scheme it is necessary
to enforce the Dirichlet boundary condition of zero pressure on the free s(Bfaa® &
Lo, 2003) A false density is calculated for each fluid paeticYeylaghi, Moa, Oshkali,
Buckham, & Crawford, 2016)

o (2.17)

The kernel function is truncated near the free surface, and thus a free surface particle
can be identified by false density valyes 0.9Q o, where} o is the initial fluid density.

The pressure of free surface particles is set to zero at each timestep.

2.2.4 Damping Screen Implementation

Damping screens placed in a TLD act to increase the energy dissipation of the TLD,
which improves its performance as theD'damping will be closer to its optimal value.
The damping screens considered in this study consist of solid horizontakslgag slats
of heighthsiat with openings between them of heidfgs, distributed over the total height of
the screerHscreen (typically the height of the TLD tank) as depictedRigure 2.4. The
screens are placed perpendicular to the direction of TLD excitation, and they aredassum

to have a very small thickness relative to the length of the tank.
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SPH has the capability of modelling the damping screen geometry explicitly using
solid particles to represent the individual screen secfi¢éashani, Halabian, &sghari,
2018) This implementation is ideal when tbehaviourof the screens is unknown and
allows for testing of different screen geometries and slat distributions without the need for
experimental study. However, the SPH model requires a vely ganicle size to capture
the geometry of the screen and the surrounding flow accurately. For the model used in this
study, explicitly modelling the screens would require around 50 times the number of
particles, increasing the CPU time by a factor ofrapinately 700.

Since the screens have a very small thickness relative to the length of the tank, the
influence of the screens on the flow in the tank is concentrated near the screens. For cases
where the energy dissipatidr@haviourof the screens is knaw(i.e. damping and added
mass effects are determined theoretically or experimentally), the screens can be modelled
on a macroscopic scale. The overall influence of the screens on the TLD response is
captured; however, the fine detail of the localized fiivthe screens is not. This allows for
a much larger particle spacing, and significantly reduced SPH simulation runtime. This
concept is appropriate for a TLD, where the main quantities of interest are the overall fluid
base shear forces and wave heigkarrthe tank walls, and has been applied to previous
TLD models(Tait, EI Damatty, Isyumov, & Siddique, 2005; Love & Tait, 2Q10)

When an object is submerged in a moving fluid it experiences forces due tovthe fl
Consequently, the fluid also experiences an equal and oppositeoeddorison equation
is commonly used to represent wamduced force on a submergedtject (Morison,

O'Brien, Johnson, & Schaaf, 195@pr oscillathg flow, the equation is of the form:

i Py aie w o, QO (2.18)
O CO @Y 0 w’Q(‘)

whereCp is the drag coefficient is the projected area of the objacts the flow velocity
perpendicular to the screebyis the added mass coefficient, awdlis the volume of the
displaced fluid. The values @b andCn must be determined theoretically or empirically.

The terms in the equation are typically separatedthe drag force (first term) and inertial
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force (second term). The drag force contributes to the energy dissipation from the screens
in a TLD, whereas the inertia force contributes to the kinetic energy of the fluid but does
not dissipate energyfait, 2008)

The force applied over a small height of the screen (assuming a tank width of unity in
a 2D simulation) is given by the following expressibove & Tait, 2010)

v P e Qg (2.19
Qoqo DL Qwo "0 ,Qwa

wheretscreenis the thickness of the scred@o account for the fact that the screens are not
completely solid, the solidity rati& which is the ratio othe solid screen area to the total
screen area (including openings) is introduced. The screen loss coeffitreBCo, can
then be defined. The total force exerted on the slat screen over the height of the fluid can
be calculated by the expression:

0 P5r es00s 6 Y —he (220

C Qo

whered is the wave height at the location of the screen. To implement the screens in SPH,
the screen is discretized across the height of the tank using dummy patrticles with the same
initial spacing as the fluid particledy), as illustrated ifrigure2.5. This allows the integral
in equation(2.20) to be evahated numerically as a summation of the force acting on each

screen patrticle:

0 0 6" YRTYRQA B "0 Y & RN (2.21)

alhe)

wherej is summed over the screen partictsis the initial particle spacing (equivalent to
the projected area of the screen particle in two dimensibes)andascj are the velocity
and acceleration of the fluat the location of screen partiglecalculated by:

- a .. a .. a 60 6 0 30, ]
Y j —0 w hwj — 0w — 0 w (2.22)

wheref is summed over the neighbouring fluid particles, ®dis the kernel function,

which can have a different smoothing lengtkée) and kernel function than the fluid
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particles. In this study the value bfeenwas set equal tohgr. Only the fluidvelocity

perpendicular to the screen is considered.

During the prediction step, the force acting on each screen particalculated using
equation(2.21). This total screen particle force can be considered as the summation of the
contributions from the neighbouring fluid particles. The contribution of each neighbouring
fluid particle on the screen force is assumed to be proportional to the kerrigrfuatue.

Thus, the force acting on the neighbouring fluid particles due to the screens is calculated
as:

@ (2.23

B w

0 0

This force is implemented during the prediction step calculation and applied to the
fluid particles in equatiorf{2.8). This force is the only interactiobetween the screen
particles and the fluid particles, and other quantities such as the velocity and pressure are
not solved for the screen particles. This means that when the fluid particles move through
the screens, they are influenced by the screee fout are not obstructed from their motion

(i.e. having to flow around individual slats).

2.3 Validation of Base SPH Model

The base SPH model without TLD damping screens is validated against common
scenarios: a hydrostatic tank of water and a dam break Tbe.pressure profile in a
hydrostatic tank is compared to the theoretical value for various SPH input parameters. The

dam break flow is compared to experimental data from Martin and M&9&R)

2.3.1 Hydrostatic Tank

The cae of a hydrostatic tank of water is commonly used for SPH model validation.
The water is initialized with a hydrostatic pressure profile and allowed to sit without
external excitation. Since the water is initially in equilibrium, there should be no cttange
the position or pressure of each fluid particle. However, due to the SPH approximations,
minimal changes in position and pressure occur, though the overall pressure profile should

remain hydrostatic. The simulation was run for a total of ten secohdgamk dimensions
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were lengthL = 0.2 m and heightl = 0.4 m, with initial water depth = 0.2 m. The base
simulation had initial particle spacirp = 0.01 m, with a smoothing lengther = 1.2dp,

and a timestedt = 10 seconds. To study the effect of these parameters, three additional
simulations were run changing only one parameter withgl 1.4dp, (2) dt = 5x10*
seconds, and (3)p = 0.005 m.Figure 2.6 plots the pressure of each SPH fluid particle
versus height at the end of the 10 second simulation. The pressure is normalized by the
maximum theoretical hydrostatic pressureg, and the height is normalizdxy the fluid
depth,h. The SPH results show agreement with the theoretical values at the end of the

simulation for all cases.

2.3.2 Dam Break Flow

Nomeritae et al.(2016) studied various dam break scenarios using an explicit
incompressible SPH model similar to the model used in this skiglyre 2.7 shows the
dam break simulation domain. The leading edge is defined asthaa# to the wave front
from the initial edge of the water columntat 0 seconds. The residual height is defined as
the remaining fluid column height at the edge of the domain. The SPH model was run with
the same input parameters as the first case from Nomeritag2218) and compad to
experimental data from Martin and Moy¢E952) The initial water column dimensions
were 0.06 m by 0.12 m. The base simulation was runhwitls 1.2dp, dp = 0.005 m, and
dt = 5x10* secondsTo study the effectfahese parameters, three additional simulations
were run changing only one parameter withh&)= 1.4dp, (2) dt = 1x10* seconds, and
(3) dp=0.0025 mFigure2.8 shows the leading edge and residual height. The values are
normalized by the initial water column height,and time is multiplied byg/h)°>. The
SPH results are in excellent agreement with the experimental data, with only small

variability between theases withdifferent parameter

2.4 Validation of SPH Model of TLD with Damping Screens

The results of the SPH model of a TLD containing damping screens are compared to
existing experimental shake table testing data obtained fromdmydait(2010) Tait et
al. (2005) and Love and Taif2013) To illustrate the broad applicability of the model,
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different TLD tank sizes, wateregths, excitation amplitudes, and damping screens are

investigated as outlined ifable2.1.

Based on linear theory, the fundamental sloshing frequency of a rectatagiias
calculated aglbrahim, 2005)
“0 (2.29)

“ "Q A
1 —OA Il &
U U

Each SPH case consisted of simulating a frequency sweep, where the TLD is excited
by a sinusoidal base acceleration with a given ampliXsde discrete frequenciese (in

radians/second) near the fundamental sloshing frequency of thee T.LD
wo w1 OETN o (2.25)

Each frequency was simulated for a total of 120 seconds with a timestep of 0.0005
seconds, allowing the TLD to reach the desired steady state response. After attaining steady
state the frequency response was determined by calculating peak values over each
excitation cycle and taking an average. This allowed for comparison to experimental data
in both the time and frequency domains, which is important for assessing the performance
of a nonlinear TLD model. For all cases, the fluid in the tank was water. The kernel radius
multiplier was set tdwer = 1.4dp for the vast majority of cases studied. In some instances
where the excitation was small (i.e. & = 0.05 andXo/L = 0.0026 ad 0.0052 cases in
Section2.4.3, the very low response of the TLD was impacted by numerical noise, causing
the model to not capture the sloshing fluid motion. For these d¢ases1.5dp was found
to better capture the Thresponse. If the SPH model is to be implemented for very small
excitation cases in shallow tanks, tuning of the kernel radius may be neckspeaygtice,
the SPH model is unlikely to be used for very small sloshing responses, as computationally
simpla models could adequately capture the respdfsethis study, it was determined
that if the product of the kernel radius and particle spacing was less than the free surface
wave height likedp < d) the model would not adequately capture the slosbéigviour,

and an increase ir was necessarylhe screens used the same Wendland fifth order
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kernel function as the fluiqWendland, 1995)however, their radius of influence is
expected to be greater than that of the fluidigles, and thus the kernel radius multiplier
hscreenwas set to Beer. This value was found to provide good agreement with experimental
data across the cases considered. For different screen geometries than those studied, tuning
of the screen particle keel radius multipliehscreenwill be required. This can be achieved

by comparing to experimental data or results from other numerical models. Since
experimental data is already required to determine the screen loss coefficient, this does not
impact the aplicability of the method. The damping screens considered in this study
consisted of an array of small slats (5égure2.4). For small individual slatdistributed

across the tank height, the inertial screen force term in equatii) is negligible since

0 "0 “YL p. Based on this, the inertial screen force is neglected in this $tady.

larger flow obstructions, it would be necessary to consider the impthet added mass on

the flow(Love & Haskett, 2018)

The experimental data has been low pass filtered irgrosessing to remove noise
from the signals. To facilitate comparison, the SPH results were also low pass Witéred
a cutoff frequency of 5 HzAdditionally, the data presented is normalized in accordance

with the experimental data. Excitation frequency ratio is defined as:
1 Q (2.26)

Time is multiplied by excitation frequendy, in Hz. Wave heights are divided by the
still water depth in the tank, Forces are normalized by the maximum inertial force of the
water in the TLD if it moved solidly:

- ,C.) RO O R ,O,‘ (2.27)
a ] a ] a o]

wheremy, is the total water masXp is the excitation amplitude in metrds, is the total
water force in the TLD)O O & is the sloshing force, anBscreenis the total

screen force calculated by equat{@r21).
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2.4.1 Experimental Results from Love and Tait(2010)

Love and Tait(2010) completed experimental shake table testing of ipialt
rectangular TLDs equipped with damping screens to validate a nonlinearmdki TLD
model. The SPH model results are compared to the experimental results measuring forces

on the screens, wave height near the tank wall, and sloshing forces.

The fird TLD tank considered had a fluid depth to tank length tdti@f 0.182, which
corresponds to tank T2 in Love and T@010) Three damping screens wi@ = 1.63
were placed at 25%, 50%, and 75% of the tank lendt@ iffitial SPH particle spacing was
0.012 m, resulting in approximately 3000 fluid particl&se SPH model was run for
excitationvaluesof ¥ L = 0. 0 0 5 Figumre2l9 showsthe fime @dmain response
of force acting on the screens at 25% and 50% of the tank length. The SPH model forces
are in very good agreement with the experimental forces, indicatindiéh&PH model is
capturing the effect of the screens wellgure2.10 shows the time domain response for
the wave height near the tank wall and sloshirader force, with excellent agreement

observed between the SPH and experimental results.

The second TLD considered had a fluid depth to tank length étief 0.123,
corresponding to tank T3 inove and Tai{2010) Two damping screens with equal to
2.16 were placed at 40% and 60% of the tank length. The initial SPH particle spacing was
0.007 m, resulting in approximately 2350 fluid particles. A frequency sweep consisting of
41 discrete frequencies ranging from 8a%4.20% of the fundamental sloshing frequency
was simulated using the SPH mod&hure2.11 shows the frequency response for wave
height (max and min)ral sloshing forces. There is excellent agreement between the SPH
and experimental wave troughs. The SPH model slightly underpredicts wave peaks at
frequencies below b = 1.00 and slightly ov
however, the overathgreement is good. There is good agreement between the SPH and

experi mental sloshing forces, particularly
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2.4.2 Experimental Results from Tait et al.(2005)

Tait et al.(2005) completed experimental shake table testing of a rectangular TLD
equipped with screens to validate a nonlinear shallow water wave theory model. The ratio
of water depth to tank lengtih/lL = 0.123, which also corrpends to tank T3 from Love
and Tait(2010) Two damping screens with = 2.16 were placed at 40% and 60% of the
tank length. The initial SPH particle spacing was 0.007 m. The SPH simulation was run at
afrequencyratidb = 1. 01 at three diffeXéLrrt0.006,xcCci t at
0.016, and 0.031.

Figure2.12 shows the wave height and TLD tank force time domesponse for the
smallest excitation amplitudo/L = 0.005. The SPH model shows excellent agreement
with the experimental data for both wave height and water féigare 2.13 and Figure
2.14show the time domain response XaflL. = 0.016 and 0.031, respectively. The response
is significantly more nonlinear than the previous case, and the SPH model shows excellent
agreement with the experimental data for both excitation amplitudes. The SPH model

captures both the peaks and troughthe wave height well.

2.4.3 Experimental Results from Love and Tait(2013)

Love and Tait(2013)completed a parametric study on the response of a rectangular
TLD with lengthL = 0.966 m.The initial water depth ratib/L ranged from 0.05 to 0.25,
and the excitation amplitud&/L ranged from 0.0026 to 0.0207. The initial particle spacing
dpwas set to 0.006 m. The TLD had two screens @ith 2.16 located at 40% and 60%
of the tank lendt. SPH frequency sweeps were simulated at discrete frequencies ranging
from 75% to 130% of the fundamental sloshing frequency of the tank for each case. For
brevity, only selected representative results across the various water depths and excitation

amplitudes are presented here.

2.4.3.1 Time Response
Selected results are presented in the time domain for each of the five water depths
considered.Figure 2.15 showsthe normalized wave height and sloshing water force

response foh/L=0.05,X/L= 0. 0104, and b = 0.98. Bot h t
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water forces show a strongly nonlinear response with multiple peaks. The SPH model over
predicts the depths of the wave troughs; however, the agreement between the SPH model

and experimental data very good overalFigure2.16 shows the time response foft. =

0.10,Xo/L= 0. 0207, and b = 1.00. The SPH model

experimental data, capturing not only the peak values of the response, but also the nonlinear
waveform. The SPH model captures the main sloshing force peaks well, but slightly over

predicts the secondary peak values compared to the experimentdliglata2.17 shows

the time response ftwWL = 0.15X/L=0.0052 and b = 0. 92. As the w
the nonlinearity of the response decreases. Ri¢ ®odel shows very good agreement

with the experimental data for sloshing forces. There is a slight phase shift between the
experimental and SPH wave heights; however, the overall agreement is stilFgnod.

2.18 shows the time response foi = 0.20,Xo/L=0.0104 and b = 1. 02. The

shows excellent agreement with the experimental results. FiRadjyre 2.19 shows the

time response fdn/L=0.25X/L=0.0026 and b = 1. 04. The SPH
predicts the wave heights and sloshing water forces; however, overall goochefrése

shown between the SPH model and experimental data.

2.4.3.2 Frequency Response and Normalized Error

The frequency response allows for assessing the performance of the model across a
range of excitation frequencies of interest, rather than consideringdadiviesponses in
the time domain. Selected frequency response curves for the five water depths are
presented, considering the peak and trough wave heights and the peak sloshing water
forces.Figure 2.20 shows the frequency response for wave heights and sloshing forces
corresponding té/L = 0.05 andXo/L = 0.0104. This case represents the shallowest TLD
depth considered, which is expected to result strengly nonlinear response. The SPH
model slightly oveipredicts and undesredicts the peak wave heights and sloshing forces
at certain frequencies. Overall, the SPH model results show good agreement with the
experimental datakrigure 2.21 shows the frequency response fdk = 0.15 andXo/L =
0.0052. Excellent agreement is observed between the SPH results and the experimental

data, particularly the sloshing water forces. Finaligure 2.22 shows the frequency
36
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response foin/L = 0.25 andXo/L = 0.0052. This is the deepest TLD water depth considered.

The SPH model is in excellent agreement with the experimental data.

The normalized error between the SPH model and experimental data camtifeequa

as.

(2.29)

wherew andw are the frequency response value at frequenawe and Taif2013)

considered an error value less than 0.10 to indicate acceptable model performance.

Capturing the sloshing force response is of primary importance for a TLD model as
this force controls the motion of a structufégure 2.23 shows the normalized sloskin
force error versus the excitation amplitudeL for all cases that were investigated.
Typically, numerical models can capture the TLD response well at low excitation
amplitudes with moderate water depths, with model error increasing proportiofdl to
due to increased nonlinearity. The opposite is observed for the SPH model, where the
largest errors occurred at the smallest excitation amplitudes for each water depth. The
normalized error for sloshing water forces was greater than 0.10 for only 2vesdsL
=0.05 and 0.10 ank/L = 0.0026, with a maximum value of 0.16. Based on these results,
the SPH model captures the sloshing force response of the TLD acceptably for nearly all

cases considered.

2.5 Conclusions

An explicit incompressible SPH model svgpresented for a TLD equipped with
damping screens. An efficient novel SPH da
formula was presented where the damping screen geometry does not need to be explicitly
modelled, allowing for coarser particle spacnegulting in more efficient computational
time. Explicitly modelling the screens in this study would require 50 times the number of
particles, increasing the CPU time by a factor of approximatelyTt@0results of the SPH

model were compared to existimxperimental data for various cases in both the time
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domain and frequency domaif.able 2.1 lists the full range of TLD parameters

investigated. The followingonclusions can be made:

1. The base SPH model shows good agreement with benchmark cases of a
hydrostatic tank of water and a dam break simulation.

2. The SPH model of a TLD with screens shows good agreement with
experimental results for forces measured on daggcreens presented by
Love and Tai{2010) This indicates that the SPH model captures the influence
of the screens on the flow, despite not explicitly modelling the geometry of the
screens.

3. When considering differergxcitation amplitudes{o/L = 0.005, 0.016, and
0.031, the SPH model shows excellent agreement with experimental wave
height and water force data from Tait et(2D05)

4. The SPH model shows excellent agreement with limie domain and
frequency response wave height and sloshing water force experimental data
from Love and Tai{2013) The SPH model is shown to be suitable for fluid
depthsh/L between 0.05 and 0.25 and does not appeatelil by excitation
amplitude for the cases considered.

The SPH model has been validated against experimental data for a broad range of TLD
scenarios in both the time domain and frequency domain. The proposed screen
implementation has been shown to effely capture the energy dissipation characteristics
of damping screens in a TLD. The SPH model can be effectively used to study a TLD
equipped with screens without limitation on water depth or excitation amplitude, providing
a robust tool for understanditige fully nonlinear response of the system. Future research
will couple this TLD model to a structure to evaluate its ability to represent stridtlre
interaction under large excitation amplitudes, where existing models tend to perform

poorly.
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Table2.1: TLD Parameters Investigated

Experimental

L (m) Xscreed L Ci h/L XolL
Data Source
Love and Tait 1.524 0.25,0.50,0.75 1.63 0.183 0.005
(2010) 0.966 0.40, 0.60 2.16 0.123 0.005
Tait et al.
0.966 0.40, 0.60 2.16 0.123 0.005, 0.016, 0.031
(2005)
0.0026, 0.0052, 0.010¢
0.050
0.0207
_ 0.0026, 0.0052, 0.010¢
Love and Tait 0.100
0.966 0.40, 0.60 2.16 0.0207
(2013)
0.150 0.0026, 0.0052, 0.010¢
0.200 0.0026, 0.0052, 0.010¢
0.250 0.0026, 0.0052
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Figure2.1: SPH domain definition for TLD with damping screens.
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Figure2.2: SPH discretization showing kernel function.
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Figure2.3: lllustration of freeslip and neslip boundary velocity conditions.
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Figure2.4: TLD slat screen schematic.
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Figure2.5: SPH screen discretization.
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Figure2.6: Pressure profile for hydrostatic tank at end (t = @dbnds) of simulation for
differenthker, dt, anddp values.
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Figure2.7: Dam break simulation domain.
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Figure2.9: SPH screen force response history versus experimental results from Love and
Tait(2010) h/L=0.182,%L= 0. 005, b = 1. 01.
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Figure2.10: SPH wave height and sloshing force response history versus T2 experimental
results from Love and Taf010) h/L=0.182, % L = 0. 005, b = 1.
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Figure2.11: SPH wae height and sloshing force frequency response versus T3
experimental results from Love and T@010) h/L = 0.123, %/L = 0.005.
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Figure2.12: SPH wave height andaghing force time response versus experimental
results from Tait et a(2005) h/L = 0.123, X/L = 0.005.
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Figure2.13: SPH wave height and sloshing force time response versus experimental
results from Tait et a(2005) h/L = 0.123, X/L = 0.016.
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Figure2.14: SPH wave height and sloskiforce time response versus experimental
results from Tait et a[2005) h/L = 0.123, X¥/L = 0.031.
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Figure2.15. SPH wave height and sloshing force time response versus experimental
results from Love and Taf013) h/L=0.05,% L = 0. 0104, b
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Figure2.16. SPH wave heigt and sloshing force time response versus experimental
results from Love and Taf013) h/L=0.10,% L = 0. 0207, b
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Figure2.17: SPH wave height and sloshifayce time response versus experimental
results from Love and Taf013) h/L=0.15, % L = 0. 0052, b
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Figure2.18: SPH wave height and sloshing force timeogse versus experimental
results from Love and Taf013) h/L=0.20,% L = 0. 0104, b
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Figure2.19: SPH wave height and sloshing force time response versus experimental
results from Love and Taff013) h/L=0.25,% L = 0. 0026, b
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Figure2.20: SPH wave hgiht and sloshing force frequency response versus experimental
results from Love and Taj2013) h/L = 0.05, %/L = 0.0104.
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Figure2.21: SPH wave height and sloshingderfrequency response versus experimental
results from Love and Taj2013) h/L = 0.15, %/L = 0.0052.
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Figure2.22: SPH wave height and sloshing force frequency respegarsus experimental
results from Love and Taj2013) h/L = 0.25, %/L = 0.0052.
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Figure2.23. Normalized error between SPH and experimental sloshing force/lvs X
Legend indicates h/L value

67



Ph.D. Thesi§ K.P. McNamara; McMaster UniversityCivil Engineering

Chapter 3: Modelling the response of structuretuned liquid damper
systems under large amplitude excitation using SPH

Reproduced with permission from ASME.
Mc Namara K. P. and Tait M. J. ,tun@dVigud ddmper ng t h

systems under | arge amplitude excitation u
Acoustics 144 (2022011008 DOI: 10.1115/1.4051266

Abstract

The tuned liquid damperT(D) is a system used to reduce the response of tall
structures. Numerical modelling is a very important tool when designing TLDs. Many
existing numerical models are capable of accurately capturing the striitiDrgystem
response at serviceability levet®vering the range where TLDs are primarily intended to
perform. However, these models often have convergence issues when considering more
extreme structural excitations. The goal of this study is to develop a striitiDrenodel
without convergence linations at large amplitude excitations. A structlitdd numerical
model where the TLD is represented by a 2D incompressible SPH scheme is presented. The
TLD contains damping screens which are represented by a force term based on the Morison
equation. The @rformance of the model is assessed by comparing to experimental data for
a structureTLD system undergoing large amplitude excitations consisting oftfour
random signals and shorter transient signals. The model shows very good agreement with
the expemental data for the structural response. The free surface response of the TLD is
captured accurately by the model for the lower excitation forces considered, however as
the excitation force is increased there are some discrepancies. The large amplitude
excitations also result in SPH fluid particles penetrating the boundaries, resulting in
degradation of the model performance over the-fmur simulations. Overall, the model
is shown to capture the response of a stru€tlw® system undergoing large ampiite

excitations well.

KEYWORDS: tuned liquid damper (TLD), dynamic vibration absorber (DVA), damping

screen, smoothed particle hydrodynamics (SPH), strugiuibesystem.
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3.1 Introduction

The tuned liquid damper (TLD) is a dynamic vibration absorber (DVA) ibhat
employed to reduce the resonant response of tall and slender structures. In a TLD, a
partially filled tank of liquid is installed near the top of a structure. The frequency of the
TLD is tuned such that when the structure sways the liquid will slosierggng a force
that counteracts the motion of the building. TLD tanks typically include additional energy
dissipating mechanisms, such as screens. The objective of a TLD is to reduce structural
motion to a level acceptable by occupants, for exampleitigngtructural acceleration to
below the values set out in codes and standards, such as ISO[1DII3¥% acceleration
limits are generally defined for-ylear or 1@year return period events, indicating that a
TLD is primarilyintended to perform under serviceability conditions. However, for a TLD
installed in structures located in regions prone to extreme loading events, such as hurricanes
or earthquakes, it is imperative for the designer to understand the response of toredTLD

structureTLD system under large amplitude excitations.

Numerical modelling is an important tool in the TLD design process. Preliminary TLD
design is often completed using simplified numerical models which determine feasibility
and assist in sizing dhe TLD. Equivalent mechanical models which can represent the
TLD response linearly have been developed for various TLD tank shapeg2]rait
presented an equivalent mechanical model for a rectangular TLD with sciesgside a
methodology for preliminary structuwfeLD system design. Tait and Deff§] studied the
performance of rectangular and cylindrical TLDs in strucit® systems. Love and Tait
[4] presented an equivalent mechanical model for TLDs of arbitrary tank shape, and later
coupled this model to a 2D struct(is§. These models are sufficient for preliminary design,
however the TLD is an inherently norgiar system and thus requires more sophisticated

numerical models for detailed design.

Various models exist that can capture the nonlinear response of a TLD with damping
screens. Kaneko and Ishika@ developed a model for a TLD containing nets using

shallow water wave theory and solved across the lamjth using the finite difference
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method, which was later adapted by Tait €fi/difor a TLD with slat screens. These models

have been shown to accurately capture the TLD response based on experimental testing,
howeve there are amplitude limits above which convergence issues may arise. Love and
Tait [8] presented a multnodal model for a TLD of rectangular shape with screens. This
model calculates the TLD response as a summatisioshing modes with equations
accounting for the nonlinear coupling between the modes. This nonlinear model was
extended to TLDs of arbitrary dimensio[8¥, and coupled to a structure to study the
structureTLD system regonsg10]. The multtmodal model also has amplitude limitations

for convergence, applicable liquid depth ranges, and at large excitations assumptions about
the ordering of modal contributions may be invalid. These modeksxaellent at capturing

the response of a TLD under service level loading, which allows for determination of the
performance of the structuid.D system within its target range of operation. However,

these models do not always perform well under extremding scenarios.

To understand the response of the TLD at ultimate limit states and determine structural
design quantities such as TLD tank forces and required freeboard, experimental testing on
scale model tanks is often necessary. For example, Taif&t pcompleted experimental
studies on the response of a strucflie® under large amplitude excitations. Shake table
testing is commonly used to determine the performance of the TLD, however this testing
can be timeonsuming and expensive. Numerical modelling is an attractive alternative to
experimental testing, especially considering the availability and power of computing
resources. The development of a numerical model capable of capturing the TLD response
under &treme loading without amplitude limitation or convergence issues is the focus of

this study.

The smoothed particle hydrodynamics (SPH) method is capable of modelling extreme
sloshing responses. SPH is a Lagrangian meshless method which represents #uids a
series of particles. The method was originally developed by Gingold and Mond@han
and Lucy[13] for astrophysics applications. SPH has since been applied to numerous

problems mvolving a free surfacfl4, 15] The SPH method is particularly well suited to
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model the response of sloshing fluids under extreme loading compared to other numerical
models due to its inherent ability to define finee surface and capture phenomena such as
wave breaking. There is no need for computationally expensive free surface tracking
algorithms. SPH can also easily capture the response of sloshing fluids which impact the
tank roof, which is a limitation of nmy other numerical modelfecent advances in the

SPH method have allowed for capturing complicated fatidcture interaction behavior

in vibration problems, for example fluid vortex induced motion of solid bgdigsslender
structure vibration in viscous fluid$7], the interaction of fluids with elastic structures in
both dambreak and sloshing experimenf&8], and many more. These examples
demonstrate thability of the SPH method to capture complex flow interactions between
structures and fluids. For a structtreD system, the TLD tank is rigid, and so modelling

the interaction between the structure and TLD is not as complicated as othstrflaidre
interaction problems. However, when the structure experiences a large response, the
sloshing in the tank becomes highly nonlinear, making SPH an attractive method for

capturing the sloshing behavior.

SPH models are typically broken down into weakly congbés (WCSPH) and
incompressible (ISPH). ISPH can more accurately model the pressure field within a fluid
compared to WCSPH, where special numerical treatment is often necessary to obtain a
noise free pressure field. Since water is typically used in a &hb is essentially
incompressible, ISPH is particularly attractive for modelling a TLD. Various previous
studies have modelled sloshing in TLDs using $P¥H 20, 21] demonstrating that SPH
can capture the sponse in sloshing tanks well, however these studies have focused on
TLDs without damping screens or other interior tank damping elements. Kashaf22} al.
presented an ISPH model for a TLD with slat screens whersctieen geometry was
directly modelled. The results of this model were used to create an equivalent amplitude
TMD model to capture the TLD response, which was compared to experimental data for a
structureTLD system. McNamara et &l23] developed an explicit ISPH model for a
rectangular TLD with slat screens where the screens were modelled macroscopically using

a force erm based on the Morison equati@#]. This allowed for much greater SPH
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particle spacing, significantly reducing computational requirements. The model was
compared to experimental shake table testing data for different rectangular TLDs with
screens covering a range of tank dimensions, water depths, and excitation amplitudes,

showing good agreement for all cases studied.

The goal of this study is to assess the performance of a stri¢tDraumerical model
under large excitations. This paper takes the ISPH model for a rectangular TLD from
McNamara et al[23] and couples it to a linear structure model. The structure is modelled
as an equivalent single degree of freedom (SDOF) system with generalized properties. The
model performance is assessed by comparing to experimental data for aesfruBtur
system undergoing large excitations frdmit [25] and partially published in Tait et al.
[11]. Two different types of structure excitation are considered: ahfour random hbrad
limited white noise signal representative of wind excitation and a shorter transient
excitation. For the random excitation, comparisons are made between the modelled and
experimental response characteristics (roeansquare and peak values) as well as
response plots in the frequency and time domain. For the transient signal, the responses are

compared in the time domain. Applicability and limitations of the model are discussed.

3.2 Structure T Tuned Liquid Damper System Model

A schematic of the structWELD system is shown ifigure3.1. The response of tall
structures to wind loading is often dominated by the first fundamental modes in sway and
torsion. A TLD is typically installed to target a reduction in the responsesobiomultiple
of these modes. The structure studied in this paper is modelled as an equivalent single
degree of freedom (SDOF) system representing one of the fundamental sway modes. The
equation of motion of this SDOF system undergoing force excitatidnawliLD attached

is given by:
DO 0 vLw O O (3.1

whereMs, Cs, andKs are the structure generalized mass, damping, and stiftbf@ssand

@ are the structure acceleratiorelacity, and displacemenkex: is the applied external
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force, and=t.p is the TLD force defined in Sectidh2.1 The equation of motion is solved

in time using the fourth order Rungitta-Gill method. Rather than solving for the
complete structurd LD system, a substructuring approach is employed wherstructure

and TLD models interact at each timestep by passing back and forth the structural

acceleration and TLD force.

The TLD is represented using an incompressible SPH model develepedse by
the authors. SPH was selected for its ability to inherently capture very large free surface
responses without convergence issues unlike previous numerical models applied.to TLDs
The actual TLD studied is three dimensional, however the model is restricted to two
dimensions, which represents a slice of the TLD tank. This allows the model to represent
the sloshing fluid undergoing uniaxial horizontal excitation parallel to the lemith.
While the model will not capture any potential complex three dimensional effects such as
swirling waves, the dominant behavior in a sloshing TLD with screens is a nonlinear
standing wave which will be well represented by the SPH model. The dofrtaenmodel
is shown inFigure3.2. The TLD has dimensions of lendthheightH, and water depth.
Vertically oriented damping screen(s) are placeld@ation(s)xscreenin the tank Extensive
details on the SPH model used in this study are presented in McNamarg28j. dlhe
fluid response is governed by the Navsipokes equations foincompressible flow

expressed in Lagrangian form:

— " T (3.2

$
o~ no ov’l H )
0o —ny U (3.3

whereD/Dt represents a Lagrangian derivatiyés the fluid densityy is the velocity pold
symbols indicate vector quantitieB)is the fluid pressura,is the fluid kinematic viscosity,
andg is the external body force (gravity, applied excitation).
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The governing equations are solved in an SRRhhéwork by discretizing the fluid and
boundaries using particles initially spaced at a distdpc&he properties of each particle
(velocity, pressure, density) are calculated using the contributions from surrounding
neighbour particles based on a smaouitkernel functiorf26]:

5 S o} (3.4)

whereA is the quantity of interestyy is the particle masg; is the particle densityV is
the kernel function, anbker is the kernel function smoothing length. Expressions for the
first and second order derivatives are given by Mona@@éjrand Cummins and Rudman

[27], respectively as:

S e (3.5)

no ” a -
) 0
18Pns W 1 (36)
whered = 0.00her is a small factor to ensure a nonzero denominator.
This study uses the fifth order Wendland kernel in all SPH calculd&8s
. n T
W n w p Cn p C ’ n S (3_7)
n n ¢
wheren * *¢ ——for 2D simulations, antkeris the kernel function smoothing

length equal to 1.dpin this study.

The SPH equations are solved in time using the projection method presented by
Cummins and Rudmaj27]. At each timestep, an intermediate velocityl gosition are
calculated considering only the viscous and body forces:
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Too 0T H L égn, YO (3.8)

var

o "I'YO (3.9)

whereon °l is the viscous force which is discretized using equaf®f), g is the
gravitational acceleratiods &t is the acceleration vector of the structure at the TLD
location, andFscreenis the force from the damping screens which is introduced in &ectio
3.2.2

The intermediate velocity and position are used to calculate an intermediate gensity
[29], which leads to the calculation of fluid pressure by solving the pressure Poisson
equation given by:

0 8"

8 = 3.10

This equation is solved using an explicit approach from Yeylaghi B3J.with the
addition of a pressure stabilizing term presented by Jiang 14l.The velocity and

position of each particle are then updated to enforce incompressibility:
170 YO I — 0 Y0 (3.12)

cr oA 1O YO 10 .. (3.12

The boundary conditions of the sloshing fluid in a TLD consist of the kinematic
condition of zero velocity perpendicular to tank boundariesyi.e.0 at the vertical tank
walls anduy = 0 at the tank bottom) and the dynamic condition of congtassure on the
free surface, equal to the atmospheric pressure in an open tank. In the SPH model the solid
wall boundaries are modelled using multiple layers of boundary particles based on the
method presented by Adami dt 2], with a freeslip velocity condition since the tank
walls are smooth and water is essentially inviscid. These boundary particles do not move

throughout the simulation, but they do have a calculated pressure to prevent particle
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penetration andra assigned a velocity during the prediction step. The velocity at the
position of each boundary particlend, is calculated from the surrounding fluid particles
using equatior3.4). Velocity components are then determined parallel and perpendicular
to the tank boundaries. The tank walls haveebocity perpendicular and-yelocity
parallel, whereas the tank floor haselocity parallel and yelocity perpendicular. The
boundary particle velocity parallel to the tank boundary is set equal to the parallel
component ofibnd to enforce the freslip velocity profile. The boundary particle velocity
perpendicular to the tank boundary is set opposite tpeh@endicular component Qfnd

to enforce the kinematic boundary condition at the fkodd interface.

The dynamic condition of constant pressure on the free surface is implemented by
calculating a numerical density which is only used identify free surface fluid
particles’ B & w [30]. If the numerical densitys is less than 90% of the initial
fluid density the particle is considered as a free surface particle and its pressute is set

zero. This occurs due to truncation of the kernel at the free surface.

3.2.1 TLD Force Calculation

The TLD forceFrLp in equation(3.1) is integral to the interaction between the structure
and TLD. Since the SPH model is two dimensional, the force calculated is normalized by
the TLD tank widthb. The actual TLD studied is e dimensional, and so this force is
multiplied by the tank width when applied in equat{8ri). The boundary particles do not
move throughout the simulation, with tlmeotion of the TLD accounted for by the
acceleration of the structue being applied to the fluid particles in equati(®8).
However, anumerical horizontal acceldran is calculated for each boundary particle in
the tank walls based on the interaction with neighbouring fluid particles by the expression
[33]:

76



Ph.D. Thesi§ K.P. McNamara; McMaster UniversityCivil Engineering

(3.13)

where the summatiohis over the fluid particlesyy is the fluid particle mass? is the

particle pressurg,i s t he par t i &ihematid\asoosity,ugthe harizontal t h e
particle velocity,rif =rj i rf, d = 0.00wer andis the acceleration of the structure. The

total TLD force is then calculated by summing the numerical acceleration times the mass

of each wall boundary partel
— a @ (3.14)

wheremy is the mass of a single particle. The boundary particles have the same mass as the

fluid particles.

3.2.2 Damping Screen Particles

The damping screens in the Tldludied consist of an array of small horizontal slats
with a height of 5 mm spaced at 7 mm wittheckness of 1 mnfi7]. The screens have a
solidity of 42%, meaning that more than half of their area is open and allowing flow to pass
through. As the fluid passes through the screen, the drag force on the slats induces a
pressure loss proportional to fluid velocity squared, which leads to a drop in the height of
the free surface across the screen. This action causes turbulence and dissipates energy in
the sloshing fluid. Since the slats are small and distributed over thbdamyht, the added
mass effect on the sloshing fluid is not significant. The drag characteristics of small slat
screens are insensitive to the Reynolds number of the flow but can depend on the Keulegan
Carpenter (period) number. However, the screensestddive been shown to have constant
loss characteristics for large Keuleg@arpenter numberg], as will occur in the large
amplitude excitations studied here. Compared to a TLD without screens, adding screens

reduces the ocerence of higher order effects such as travelling waves and wave breaking,
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and provides significant additional damping and improved performance for controlling

structural motion.

In SPH, the screen geometry can be modelled explicsilyg solid SPH padles, as
was done by Kashani et §2], however this requires a very fine particle spacing for the
screens considered < 1 mm), leading to significant computational requirements. To
reduce the computational time, a coangarticle spacing in the SPH simulation can be
achieved by modelling the impact of the screens on the fluid flow without explicitly
modelling the screen geometry. A novel macroscopic damping screen implementation for
SPH was presented and validated witpesxmental data by McNamearet al.[23]. The
screens are modelled by a line of screen particles with spagiegual to the initial fluid
particle spacing. The screen patrticles interact with the fluid particles by applying a force
(Fscreenin equation(3.8)) based on the Morisoequation24] equal and opposite to the
force that the fluid exerts on the scre€fsis is appropriate for screens that have known
loss properties, and where the thickness is much less than the tank length, as isithe case

this study.
The force that the fluid applies on each screen patrticle is calculaf@d]by

gé" Y M Y FQN

o
(3.15)

Y i ?—(’) ()
whereC, is the screen loss coefficient,is the fluid densityUsc; is the fluid velocity
calculated at the screen particle location, apdis the initial particle spacingThe
smoothing length used in the kernehétion Wi is set tohscreen= 3hker. The force that the
screen particlesapply on fluid particld is weighted based on the kernel function as:

W
0 0 ' (3.16)
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wherej is summed over the neighbouring screen particles.

Since the damping screen particles are not explicitly modelled, and there is no added
turbulence model, this method is not capable of capturing the complexranéent flow
in the region of the screens. However, since the loss properties of the screens are known,
and they are very thin relative to the length of the tank, the model does capture the overall
resulting energy dissipation in the bulk flow. Additidgathe sloshing wave heights of
primary interest are at the tank walls which are located away from the screens, outside the
region of turbulence. Implementation of an efficient explicit screen geometry using solid
particles and added turbulence model wlobk necessary for studies where the loss
characteristics of the screens are unknown or the screen geometry significantly disrupts the

sloshing flow.

3.2.3 SPH Model Parameters

This section will briefly discuss the SPH model parameters used in this study. Each
simulation was run in series on a single CPU. The-four duration simulations took
approximately two weeks to compute, and the shorter transient excitation simulations took
approximately one hour. For all cases considered, the TLD was discretized unsBigH
an initial particle spacing afp= 7 mm. This value was selected as it provided a reasonable
number of particles spaced along the tank length and across the fluid depth to capture the
free surface deformation. It also provided an integer multiptaeotank length (966 mm)
and water depth (119 mm), while staying within the bounds of the computational resources
available to run the long fotrour simulations. For all cases, the kernel function smoothing
length was set aser = 1.4dp. The fluid was \ater, with a density of 1000 kgfnand
kinematic viscosity of 1xIOm?/s.

The timestep wadt = 5x10* seconds and was fixed throughout the simulation. This
was determined to provide adequate performance for several different validation test cases

of the authors code, and also met the criteria ‘tat | ET-2—R%— for an

incompressibl&PH simulatiorf34], whereumaxis the maximum fluid velocity.
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The boundary particles and screen particles had the same spacing as the fluid particles,
dp=7 mm, and did not move throughout the simulation. Three layers nflaouparticles
were defined for each tank face to ensure complete kernel support for the fluid particles
located near the walls and floor of the t§BR]. The screen particles were placed in a single
vertical array at each saen location. The kernel function radius used for the screen
particles was set tscreen= 3hker to capture the radius of screen influence. This value was
determined based on tests to compare the model to experimental data for the TLD with
screens that as studied. A different value may be appropriate for different screen

geometries.

3.3 Structure-TLD Experimental Data

Experimental data for a structdfé.D system undergoing large excitations was
obtained by Taif25] and patially published in Tait et al[11]. Experimental tests were
completed for a large range of structure excitations, including those well above the
serviceabilitylevels that TLDs are primarily intended to perform at. Previous numerical
models for TLDs often have convergence issues above certain structural response levels,
limiting the ability to model large excitation scenarios numerically. The SPH TLD model
doesnot have any excitation amplitude convergence limitations, however it is important to
verify the accuracy of the model when the structural respmnt@ge as this has not

previously been investigated.

Tait [25] studied various structtWELD configurations experimentally under both 1D
and 2D excitations. Extensive details on the experimental setup can be found[2b]T ait
and Tait et al[11]. The experimental structure was designed to represent the system
schematic shown iRigure3.1. The structure was representada cable suspended mass
equal toMs that was free to swing. The structure was connected to a rigid frame by several
springs that were tensioned to provide the required stiffness of the stru€iuiighe
properties of the structure were confirmed witkef vibration testindg25]. The TLD
consisted of a plexiglass tank mounted on top of the structure and partially filled with water.

The displacement and acceleration of the structure were measured, as well as the wave
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height at various locations in the TLD using capacitabased wave probes. The mass of

the tank and mounted instrumentation was accounted for in the total mass of the structure.
The experimental structure was very lightly damped, and as such the stiildiusgstem
damping was almost entirely provided by the TLD. The focus of this study will be on
structureTLD systems undergoing 1D excitation with large amplitudes. In the
experiments, the structuiid.D system was excited in one direction using an actubsdr

was connected to the structure through a driving spring, converting the displacement of the
actuator to a force applied to the structure (represeftagn equation(3.1)). The data

was sampled at a rate of 20 Hz and-loass filtered with a 5 Hz cuiff frequency.

The experimental testing considered two different types of structural excitation. The
first wasa random bandéimited white noise signal four hours in length, and the second was
a shorter 35 second transient signal. Further details on the excitation will be provided in
Sections3.4.1and 3.4.2 The properties of the structure studied are showralre 3.1.

The TLD properties are shown Trable3.2. The same TLD configuration was used for

both excitation cases.

3.4 Model vs Experimental Comparisons
This section will assess the performance of the model by comparing to the

experimental data

3.4.1 Random Bandlimited White Noise Excitation

The random excitation force consisted of a zmean signal of length four hours with
frequency content ranging from 0.20 1.20 Hz f(fs ranging from 0.36 to 2.15). The
normalized power spectrum of the excitation force is showRiguire 3.3. A sample
segment of the signal is shown kigure 3.4. The excitation signal was scaled to three
different rootmeansquare (RMS) levels, =165 N, 223 N, and 300 N (70 = 0.0030,
0.0040, and 0.0055). Feeference, Tait et gl11] estimated return periods for the different
excitation levels considered in this study to be 335, 1400, andy&206 by assuming that

the hourly peak structural acceleration response wa@soptional to wind speed cubed.
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These return periods are significantly greater than the serviceability levels that TLDs are

typically designed for.

The RMS and peak structural response for the-fimur signal are provided ifiable
3.3 for structural displacement afiéble 3.4 for structural acceleration. The comparison
between experimental and modelled responses shows very good agreement, with absolute
percentage difference values between 0.3% and 11.8%. In s@ex tae model over
predicted the response compared to the experimental data, and in some cases the model
underpredicted the response. These results suggest that the model can accurately capture
the overall structural response characteristics for a atei€t.D system undergoing large

random signal excitations.

Since the excitation force contains many frequencies, it is important to analyze the
performance of the model from a frequency domain perspective. The mechanical
admittance function (MAF) of a strture indicates how the structure responds to different
frequencies in a random excitation signal. The squared modulus of the MAF of a structure
is defined by the expression:

QU (3.17)

SO "Qs ~ O

where S¢(f) and Skx(f) are the power spectra of the applied force and structural

displacement response, afglis the structure generalized stiffness.

Figure 3.5 shows the squared MAF for the three excitation levels studied. The
agreement between the experimental data and the model results is good. The model
underestimates the peak experimental vajuadproximately 10% for each caseHigure
3.5c there is a slight shift in the location of the peak of the curve. A linear structure with
low damping and no TLD will &ve a single peak MAF. Typically for a structdreD
system the MAF has multiple peaks. However, as the excitation force is increased to large
values, the TLD becomes less effective, causing the MAF to return to a single peaked curve,

as illustrated irfFigure3.5. The effective damping of a structure equipped with a TLD can
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be calculated based on the area under the NB5F Table 3.5 displays the calculated
effective damping for the experimental and modelled results. The effective damping
decreases as the value @®fKs increases, which is expected dwethe corresponding
reduction in TLD effectiveness. The model is within 8.3% of the experimental data for the

three cases considered.

The ability of the model to capture the TLD wave height response at large excitations
is also integral to verifying the gdermance of the model. The normalized wave height
spectrum for the modelled and experimental data is showgume3.6. The model shows
very good agreement with thexperimental data for all three excitation levels. As was
observed with the MAF, the model slightly ungieedicts the peak value, with a difference
of 5% for the, 70 = 0.0030 case, and a difference of 10% for,thiE) = 0.0040 and
0.0055 casesThe model shows very good agreement with the experimental data for the

secondary peak in the spectra, which is a result of the nonlinear response of the TLD.

To illustrate the sloshing waves in the TLUBigure 3.7 shows the SPH model wave

profiles for various time instants from thef0 = 0.0030 case. The particles are colored

by their pressure value. The figure shows that the fluid pressure transitions smoothly from
high values at the tank bottom to low values at the free surface. Since the pressure drop
through the screens is dependemffluid velocity squared, the effect of the screens on the
wave height changes throughout the simulation. For example, at time = 3600, 10800, and
13800 seconds, the drop in wave height across the screens is visibly displayed in the
positions of the partles, though it is not the same at each screen. Whereas for time = 7200
seconds, the screens do not appear to be impacting the flow significantly, indicating that

the horizontal velocity was low at this time.

Response histories of the structural displacgnand wave height illustrate the
performance of the model in the time dom&igure3.8 shows a ongninute segment of
the normalized response for the smallest exoitgt 0 = 0.0030 case within the first ten
minutes of the simulation. The modelled structural response is in excellent agreement with

the experimental data. The modelled wave height response is in excellent agreement with
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the experimental data, andrcclearly capture the nonlinear response, though some of the
peak values are undpredicted.Figure 3.9 shows another segment near the end of the
excitation. Again,tie modelled responses show excellent agreement with the experimental
data, with some undgrediction of the peak values. This illustrates that the model
performs well throughout the simulation despite the length (4 hours) and number of
timesteps (28.8 nlibn). Figure3.10shows a segment of the response history for the largest
excitation, 70 = 0.0055 case during the first ten minutes of the simulation. Very good
agreement is observed between the modelled and experimental responses. The
discrepancies between the peak wave height values for some cycles are more significant
than in the previous case. This is likely a result of the free surface being more chaotic under
the larger excitation, leading to more splashing and ttlireensional sloshing effects not
captured by the moddfigure3.11 shows a segment of the response histagr the end

of the simulation. The agreement between the modelled and experimental responses is
worse than in the previous cases, especially for the wave height. Compgiguar&3.10,
Figure3.11 indicates that at this amplitude of excitation there is degradation of the model
performance over the course of the long simulation. This is further discussed in Section
3.5

3.4.2 Transient Excitation

The structureTLD system was also studied experimentally under a shorter transient
excitation by Taif25]. A 35second segment was extracted from the-faaur random
signal discussed i8ection3.4.1 Figure3.12 shows the transient signal normalized by the
maximumapplied forceFo. Four values oFo were considered: 140 N, 415 N, 555 N, and
775 N.

Figure 3.13 shows the normalized structure displacement response. The model is in
excellent agreement with the experimental daigure 3.14 shows the normalized wave
height response. The model is in excellent agreement with the experimental dat&for the
=140 N and 415 N cases, capturing both the wave form and amplitudee FortB55 N
and 775 N cases the agreement between the model and experimental data is good initially.
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Between the time of 10 and 15 seconds the model begins to deviate from the experimental
data. This is the time where the structure is experiencing tlategteapplied forces (see
Figure3.12). For theFo = 555 N caseKigure 3.14c) the model and experimental wave
height data do not agree well from 12 to 25 seconds, however after this the agreement is
improved. TheFo = 775 N caseKRigure 3.14d) shovs poor agreement between 12 to 30
seconds, with better agreement after this point. This discrepancy may be a result of chaotic
threedimensional sloshing effects present in the tank under such large excitations that are
not captured in the twdimensionalSPH model.

These results show that the model captures the structural response well under the
transient motions considered. This indicates that the SPH model is accurately representing
the controlling forces of the TLD (which impact the structural respordagpite the
discrepancies observed in the wave heights for the larger excitation cases.

3.5 Discussion on Model Performance

The model has been shown to agree well with experimental data for a stitidure
system under long duration random and short durdtemsient excitations with large
amplitudes. However, some discussion is warranted on the overall performance of the

model and potential limitations on its use.

3.5.1 SPH Model Consistency for Very Long Simulations

In Section3.4.1it was noted that for the largest random excitation cask) =
0.0055, the agreement between the modelled and experimental results was better near the
start of the fowhour simulation than at the end. This was not observed for the other cases
studied. The parameters for each of the three random simulations armreatlexcept for
the RMS applied force value. This result indicates degradation of the model performance
over the length of the simulation when the excitation force passes a certain threshold. To
investigate the cause of the discrepancy over the leridgtie simulation for the 0 =

0.0055 case, the SPH simulation results were further analyzed.
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In the SPH model the boundary conditions are only approximately satisfied, which can
result in fluid particles penetrating the boundaf8&. This is generally a small percentage
of the fluid particles (1% to 2%) which does not significantly impact the results for a short
simulation. Figure 3.15 shows the percentage of fluid particles outside the domain
boundaries for each of the three excitation cases at various times in thHeodour
simulation. The percentage of particles outside the domain at the end of the simulation was
0.6%, 4%, and &% for the, 0 = 0.0030, 0.0040, and 0.0055 cases, respectively. With
34% of the fluid particles outside the domain in thgb = 0.0055 case, the TLD
effectively became mistuned from the structure by the end of the simulation, which could
be the cause of the more significant discrepancies compared to the start of the simulation.
This result clearly indicates that the current boundary conditions in the model have a limit
on their ability to contain the fluid which is impacted by both the excitaamplitude and
the simulation duration. For a shorter simulation, the loss of particles through the boundary
would be insignificant, however the length of simulation considered in this study is much
longer than most SPH simulations, which are generafiigdd to at most a few minutes of

time.

It is clear from these results that above a certain RMS excitation force threshold, the
SPH model boundary particles do not contain the fluid particles effectively over long
simulations. Additionally, as the RMS atation force increases, the rate of particle loss
increases. The excitation forces considered are very large. However, if the SPH model is to
be used accurately at these excitation forces, care must be taken to ensure containment of
the fluid particles.mplementation of different or additional boundary conditions, such as

a repulsive force methdd4], may improve the performance of the model.

3.5.2 Accuracy of 2D Simulations

It is typical to model a rectangular TLD using a tdimensional numerical model,
which effectively captures a slice of the TLD fluid. Tait et[8F] demonstrated that the
response of a rectangular TLD undergoing 2D excitation can-beug#ed into that of two

TLDs undegoing 1D excitation, and this principal can be applied to models as well. The
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2D SPH model implemented in this study was found to accurately capture the structural
controlling actions of the TLD. This was demonstrated by good agreement with

experimental dta for the structural response across the amplitudes studied for both the
random and transient excitation cases. Since the controlling action of a TLD is generated
primarily by the fundamental mode of sloshing, most numerical models can capture this

behavor adequately.

The free surface response is significantly more complicated to model. As the excitation
increases, the degree of sloshing nonlinearity increases, resulting in significant higher order
effects such as splashing, jetting, and wave breakidditianally, despite experiencing
only 1D excitation, the experimental structure was not constrained from moving in the
direction perpendicular to the excitation, which can lead to nonlinear excitation of 3D
sloshing effects in the TLD. The SPH model wasd to capture the free surface response
well at the lower excitation forces studied in both the random and transient cases. As the
excitation forces were increased, the model agreement with the experimental wave height
was decreased for some cycles @rample se€igure3.10 andFigure3.14) despite good
agreement with the structural response. It is postulated that thioiméocextent due to the
3D sloshing effects that are not captured by the 2D SPH model.

These results indicate that the model captures the structural response well in a
structureTLD system under large excitation. However, the wave height response is not as
accurately captured as the excitation force increases. In situations where accurate modelling
of the free surface is imperative, using a 3D SPH model may provide improved results,

though there would also be a significant increase in computational runtime.

3.6 Conclusions
This study presented a structireD system model intended to capture the response
of the system undergoing large amplitude excitations beyond the values typically possible
with other numerical models. The structure was represented by an equlimar SDOF
and coupled to a TLD represented by a 2D SPH model. The performance of the model was

assessed by comparing to experimental data obtained bj23}éind published in Tait et
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al. [11] for a structureTLD system undergoing both long duration random Handed
white noise excitation and short duration transient excitation. The following conclusions

can be made from the results of this study:

1. For random white noise exatton, the model captured the response of the structure
TLD system accurately for the 70 = 0.0030 and 0.0040 cases when considering
the peak and RMS response, frequency response plots, and time domain response
histories. The good agreement betwebr todel and experimental data was
maintained throughout the fetwour simulation time. The effective damping ratio of
the structurelLD system was well predicted by the model. For,th&®) = 0.0055
case, the peak and RMS responses and frequenayneesplots were accurately
captured by the model, however the agreement between the model and experimental
data was found to degrade over the length of the simulation.

2. The loss of fluid particles through solid boundaries was found to impaotshts
of the SPH model over the foehour simulations. As the random white noise
excitation RMS force was increased, the SPH boundary particles were unable to
adequately contain the fluid. Care must be taken when using the model under very
large excitabn amplitudes. The implementation of different or additional solid
boundary conditions may improve this result.

3. For the shorter transient excitation, the model captured the structure response well
over the range of excitation forces studied. For E40 Nand 415 N, the TLD wave
height showed good agreement between the model and experimentbdéte.
=555 N and 775 N cases, the model did not accurately capture the wave heights for

certain cycles.

These results indicate that the model can be usetutly a structur@LD system
under large amplitude random and transient excitations. This model can capture excitations
that would generally result in convergence issues for other numerical model types. Care
must be taken when applying the current 2D $Ridel to extremely large excitation cases,

as the model may not always capture the free surface response.
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Further advancements such as the implementation of additional boundary conditions
and/or extension to a 3D SPH model are expected to improve tloenpanice of the SPH
model.
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Table3.1: Structue Generalized Properties

Property Random Transient

Generalized Mass  Ms (kg) 4480 4040
Generalized Stiffness Ks (N/m) 55100 49656
Generalized Dampin( Cs (Ns/m) 31 14

NaturalFrequency fs (Hz) 0.558 0.558

Table3.2: Tuned Liquid Damper Properties

Property Value
Tank Length L (mm) 966
Tank Height H(mm) 420
Tank Width b(mm) 966
Fluid Depth h(mm) 119
Screen Los€oefficient  C 2.16

0.40
Screen Locations XscreedL

0.60

Table3.3: Structural Displacement Response from Random Excitation (RMS and Peak)

A (mm) < (mm
Or/K s (mm)

Exp. Model %Diff | Exp. Model % Diff

0.0030| 12.8 124 3.52% | 54.4 542 0.29%
0.0040| 18.7 18.0 3.96% | 80.7 79.1 2.03%

0.0055| 27.1 28.3 -4.35%|115.6 129.2 -11.8%
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Table3.4: Structural Acceleration Response from Random Excitation (RM$aak)

Qe (milli -g) < (milli -g)
ljF/Ks
Exp. Model %Diff | Exp. Model % Diff
0.0030| 16.0 15.6 2.81% | 71.5 69.1 3.43%
0.0040| 23.0 225 2.09% |102.0 102.4 -0.40%
0.0055| 33.1 356 -7.61%|144.1 160.7 -11.5%

Table3.5: Effective Damping of StructuséLD System

. ™ | 2
Ur/Ks

Exp. Model % Diff
0.0030f 2.39 2,57 -7.53%
0.0040| 2.05 2.22 -8.29%
0.0055| 1.79 166 7.26%

94



Ph.D. Thesi§ K.P. McNamara; McMaster UniversityCivil Engineering

MS g Fext

R

Figure3.1: Structuré Tuned Liquid Damper System Schematic.
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Figure3.2: TLD with Damping Screens SPH Domain Definition.
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Figure3.4: Example segment of random white noise excitation signal.
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Figure3.12: Transient excitation force signal (normalized).
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Figure3.13: Model vs experimental structure responseditierent transient excitation
amplitudes.
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Figure3.14: Model vs experimental wave height response for different transient
excitation amplitudes.
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Chapter 4: Mitigating SPH fluid particle loss for multiple -hour
duration large amplitude sloshing simulation

Abstract

The smoothed particle hydrodynamics (SPH) method is attractive for modelling large
amplitude sloshing liquid simulations due to its ability to capture complex free surface
phenomena. Various methods exist to implement solid boundary conditions in SPH. It i
commonly accepted that a small percentage of SPH fluid particles may penetrate the solid
boundaries and escape the domain. The impact of this on simulation results is minor for the
typical short durations SPH is applied to. In some cases, it is nectssaryy out a long
duration simulation to obtain a statistically significant result. An example of this is studying
the response of a structeened liquid damper (TLD) system subject to random wind
loading. For simulations of multiplleour duration, ta minor loss of fluid particles through
solid boundaries can become significant. An explicit incompressible SPH model is used to
study the response of a structdiieD system subject to a long duration random wind load
excitation. Loss ofluid particles isobserved in the simulations when the sloshing response
is large and splashing occurs at the tank walls. Four modifications to the solid boundary
implementation are investigated: 1) increasing the number of boundary particle layers, 2)
reducing the kernefunction radius for calculating boundary particle velocities as
implemented by Muta et aJ1], 3) introducing a buffer zone to neglect certain fuid
boundary particle interactions as proposed by Gf2grand 4) a conditional test which
returns fluid particles outside the boundaries to inside the tank. The modified boundary
conditions improve the containment of fluid particles over the course of the simulations.
This significantly impoves agreement with experimental data for a strudtuf2 system

compared to the base simulation.

KEYWORDS: smoothed particle hydrodynamics, solid boundary conditions, sloshing,

tuned liquid damper.
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4.1 Introduction

The development of numerical models forsslimg liquid in tanks has seen significant
work in recent years. The nonlinearity of sloshing fluids undergoing external excitation can
be complicated to capture numerically, resulting in the need for experimental testing.
However, increases in computatadpower have made numerical modelling attractive and
efficient. When simulating a sloshing liquid in a tank, there are a few physical quantities of
particular interestAccurately capturing the free surface wave heights is important for
selecting tank dimnsions and freeboard between the still water surface and tank ceiling.
Fluid-induced pressures and forces acting on tank boundaries are needed for structural
design and are used in cases where the tank controls the motion of a structure, such as an

antirdl tank on a large vessel, or a tuned liquid damper (TLD) in a tall building.

The smoothed particle hydrodynamics (SPH) method has been applied in recent years
to simulate problems involving a free surface. The Lagrangian formulation of SPH is
particularly attractive for cases with large deformation of the free surface as it is not
necessary to rmesh the domain or use computationally expensive free surface tracking
methods. SPH was originally developed for simulating astrophysics problems by Gingold
and Monaghar{3] and Lucy[4]. Monaghar{5] proposed application of the SPH method
to free surface problems by introducing solid boundaries and comgyailie fluid
compressibility by relating density and pressure with a stiff equation of state. This is
commonly denoted as the weakly compressible SPH (WCSPH) method. An incompressible
SPH (ISPH) scheme was proposed by Cummins and Rufiharioleau and Rogeri§]
provide a thorough review of SPH applications for free surface flows.

SPH has been applied to sloshing liquid in tanks in various studies. Delormg8Et al.
compared tank wall pressures obtained from SPH to experimental data for sloshing liquid
in a rigid tank. The sloshing response of shallow TLDs was investigated by Bulian et al.
[9] and Marsh et a[10] using SPH. Cao et dlL1] investigated the response of sloshing
liquid in a tank both with and without a vertical baffle. The response of sloshing liquid in

a tank subjected to earthquake excitation was investigated by Kusi¢lgt]alGreen et al.
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[13, 14]simulated the 2D and 3D liquid sloshing response in various tankauitiple

minute duration simulations. A tuned liquid damper with damping screens explicitly
modelled using SPH particles was investigated by Kashani#bhlIMcNamara et a[16]

studied a TLD with damping screens modelled using ghost particles based on the Morison
equation. McNamara and T&it7] coupled the SPH model to a structure to investigate the

system response for ahbur simulation.

Accurate description of solid boundaries is important for simulating sloshing liquid in
tanks. Many methods for implementing solid boundary conditions in SPH have been
proposed. These methods are generally divided into three main groups: ghost/dummy
particke boundaries, applied force boundaries, and -semlytical boundaries.
Ghost/dummy particle boundaries place multiple layers of solid boundary particles outside
the fluid domain. The pressure and velocity of these particles is solved based on the fluid
response. The pressure of the boundary particles works to contain the fluid particles, and it
is also possible to capture a fele or noslip velocity condition. Different
implementations of ghost/dummy particles have been presented, such as Marrone et al
[18], Adami et al[19] and English et a[20]. These boundary particles have the benefit of
ensuring a complete fluid particle neighbourhookiclr addresses kernel truncation issues
for fluid particles near the solid boundaries. Applied force boundaries were first proposed
by Monaghaij5]. These boundary conditions work by using a repulsive force that osly act
on fluid particles that are close to solid boundaries. This method is computationally
efficient; however, it can lead to unphysical gaps between the solid boundary and fluid
particles. The issue of truncated fluid particle neighbourhoods near tankabiesns also
not accounted for. Serainalytical boundary conditions, for example Leroy et[2il],
apply the boundary conditions by modifying the SPH operators and governing equations,
which removes the need to addday of boundary particles. This method addresses the
issue of truncated particle neighbourhoods directly, however, the implementation can be

complicated depending on the geometry of the boundaries.
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Despite significant research into solid boundary treatrrei@PH, it is commonly
accepted that some fluid particles may penetrate the boundaries throughout a simulation.
Green et al[13, 14, 2Jfound good agreement between SPH and experimental results for 5
minute duration sloshing simulations in a WCSPH code using the boundary particles
proposed by Adami et dl19], however, some minor loss of fluid parteMas reported by
Green[2]. For certain applications, such as studying a struduf system subject to
random wind loading, it is necessary to simulate a long duration response history to achieve
a statistically sigriicant result. McNamara and TdiL7] completed 4hour duration
simulations of a structuf€LD system undergoing large amplitude excitations, where the
boundary particles from Adami et §1.9] were applied to an explicit ISPH code. Up to
35% of the fluid particles were lost through the boundaries throughout the simulations. This

effect was found to become more significant as the amplitude of excitation was increased.

The focus of this study is on mitigating the loss of fluid particles when using SPH for
long duration simulations. Aexplicit ISPH code developed by the authors is used for the
simulations. Solid boundary particles are implemented based on Adamjl&]alith a
free-slip boundary velocity condition. Four methods to mitigate loss of fluid particles are

investigated, specifically:

1) Increasing the number of boundary particle layers beyond those required for
complete fluidparticle neighbourhoods,

2) Reducing the kernel support radius for calculation of boundary particle velocities
to better represent the velocity nearest to the tank walls, as implemented by Muta
et al.[1],

3) Addition of a bufer zone where certain fluitdoundary particle interactions are
neglected, as proposed by Gré2h and

4) A conditional test where fluid particles outside the domain are simply returned to

inside the tank boundaries.

The methods are compared by simulating the response of a strlitiDreystem

subject to a 3.7Bour duration band limited white noise excitation signal representative of
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wind loading. The performance of the different methods at containing the fluid aisicle
assessed. The impact of modifying the boundary conditions on the stficiDmesponse

is also investigated.

4.2 Incompressible Smoothed Particle Hydrodynamics Model

This section details the SPH model code used in this study to simulate the response of
a structureTLD system. A schematic of the system is showRigure4.1. The structure
is represented by a masgringdashpot system. The dynamic response of thetsteits

governed by the equation of motion:
0Dw 6 O O O (4.2

whered is the generalized mass, is the generalized damping, is the generalized
stiffness,®is the structure displacement (an overdot represents differentiation with
respect to timeJO is the externally applied excitation, ai@ is the force of sloshing

water from the TLD.

The code was developeding an explicit incompressible SPH implementation. The
simulation is limited to two dimensions. The domain is discretized using SPH patrticles with
an initial spacing equal tp. Three types of particles are used to represent the fluid, solid
boundaries, rad TLD damping screens, as showirigure4.2. A substructuring method is
applied to solve the structufid.D system response. Equati@hl) is solved in time using
the 4" order RungeKutta-Gill method. The resulting structure acceleration is applied to
the TLD in the SPH model, which is solved to find the TLD response. The force generated
by the sloshing waté© is then applied back to the structure in the nextdte® Since
the TLD tank is assumed rigid and the timestep is small, this method appropriately captures
the fluid-structure interaction, rather than solving for the coupled system response directly.

4.2.1 Fluid Response
The fluid response is governed by the mpuessible Lagrangian formulation of the

NavierStokes equations, represented by the continuity and momentum equations:
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T (4.2)

$°

P no ovl H 4.3

oy 0 U (4.3)
whereD/Dt is the Lagrangian derivativg,is the fluid density (1000 kg/fior water),’l is

the velocity vector) is the fluid pressure) is the kinematic viscosity (1x¥om?s for
water), andHs a vector of external body forces, including gravity and applied excitation.

Bold symbols denote a vector quantity in this notation.

In SPH a smoothing kernel function is used to calculate the properties of each particle

based on contributions from nelgburing particles. The fifth order Wendland kernel
function is used in this studg2]:

. n .
® N G P CSn p C m n gq (4.4)
T n c

* * & ——for 2D simulations, an® is the smoothing length which

wheren

is a function of the initial particle spacidg. In this studyQ = 1.4dp.

The terms in the momentum egoatare discretized using SPH operatorf28s 6]

p . , V) 0 .
—no Qa — — nw (45)
) I
o no (46)
whered " Qn is the mass of each particledfm= 2 for a 2D simulation)»:

> nd— 1@t TQ s a small value to ensure a nonzero denominator.
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All summations include fluid particles and boundary particles within the neighbourhood of

the particle of interest.

Figure4.3(a) shows the neighbourhood of various fluid particles in the SPH domain,
where the circle surrounding a particle indicates the kernel support gdius 2. The
fluid particles are ensured to have a complete neighbourhood by placing multiple rows of
boundary patrticles around the domain which are used in the kernel function summations.
The exception to this is fluid particles near the free surface, whereeighbourhood is

truncated. Boundary particles are further discussed in Setdh

The governing equations are integrated in time according to the projectitond for
incompressible SPH from Cummins and Rudrf@n An intermediate fluid velocity and

position are calculated by including only the viscous and body forces from eqiaBjon
0f 00 0 o | L g0 (4.7)
¥ »0 00 (4.8)

wheredn I represents the viscous interaction fofpés gravitational acceleratioss is
the external acceleration applied to the fluid, én% »mls -2 screen force from TLD

damping screens which is described in Secti@/

From Nomeritae et aJ24], the intermediate fluid velocity and position are then used

to calculate an intermediate fluid density by discretizing equédi@it
Yo a K Qe (4.9)

The intermediate particle values are used to solve for the fluid pressure with an explicit
approach. The pressure Poisson equation (PPE) combines the -tefsignt and

divergencdree implementations for incompressible SPH based on Jiand2%]al.
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8 0 —u—" - —w—8>Z 4.10
»z | ” yé p | Yb ( . )

where is a blending parameter equal to 0.01 in this study. The PPE is discretj26é{ as

” ”n Z

(4.11)

Assuming that the timestep is small, the pressure of each particle at timast
calculated based on the pressure of neighbouring particles at,tiamel the PPE is
rearranged resulting in the explicit expression:

B 6006 p | —LB & | S5 412

00 30

If a particle pressure calculated by equaii®i?) is negative, it is set to zero since

negative pressures are not physically possible in the simulations con$igred

To identify the free surface particles and enforce the dynamic boundary condition of

P = 0, a numerical density is calculated for each fluid parfié

" a0 (4.13)

As shown inFigure 4.3(a), particles near the free surface will not have complete
neighbourhoods, which results in a calculated density less than théfloid density” .
Particles with densities calculated by equat3) to be less than 90% of the initial fluid
density are considered to be free surface particles, and their pressure is set to zero at each
timestep. The density calculated by equati3) is only used for identifying the free
surface.
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Once the pressure has been calculated, particle velocities, positions, and densities are
updated to enforce incompressibility of the fluid. The velocity and position of the particles

attimet + @vé calculated as:
00 Yo oF ﬂzu’) Yo (4.14)

.. ‘ 00 Yo 006 .. (4.15)
»0 YO >0 Yo

The fluid density is reset at the end of each timestep to the initial val{@4].

4.2.2 Solid Boundary Particles

The solid boundaries of the TLD tank are represented in this study using multiple
layers of fixed dummy particles based on the methodology of Adami §9l. The
boundary particles not only work to contain the fluatizles within the tank, but they also
ensure complete fluid particle neighbourhoods (Siggire 4.3(a)) and can be made to

represent either a ralip or a freeslip boundary velocity condition.

The number of boundary particle layemblf is determined to provide a complete fluid
particle neighbourhoodibl = gmadke/dp, wheregmax is the kernel support radius. The
calculated value ohbl is rounded up to the nearesteger andis dependent on the
simulation parameters. For this studyax = 2.0 for the % order Wendland kernel and
hked/dp = 1.4. Thus, 2.8 layers of boundary particles are necessary, which is rounded up to
3 layers. These particles are created atsthet of the simulation with the same initial
spacing as the fluid particledp. The boundary particles have the same mass and density
as the fluid particlesDue to the incompressible SPH formulation, the boundary particle
density is held constant thrgliout the simulation, rather than being evolved in time as
described for WCSPH by Adami et[dB]. Additionally, the boundary particles are fixed
and do not move throughout the simulation. The motion of the TLD is instead
accommodated by the external excitation term applied to the fluid particles in equation
4.7).

118



Ph.D. Thesi§ K.P. McNamara; McMaster UniversityCivil Engineering

Following the calculation of fluid particle pressure at each timestep, the pressure of

each boundary particle is calculated[b9]:

B b HB Ui G ”
v B & (4.16)

A boundary particle velocity is also calculated before the projection step and again
before the calculation of fluid pressure. This is achieved by first calculatirnvglibwty at
each boundary particle location based on the neighbouring fluid particles:

B dw
B o

(4.17)

To enforce the boundary condition of zero fluid velocity normal to the tank boundaries,
the boundary particle velocity component perpendicular to the tank wall is set as the
reflection of the value calculated by equat{@tl7). For example, at a vertical wall, the
horizontal xcomponent of boundary particle velocity will be set @ . Similarly, at a
horizontal boundary, the verticalcomponent of boundary patgcvelocity will be set to

0 . The boundary particles can accommodate eitherdip@r a freeslip condition.
In this study a freslip condition is used, and thus the boundary velocity component

parallel to the boundary is set equal to the vahleulated by equatiof@.17).

In all calculations involving the boundary particles, only the neighbouring fluid
particles are considered. This means that the boumpadatigles do not interact with other
boundary patrticles in the SPH summations. This leads to incomplete boundary particle
neighbourhoods, as shown lfgure 4.3(b). To accommodate this, the calculations of
pressure and velocity are normalized by the summation of the kernel fuBctio . As
a default, the boundary particles have the sameeké&unction support radiugnaxas the
fluid particles.
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4.2.3 Boundary Condition Modifications

The boundary particles presented by Adami €tl8l have been successfully applied
to several SPH simulations covering variousmdmena. In previous work by the authors,
it was determined that for very large sloshing amplitudes over multquiedurations there
is the potential for fluid particles to escape through the solid boundiariesrhoughthe
number of fluid particles lost per minute was small, over the course of a mitipte
duration simulation this leads to a significant number of particles outside the TLD tank.
Similar behavior was reported by Greft] who completed sloshing simulations of
multiple-minute duration. To mitigate the particle loss observed, four methods of

modifying the boundary conditions are tested in this study:

1) Increasing the number of boundary particle layers from 3 to 4Despitethe
number of boundary particle layers being sufficient to provide a complete fluid
particle neighbourhood, the additional layer of particles is expected to help contain
the fluid. This method will be denoted sl = 4.

2) Reducing the kernel support radiusfor boundary particle velocity calculation
in equation (4.17). Instead of a kernel radius gfax= 2.0, the kernel radius will
be reduced tgmax= 1.0. This is expected to better represent the reflection of fluid
velocity perpendicular to the boundariby increasing the contributions of fluid
particles closest to the wall. This method was used by Muta[&f and will be
denoted agb = 1.0

3) Introduce a buffer zone condition where fluidboundary interactions can ke
neglected. This method was proposed by Gref@j), and intended to neglect
interactions between fluid and boundary particles if the fluid is already moving

away from the boundary. This is determined by the conditicD e T,

where subscript indicates a fluid particle ang a boundary particle. If this
condition is true, the interaction between the fluid and boundary particle pair is
neglected. This method will be denoted astihifer zone

4) Create a conditional check to return fluid particles to the domainin this case,

atthe end of each timestep the position of each fluid particle is checked relative to
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the tank boundaries. If the position is outside the tank by a distance greater than
the initial particle spacingp, the fluid particle position is simply reflected back
into the tank. This method does not have a physical basis but is very simple to
implement. This will be denoted as thenditionalmethod.

4.2.4 Damping Screen Particles and TLD Force Calculation

The damping screens are represented in SPH as a series of ghdsispasing the
methodology presented and validated by McNamara €t@&l. This implementation can
capture the loss of energy from the sloshing fluid passing through the screens without
explicitty modelling the screegeometry, which would require a very small particle
spacing. A single line of ghost particles is placed vertically at the location of the screen
spaced with the same initial distance as the fluid partigeEhe only interaction between
the screen padies and fluid particles is thgy . , _tetm in equatior4.7). The force that
the fluid applies on the screen ghost particles is calculated based on the Mqtiation

for force on a submerged object in oscillating fld6]:

O gé Y R Y RQn

(4.19)

whered is the screen loss coefficient andlj; is the horizontal fluid velocity calculated

at screen particlp The summation is over the neighbouring fluid particles. The equal and
opposite force exerted ome fluid by the screens is then calculated using the kernel

function as:

W (4.19
where the summation is over the neighbouring scpeeticles.
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To account for the interaction between the TLD and the structure, the sloshing water
force generated by the fluid must be calculateddin equation4.1)). Different methods
for calculating this force were compared by Grggnand it was determined that the most
effective method was to consider the interaction of the solid boundary particles with their
neighbouring fludl particles. This is achieved by solving the momenéguation for the
solid boundary particles and multiplying the result by the particle mass:
. 6_ 6_ W 0 0 »8:=w

0 & & & e o & == o (420

where a subscriptrefers to a fluid particle, andrefers to a boundary particle. The total
force is multiplied by the tank breadth This is necessary since the tank is modelled in

two dimensions with a unit width while the actual TLD has three dimensions.

4.3 Simulation Parameters and Sensitivity Study

This section outlines the simulation parameters used in this sthdystructure had
generalized propertieMs = 4480 kg,Cs = 31 Ns/m, andks = 5.51x10 N/m, resulting in a
natural frequency of 0.558 Hz. The TLD tank was square in plan, with length aaitore
equal to 0.966 m. The liquid inside the tank was water with an initial fluid depth of 0.119
m, resulting in a TLD natural frequency of 0.546 Hz. Damping screens with a screen loss
coefficientC, = 2.16 were located at 40% and 60% of the tank length.

The structure was subjected to a 3hdr duration band limited white noise signal
representative of wind loading. The frequency content of the signal was between 0.2 and
1.2 Hz.Figure4.4 shows the first 30ninutes of the excitation force and the normalized
power spectrum of the full signal, scaled by theqmetnsquare excitation force, . This
study is focused on large excitation forces, where splashing ig tikelccur in the TLD
leading to fluid particle loss. The excitation force was scaled to two RMS valuest65
N and 300 N.These values result in structure responses beyond the typical range of
performance for a TLD. A total of 10 simulations werenpteted, consisting of the base
simulation (no modification to boundary conditions) and the four methods described in

Sectiond.2.3at each of the two RMS force vakie
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The SPH model parameters were selected based on the previous work by the authors
validating the SPH model with experimental data for a TL&) and structurel LD system
[17]. The SPH fluid, boundary, and screen particles were discretized with an initial particle
spacingdp = 7.0 mm. This value was selected to provide an integer number of particles
across the fluid depth and tank length, while ensuring sufficient resolutwaptore the
sloshing behavior. The total number of fluid particles was 2,346. The kernel function
smoothing radius was selectedhas = 1.4dpfor the fluid particles and boundary particles.
For the screen particles, the smoothing radius was $eda = 3.0her to better account
for the flow in the region of the screehg considering a larger neighbourhood of fluid
particles. The timestep was held constant throughout the simulations andtsebsd 0%
seconds. To conserve storage space and iragomputational runtime, the SPH results,
such as structure displacement and TLD wave height, were output every 100 timesteps or
every 0.05 seconds. The TLD wave height was measured at 5% of the tank length by
determining the location of the free surfarsing equatiorf4.13) at an array of calculation

points across the height of the tank.

A sensitivity study was completed to ensure the ingzaticle spacingnd simulation
timestep were appropriate for the structlitedd system. The first two minutes of the base
simulation was run with an RMS force ,of = 300 N.Figure 4.5 shows a five second
segment of the normalized structure displacement and wave height comparing initial
particle spacingdp= 3.5, 7.0, and 14.0 mm. The structure displacement is nearly identical
for the three cases. Slight variation isserved in the wave heights; however, the wave
form is very similar for each cas€&igure 4.6 shows the same segment comparing
simulation timestepdt = 2.5x10% 5.0x10*, and 1.0x18 seconds witldp= 7.0 mm. The
results are nearly identical for all three cases for both the structural displacement and the
TLD wave height. Based on these results, the selectiaip 7.0 mm andit = 5x10*
seconds is deemed appropei&dr this study.
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4.4 Results

4.4.1 Fluid Particle Loss

Prior to evaluating the performance of modifying the boundary conditions for
mitigating fluid particle loss, it is necessary to discuss the conditions leading to fluid
particle loss in the base simulations. Téws of fluid particles was previously observed by
the authors to occur only for large amplitude sloshing simulations, and the number of fluid
particles outside the tank domain increased with increasing excitation amplifjidéhe
cause of the boundary particles being unable to contain the sloshing fluid particles is
attributed to the occurrence of splashing at the tank walls. When the sloshing response is
large, small amounts of fluid will splash each cycle when thd flapacts the tank walls.
In the SPH simulations, this leads to a small number of particles running up at the walls
away from the bulk of the fluid. This is illustratedfigure4.7 which shows the particle
positions from the base simulation wjth = 300 N at two times. The sloshing response is

significant, and splashing is observed at the top left corner of the tank.

The splashing of these small numbers of particles away from the bulk of the flow
causes two issues with the solid boundary particle calculations. First, due to the lack of
neighbouring particles, these fluid particles will be determined to be free spddixes
by equation(4.13), resulting in their pressure being set to zero. This causes the boundary
particle pressure calculated from equat{dtl6) to also be zero. The pressure of the
boundary particles works to repel the fluid particles and contain them within th&\thek.
the boundary particle pressure is zero this is not plessind this allows the fluid particles
to approach closely to the boundary partickeigure 4.8 shows the fluid and boundary
particles coloured by their pressuresresponding to the first case frdiigure4.7. At the
bottom of the tank the particle pressures transition smoothly from the fluid to the
boundaries, however at thep of the tank where the splashing particles are located, the

boundary particle pressures are zero.

This effect on boundary particle pressure alone is not expected to result in significant

loss of fluid particles. However, the calculation of boundaryigdarvelocity must also be
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considered. The boundary particle velocity normal to the tank boundaries is calculated from
the surrounding fluid particles, and then reflected to enforce the condition of zero velocity
normal to the boundary. If there are igethfluid particles with velocities moving away

from the tank boundaries, this will result in the calculated boundary particle velocity being
directed outward from the tank, causing the fluid particle to become attracted to it. To
illustrate this, the veldty normal to the vertical wall boundary particles was calculated for
the same case shown in Figures 4.7 and 4.8. The calculated normal velocities for the first
layer of boundary particles at the top corner of the tank are shdwigure4.9. Significant
velocities pointing outward from the tank are observed at the top corner where there are
only a few fluid particles present. In comparison, lower in the tank where fhod

particles are located, the boundary velocity is nearly zero.

As a result of the issues identified with boundary particle pressure and velocity
calculations, it is possible for the splashing fluid particles to become stuck to the boundary
particles and eventually be forced out of the taihis represents an unphysical behavior
and is a consequence of the method employed to calculate boundary particle values. Of the
proposed methods, reducing the boundary particle kernel support radius (gb rdl.0) a
implementation of the buffer zone method address this problem directly.

4.4.2 Performance of Modified Boundary Conditions

This section discusses the performance of the four methods for mitigating loss of fluid
particles over the duration of the 3:A6ur simudations. The number of fluid particles
outside the TLD tank was counted every five minutes throughout the simuldigunse
4.10 plots the percentage of fluid partisleutside the tank versus time. For both values of
. , the base simulation has the most fluid particles outside the tank. Whkeh65 N,
only 0.9% of the fluid particles are outside of the tank at the end of the simulation, which
is a small number #t is not likely to significantly impact the overall simulation results.
However, wher, =300 N, 30.8% of the fluid particles are outside of the tank at the end
of the simulation, leading to a significant change in the overall simulation results.

Increasing the number of boundary particle layers in the nbl = 4 method reduces the
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percentage of particles outside the tank to 0.26% fer 165 N and 20.0% fqr = 300
N, respectively. This is a significant improvement over the base simulation, but stil
requires further improvement. Increasing the number of layers of boundary particles also

increases the computational time due to the additional particle interactions.

The remaining three methods performed very well at containing the fluid particles
inside the tank. Reducing the kernel function support radius in the gb = 1.0 method led to
no particles outside the tank when= 165 N, and only 0.9% when = 300 N. These
values are well within an acceptable limit for particle loss. The best performance was
observed for the conditional and buffer zone methods. In both cases, the fluid particles were
completely contained within the tank over the course of the simutatiwom the results,
the methods with the best performance for containing the fluid particles within the domain
are the gb = 1.0, buffer zone, and conditional methods.

The base simulation was observe&igure4.9to result in boundary particle velocities
pointing outward from the tank, causing an attraction of the fluid particles. To compare the
results of the modified boundary conditions for this behavior, the same case is shown in
Figure4.11 at time = 105 minutes for the = 300 N excitation. For the gb = 1.0 method,
the boundary particle velocities at the very top corner are zero since the fluid particles are
not close enagh to be included in the summations. This is an improvement over the base
simulation, though there appears to be larger horizontal velocities further down the tank
wall, and some velocities pointing outward from the tank. The conditional method has
velocities directed outside the tank like the base simulation, though the magnitude is
smaller. This behavior is expected since this method does not modify the actual boundary
particle calculations. The buffer zone method is effective in ensuring that the bpunda
particle velocities are only acting inward to the tank, since the fluid particle interactions
causing the velocity to point outward are neglected. Overall, the modified boundary
conditions result in differences to the calculation of boundary partitbeities, though
only the buffer zone method appears to fix the issue of outward directed velocities.
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4.4.3 Impact of Modified Boundary Conditions on Results

It is necessary to identify the impact that modifying the boundary conditions has on
the structurelLD system response to ensure the simulations are still physically capturing
the behavior of the system. This section will focus on comparing the base simulation to the
three methods which best contained the fluid particles throughout all simulations: gb = 1.0,
conditional, and buffer zone. The discussion will be limited tq, the 300 N cases since

the improvement in simulation results is more significant thap the165 N cases.

Figure4.12 shows the fluid particles coloured by their pressure at time = 10 minutes
into the simulation. The results between the base simulation, gb = 1.0, and conditional
methods are observed to be very similar, and the pressure transitioathly from high
values at the bottom of the tank to low values at the free surface. The buffer zone results
show a similar wave profile; however, the fluid pressure field has been degraded and does
not appear to be physically correeigure4.13 shows the same cases at time = 20 minutes.

At this time the TLD response is less significant. Again, the response is very similar for the
base simulation, gb = 1.0, and cdi@hal methods and the pressure field shows smooth
transitions across the fluid depth. The buffer zone method results show a degraded pressure
field. Since these two times are relatively early in the total simulation time, the impact of
particle loss on thbase simulation is not significaRtgure4.14 shows the response in the

TLD much later in the simulations at time = 175 minutes. The difference between the base
simulation and other methods is more significant. Similar behavior is observed for the
buffer zone method as in the previous cases. Based on these results, the buffer zone method
appears to lead to issues with fluid pressure, despite containing the fluiclepart
completely within the tank. It is postulated that while the buffer zone corrects the boundary
velocity issues near splashing fluid particles, it may also erroneously neglect beundary
fluid particle interactions in the bulk of the flow that impact dwerall results. Further
investigation into the cause of this is warranted. However, since both the gb = 1.0 and
conditional methods effectively contained the fluid particles, the remaining results will

focus on these methods.
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Figure4.15shows the TLD wave height over the entire 3agbir duration for the base
simulation as well as the gb = 1.0 and conditional methods. The RMS wave height is
denoted by the horizontal line. The impact of fluid particle loss on the base simulation can
be olserved by the downward drifting of the signal over time. In effect the TLD has become
detuned from the structure as the fluid mass is decreased which causes a reduction in the
TLD natural frequency. In comparison, there is no drifting observed in the heagbt
signal for the gb = 1.0 method, despite some minor fluid particle loss. The same is true of
the conditional method, where no fluid particles are lost throughout the simulation.

To further illustrate the impact of fluid particle loss on the resttts\parison is made
to experimental data for the structtreD system from Taif27]. Figure 4.16 shows a
segment of the structure glacement and TLD wave height at time = 15 minutes into the
simulation. At this time only 1.45% of the fluid particles are outside the TLD in the base
simulation. The response for the base simulation, gb = 1.0, and conditional methods is
shown. The structe response is nearly identical for all three methods. Minor differences
are observed for the peak TLD wave heights, but the results overall are very similar. All
three methods show very good agreement with the experimentaFaptee4.17 makes
the same comparison at time = 180 minutes into the simulation. At this time 24.3% of the
fluid particles are outside the TLD in the base simulation, and the agreement with the
experimental data is poor. In contrast, the responses of the gb = 1.0 and conditional methods
show very good agreement with the experimental data. Additionally, the two methods show
nearly identical responses to one another, indicating that these maaliSscad the
boundary conditions did not impact the SPH model ability to capture the response of the

structureTLD system.

4.5 Conclusions

This study investigated strategies to mitigate the loss of fluid particles through solid
boundaries during long duratiof?H simulations. A structuf&€LD system was modelled.
The TLD was represented using an incompressible SPH method. Solid boundaries were

modelled using fixed dummy particles with a #gip velocity condition. The structure
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TLD system was subject to a 3:fibur duration band limited white noise force excitation
representative of wind loading scaled to two different RMS force levels. This study
compared four methods to improve the ability of the boundary particles to contain the fluid

particles.

For the bassimulations without modification, it was determined that when splashing
of the water in the TLD occurs at the tank boundaries, it is possible for SPH fluid particles
to become attracted to the boundaries. This leads to the fluid particles eventually being
forced outside of the tank. This behavior is especially prominent when the excitation
amplitude is large and splashing of the water occurs in many cycles. Whkeb65 N, a
total of 0.9% of the fluid particles were outside the TLD tank at the end sfrtheation.
Increasing, to 300 N led to a total of 30.8% of the fluid particles to be outside of the TLD

tank at the end of the simulation.

The four methods studied to mitigate fluid particle loss were all found to improve the
performance of the SPHadel, though the effectiveness of each method varied. Increasing
the number of boundary layers beyond the value required to ensure complete fluid particle
neighbourhoods (nbl = 4 method) reduced the percentage of fluid particles outside the TLD
tank at theend of the simulations, though the percentage was still significant when
300 N. Reducing the kernel support radius of the boundary particle velocity calculation
(gb = 1.0 method) was very effective at containing the fluid particles within thetdhd
with <1% loss of fluid particles when =300 N.The buffer zone method which neglected
certain boundarfluid particle interactions and the conditional method which simply put
fluid particles from outside the tank back in were bmimpletely effective at containing

the fluid particles within the tank, with no fluid particles lost throughout the simulations.

The impact of modifying the boundary conditions on the strucfu®2 response was
investigated. The buffer zone method was tbtm degrade the pressure field within the
TLD, leading to unphysical values. Further investigation related to the cause of this is
warranted. Both the gb = 1.0 and conditional methods were found to accurately capture the

response of the structuid.D sysem throughout the 3.7Bour simulations. Comparisons
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to experimental data showed excellent agreement both near the start and multiple hours into

the simulation time.

The results of this study show that simple modifications to the SPH boundary particle
implementation can be applied to improve the results of large amplitude sloshing
simulations with multiple hour duration. Implementation of one or more of the methods
studied to mitigate the loss of fluid particles is recommended for very long duration SPH

sloshing simulations where splashing of the fluid is expected.
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Figure4.1: StructureTLD System Schematic
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Figure4.2: Initial SPH Particle Discretization
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Figure4.3: SPH Particle Neighbourhoods: (a) fluid particles, (b) boundary particles
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(a) Normalized Force Signal
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Figure4.4: Bandlimited White Noise Force Excitation Signal: (a) time history, (b) power
spectrum
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(a) Time = 105 minutes

(b) Time = 175 minutes

Figure4.7: Particle Positions from = 300 N base simulation showing splashing at top
left corner
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N base simulation
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Figure4.11: Boundary particle normal velocities (indicated by arrows) at time5= 1
minutes ang = 300 N: (a) base simulation, (b) gb = 1.0, (c) conditional, and (d) buffer
zone
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e R
i (a) Base Simulation

(c) Conditional

Figure4.12: Fluid particles (coloured by pressure) at time = 10 minutes ard300 N:
(a) base simulation, (b) gb = 1.0, (c) conditional, and (d) buffer zone
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EE R R R
i (a) Base Simulation

Figure4.13: Fluid particles (coloured by pressueg)time = 20 minutes and = 300 N:
(a) base simulation, (b) gb = 1.0, (c) conditional, and (d) buffer zone
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e R
i (a) Base Simulation

Figure4.14: Fluid particles (coloured by pressure) at time = 175 minutes arB00 N:
(a) base simulation, (b) gb = 1.0, (c) conditional, and (d) buffer zone
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Figure4.15: TLD Wave Height Response History fpor = 300 N: (a) base simulation, (b)
gb = 1.0, (c) conditional
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Figure4.16: Structural Displacement and TLD Wave Height Response History for
300 N at simulation time = 15 minutes

149



Ph.D. Thesi§ K.P. McNamara; McMaster UniversityCivil Engineering

T
©  Experimental ‘

Base Simulation = =='gb =1.0 = = = ‘Conditional

Xg /(o1 Kg)

Ll " I .

-15
180 180.05 180.1 180.15 180.2 180.25
20 T T T
R R ) : 8 n
| [l iy .
& \ ' i 19 : q
10 1 ! L ® %
] I 1 ] LI
D : |‘
'
’
@
'l

n! ((J'F / KS)

——
ol o o i e i o

-10 ]
180 180.05 180.1 180.15 180.2 180.25

Time (minutes)

Figure4.17: Structural Displacement and TLD Wave Height Response History for
300 N at simulation time = 180 minutes
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Chapter 5: Numerical investigation of the response of structures
equipped with a limited freeboard tuned liquid damper

Abstract

The tuned liquid damper (TLD) uses liquid sloshing in a tank to suppress unwanted
wind-induced vibration of dlexible structure. The tank interior height is traditionally
selected such that sloshing waves do not impact the tank ceiling by providing sufficient
freeboard between the free surface and the tank ceiling. To optimize a TLD for a space with
height constuints, it is possible to design the tank to have intentionally limited freeboard.
This study numerically investigates the response of a structure equipped with a limited
freeboard TLD using an incompressible smoothed particle hydrodynamics (SPH) model
Sewen excitation force intensities are studied at nine different freeboard hdigaSPH
results are used to assess the performance of the limited freeboarh Geberal, limiting
freeboard is found to reduce the effectiveness of the TLD. When thenfenti sloshing
mode is not constrained by the tank ceiling, the TLD performs comparably well to its
unlimited freeboard counterpart. If the fundamental sloshing mode is constrained by the
tank ceiling, the motion reduction performance of the TLD is adfibcThe equivalent
damping ratio of the fundamental sloshing mode is evaluated from the SPH r&sults.
equivalent linear mechanical model that can be used for preliminary feasibility studies of
the systenwith limited freeboards presentedAdditional TLD damping due to ceiling
impact proportional to the reduction in wave height is introduthed. mechanical model

is found to reasonably capture the structure response when compared to the SPH results.

KEYWORDS: tuned liquid damper (TLD), dynamic vibratiabsorber (DVA), smoothed

particle hydrodynamics (SPH), structtafeD system, sloshing tank ceiling impact.
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5.1 Introduction

The tuned liquid damper (TLD) is well established as an effective system for
controlling the windinduced motion of a tall structur@.TLD consists of a partially filled
tank of liquid installed in a structure near the location of maximum modal response. TLDs
can be of various shapes, ranging from simple rectangular or circular tanks to more complex
shapes designed to conform to spaesrictions. In all cases, the plan dimensions and
liquid depth of a TLD are selected to tune the natural sloshing frequency to be close to the
natural frequency of the targeted structural mode. The height of a TLD is generally selected
to ensure sufficiernfreeboard is provided such that the sloshing water does not impact the
ceiling during common wind events. If the TLD wave impacts the tank ceiling, this can
lead to significant fluid induced pressures and forces, which may complicate the structural
desiqh of the tank. Moreover, there is limited knowledge on the change in TLD
performance if ceiling impact occurs. As a result, the design height of TLD tanks is
typically conservative, which can take up valuable space (height) in a building. Designing
TLDs with intentionally limited freeboard is an attractive option to fit the tank(s) into
structures with limited available height. The behavior of limited freeboard TLDs is not well
understood. Developing a better understanding of the performance of TLDsmitd li

freeboard would increase the practicality and attractiveness of TLDs for many structures.

The behavior of sloshing liquids impacting the walls and ceiling in a tank has received
considerable attention in both experimental and numerical studiesaBexperimental
studies have been completed on the pressure distribution in a sloshinfl ta2ik
Brizzolara et al[3] compared experimental sloshing pressure data to variousricame
modelsK u sei dl.[4] simulated circular and rectangular tanks with fill levels of 67% and
95% of the tank height subject to seismic excitatikabiri et al.[5] simulated sdshing in
a limited freeboard tank using the lattice Boltzmann method and validated this model with
experimental data. Studies on the seismic design of storage tanks have resulted in several
simplified numerical models created to account for tank ceilngacts[6, 7]. These
studies have focused on deeper tanks and forms of external excitations that are not typical

for a structureT LD system subjected to wind excitation.
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Few studies have investigated the responseliafited freeboard TLD. Fujino et al.
[8] completed free vibration tests on a circular TLD to determine the impact of limited
freeboard on performance and suggested an optimal value of freeboard ranging from 1.0 to
1.5 times the fluid depth. Tait et §B] completed experimental testing on a structure
limited freeboard system with a rectangular TLD and found that the TLD performance was
reduced when freeboard was less than 50% of therwapth. Numerical modelling of a
limited freeboard TLD is necessary to broadly study the performance of the siyk&isin.
numerical methods previously applied to modelling a TLD are not capable of capturing the
response when ceiling impact occurs withaasumptions about the physical behavior.
Faltinsen and RognebakKE)] presented a multnodal method capable of accounting for
ceiling impact. A linear damping term was introduced based on the energy dissipated by
the sloshing water hitting the ceiling each cycle. A slamriaged analogy was used to
calculate the energy dissipation. There are limits to the applicability of this model

depending on tank geometry and TLD water depth.

More robust computational fluidynamics methods can account for the ceiling impact
directly. The smoothed particle hydrodynamics (SPH) method is particularly attractive for
modelling a TLD with ceiling impact, as it is inherently capable of handling complex free
surface phenomena. SP#ld Lagrangian meshless method that discretizes the fluid using
many particles. Several previous studies have investigated the response of a TLD using
SPH. Marsh et a[11] used a weakly compressible SPH model to sthdybehavior of
TLDs. Green andPeir6[12] modelled a rectangular tank with the same properties as a
shallow TLD studied by Reed et §l3]. Kashani et al[14] used an incompressible SPH
model to capture the response of @&TNith screens and determined equivalent properties
for a linearized TMD model. The screen geometry was modelled explicitly using particles.
Halabian et al[15] coupled a weakly compressible SPH model to a ralelgreeof-
freedom structural model to study the system response when subjected to seismic loading.
McNamara et al[16] presented and validated an incompressible SPH model for a TLD
with screens that were modelled macroscofpyicasing a Morison equatiebased force

term. This implementation allowed for a greater initial particle spacing compared to
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previous studies. McNamara and Tdi7] investigatedthe response of a structtiféD
system udergoing large amplitude excitation using SPH and found good agreement with

experimental data.

This study numerically investigates the response of a stra€ilDesystem when the
tank has limited freeboard. The novelty of this work is the completion @xgensive
assessment of the system response and performance, which has not been considered in
previous studies to the knowledge of the authors. The structure is modelled using modal
analysis as an equivalent linear single degree of freedom system, afid.Rhés
represented by a 2D incompressible SPH model. The SPH model is validated for a sloshing
tank with ceiling impact using experimental data from Faltinsen and Rogneld&ké
total of 63 structurd LD system simudtions are completed. The structdieD system is
subject to a fouhour duration bandimited white noise force excitation representative of
wind loading. Seven different RMS force levels are considered with nine different tank
freeboard. The response drperformance of the structure TLD system is discussed with
specific focusn the effects dimited freeboardA linearized equivalent mechanical model
intended for preliminary feasibility studies of limited freeboard TLDs is presented. The
mechanical moel structural response is compared to the SPH results.

5.2 Structure i Tuned Liquid Damper Model

Figure5.1 shows a schematic of the structleD system considering botmblimited
and limited freeboard TLDs. The TLD tank in this study is defined by a ldndireadth
b, heightH, and water depth, with damping screens located at 40% and 60% of the tank
length. The TLD response is described numerically using a-ditmensional
incompressible SPH model. The tdonensional model represents a slice of the three
dimensional TLD. The tank breadth is aaated for in the TLD forces by multiplying the
calculated values ldy. The response of the liquid in the TLD is described by the Lagrangian

form of the incompressible Navi&tokes equations:
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"0 T (5.1)

0 P~ .
Hb—uuol (5.2)

wherey is the fluid densityu is the fluid velocity vectorP is the fluid pressures is the

fluid kinematic viscosity, and is the external force vector, which included gravity.

The NavierStokes equations are discretized by a series of particles covering the
domain of the fluid and boundaries. The particles are initially spaced abaagidp. A
smoothing kernel function is used to calculate the properties of each particle based on its
surrounding neighbours. For this study, the fifth order Wendland kernel i$18jed

. n .
w n w p Cn p E m n ¢ (5_3)
T n c
wheren 2 s,o‘o ——, andheris the smoothing lengtlequal to 1.dpfor all cases.

The first order divergence terms are discretized based on Mond§haand the Laplacian

operator is discretized based on Cummins and Rudi?@n

The discretized Naer-Stokes equations are integrated in time by applying sstej
projection method20]. Intermediate particle velocitieg and positions* are calculated

based on the viscous and body force terms in equggian
¥ »0 00 (5.5)

where &t is the acceleration vector of the structure at the TLD location determined
using equatiorf5.9), andFscreenis the force from the damping screens, which is calculated
based on McNamara et §l6].
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Pressure of the fluid particles is determined by xgnligt approach to solving the
pressure Poisson equation from Yeylaghi g24ll. An additional pressure stabilizing term
presented by Jiang et 2] is included, which balancesaintaining a divergeneieee
velocity field and densitynvariant conditions for incompressibility. With the calculated

pressure values, the particle velocity and position are updated at the end of the timestep:

00 Yo o° gJﬁ Yo (5.6)
.. ‘ 00 Yo 00 .. (5.7)
»0 YO » 0 C Yo

Boundary particles representing the TLD tank walls are modelled based on Adami et
al. [23]. The boundary particles do not move throughout the simulation. Pressure is solved
for each boundary particle to prevent penetration of the fluid particles, and a boundary
velocity is calculated to provide a freépstondition at the fluieboundary interface. The
free surface pressure boundary condition is applied at each time step by identifying the free
surface particles using a numerical density based on Yeylaghi2t]al.

The force generated by the water in the TLD is calculated based on solving the
momentum equation for the wall boundary particles in tdé&ection and multiplying by
their masg24]:

C

\ . , o yd 6 0 > \
0] w a a — — "MTw - - i — w (5.8)
wherem is the particle massy; is the horizontal velocitys-g » »gis the position
vector,i d 1 sis the distance between particles, and a small value to ensure a
nonzero denominator. The summation & over the vertical wall boundary particles at

each end of the tank and the summatiohisfover theneighbouring fluid particles. The
boundary particles have the same mass as the fluid particles. The force is multiplied by the
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tank breadtib to account for the third dimension of the TLD thatriedelled as a unit
width in SPH.

The SPH model of the TLicoupled to a structure represented as a single degree of

freedom system using modal analy3ike equation of motion for the structure is defined
by:

D 0w Lw O O (5.9

whereMs s the generalized magsS;s is the generalized damping, aglis the generalized
stiffness of the structur& is the structural displacemeRix:is the external applied force,
andFrpis the TLD tank force from equatidb.8). The structural response is integrated in
time using the % order RungeKutta-Gill method. At each timestep the structiieD
system response is solved using a substructuring metlingde the structural response is
calculated according to equati¢(®9). The resulting structural accelerati@ns passed to
the SPH model as a base acceleration of the tank in eq@@ddnThe SPH model then
calculates the TLD response and returns the TLD fBrceto be apped to the structure

at the next timestep.

5.2.1 SPH Model Validation

The SPH model performance was previously validated with experimental data for
screerequipped TLDs in McNamara et §l6] and structurd LD systems in MbBlamara
and Taif17]. The TLD in these studies had unlimited freeboard, and thus no ceiling impact
occurred. Faltinsen and RognebaKk@] presented experimental data for free surface
elevations in a sloshing water tank undergoing horizontal harmonic excitation where ceiling
impact occurred. The experimental data is used to evaluate the SPH model when there is
ceiling impact. The tank had dimensions of length 1.73 m and height 1.d#srsldshing
tank was modelled in SPH using an initial particle spacing of 0.01 m and a timestep of

5x10* seconds. The free surface elevation was measured near the tank end wall.

Figure 5.2 shows the free surface elevation normalized by the water depth for two

representative caselsigure5.2(a) corresponds to a water depth of 0.60hth € 35%),
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excitation amplitude of 0.032 m, and excitation frequency of 1.11 times the fundamental
sloshing frequency of the tank. For this case ceiling impact occurs only in select cycles.
The SPH model resultse in good agreement with the experimental dégure5.2(b)
corresponds to a water depth of 0.50ht & 29%), excitation amplitude of 0.05 m, and
excitation frequecy of 1.03 times the fundamental sloshing frequency of the tank.
Following the first two cycles, repeated ceiling impacts occur. The SPH model appears to
slightly underpredict the duration of the ceiling impact, as evidenced by the narrower flat
region orresponding to the water contacting the ceiling at the wave measurement location.
However, the overall agreement between the SPH model and experimental data is very

good.

Figure 5.3 shows the SPH particle positions during ceiling impact from the second
case. The fluid particles are well contained by the boundary particles and fill the top corner
of the tank upon impact without any unphysical gaps. Based on these rbsulB?H

model is able to capture the dynamics of sloshing fluid in a tank with ceiling impact.

5.3 Model Setup and Parameters

This section details the model setup and parameters investigated in thisT$tedy.
structure generalized properties wite= 4480 lg, Cs= 31 Ns/m &= 0.1%) ands=55.1
kN/m, corresponding to a natural frequeficy 0.558 Hz. The TLD dimensions wdre=
b=0.966 m, with a fluid depth=0.119 m, corresponding to a natural frequency of 0.546
Hz. Damping screens with screen loss coeffic&nt 2.16 were located at 40% and 60%
of the tank lengthThe structurel LD system has a mass rati= 1.9%, and a tuning ratio
q = 98%, which is nar optimal for this system according to optimal design formi@ak
The available freeboard in the tank is define®as H 1 h and will be normalized by the
fluid depthG/h for presentation herein. In addition to the unladifreeboard case with no
tank ceiling G/h= D) , eight values of | imit@htk freeb
0.10 to 1.0. The structwELD system was subject to a fehour duration bandimited
white noise force with frequency content ranging fl@&to 1.2 Hz. Due to the amplitude

dependent damping in a TLD, there is a value of-meansquare (RMS) excitation force
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that results in optimal TLD damping. This value is denoted as , and for this study

was equal to 52.4 N. Seven RMS excitation force values were studied with normalized

values, Ao ranging from 0.25 to 4.25.

The TLD was discretized in the SPH model using an initial particle spdpiog 7
mm, resuling in a total of 2346 fluid particles. The screens were represented by dummy
particles discretized with the same initial particle spacing, and a kernel functionhiadius
equal to three times that of the fluid particles based on McNamargHEiJalThe number
of boundary particles and screen patrticles were dependent on the tank height for a given
case. The time step used in all cases was equal t¢* Set0nds. The time domain results,
such as structural displacenien TLD wave height, were output every 100 timesteps (0.05
seconds). Each simulation took approximately 260 hours of computational time, which is
a result of the long duration of the simulation and the current serial implementation of the
code.

5.4 Structure 7 TLD System Response

5.4.1 Result Normalization

It is first necessary to define the quantities that are used to evaluate the sifu€iure
system response. The simplest key performance indicators for a stTiclirgystem
subject to a random force excitatiore &he rootmeansquared (RMS) and peak values of
the system responses (i.e. structural displacement, TLD wave height). To remove the
influence of transients the first ten minutes of the simulation are ignored, and the RMS and

peak values are determinedrr the remaining signal.

The mechanical admittance function (MAF) of a structure defines the relationship
between excitation force and structural response for each frequency in a random signal. A
TLD operates by modifying the MAF of the structure to whtds attached. The squared
modulus of the MAF for the structure studied can be defind@éjy
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QU (5.10)

sO Qs ~ o

where Sr(f) and Sxx(f) arethe spectra of the applied force and structural displacement,
respectively.

The effective damping can be used to quantify the performance of a TLD. It is defined
as the amount of damping the uncontrolled structure requires to achieve the same response

levd as the TLD equipped structure. It can be calculated from the exprégjon

\ (5.11)

wheregs is the structural damping ratio (0.1% in this studi)js the RMS structural
displacement without the TLD, ariddampedis the RMS structural response with the TLD.

Finally, to compare the performance of a TLD with limited freeboard to the same TLD
with unlimited freeboard, a TLD freeboard efficiency factor is defined:

_7 (5.12
W
where— 7 s the effective damping for a structdfeD system with limited freeboard
G/h,and— s the effective damping for a structureD system with unlimited freeboard

(G/h= D) . gp¥#hlethe motion reduction performance of the limited freeboard TLD
is the same as that of the unlimited freeboard TLD. Wier< 1, the performance of the

TLD is reduced by the limited available freeboard.

5.4.2 Root-Mean-Square and Peak Responses

The TLD waveheight was measured &L = 0.05 andx/L = 0.50, capturing the
response near the tank end wall and thetandk, respectivelyfFigure5.4 shows the peak
wave height reasured for each simulation. The tank ceiling limits the maximum possible

wave height and is indicated by the dashed line. Wheancreases, the wave height in the
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TLD also increases, as does the number of simulations in which ceiling impact occurs. Fo
the wave height measured at the tank wailljre 5.4(a)), when, = 0.25 (the smallest
value studied), ceiling impact only occurs@#th = 0.10, whereas when = 4.25 (the
largest value studied), ceiling impact occurs for every limited freeboard case considered.
In several cases, ceiling impact occurs at thetamtk as well Figure5.4(b)), though this

is less frequent.

Figure5.5 shows the RMS and peak values of structural displacement for each case
studied. The values are normalized by the results from the unlimited freeboard case when

G/h=b. When, < 1.00 therds limited ceiling impact, and the structural response is

insensitive to limiting the TLD freeboard. When® 1. 00, the structur a
limited freeboard TLD is greater than the unlimited freeboard TLD.G7arO 0. 50, t h o

normalized strumiral response was approximately one for all valugs pindicating that

either ceiling impact did not occur, or the occurrence did not lead to a significant change to
the structural response. Whéih < 0.50, the structural response for the limitezeboard

TLD can be up to three times larger than the unlimited freeboard TLD. The ratios of limited

to unlimited freeboard structural displacement are similar for the RMS and peak values,

indicating that the effects of limited freeboard are comparablecibr.

5.4.3 Freeboard Influence on Structure Response

Figure5.6 displays the squared mechanical admittance function (MAF,) fer1.00

and 1.90. Each plot displays fofmreeboard valuesG/h= 0. 10, 0.20, 0.

(unlimited). The unlimited freeboard curve shownFHigure 5.6(a) corresponds to the
optimal TLD performance case, with optimal damping and no effects from ceiling impact.
Reducing the freeboard ®/h = 0.50 does not significantly change the MAF, and when
G/h=0.20 there is only a slight change in the curve. HoweusenG/h = 0.10, the curve

has transitioned from a double peak to a single gaglire5.6(b) shows the MAF foy,

=1.90. When, > 1, the amplitude dependenitDd damping is greater than the optimal
value, and the system performance is slightly reduced. As in the previous case, reducing

the freeboard tas/h = 0.50 does not significantly change the MAF. There is a more
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noticeable change whe&®/h = 0.20, and the MEA clearly shows a dramatically different
response consisting of a single, larger peak wb#n= 0.10. Both cases demonstrate that
the TLD is not performing effectively when freeboard is very limited, however the value
of G/h at which the system respondeanges significantly is dependent on the excitation

amplitude,, .

Figure5.7(a) shows the effective damping of the strucflit® system, computed
using equatiorfs.11), as a function oG/h. The decrease in effective damping quantifies
the reduction in TLD performance when freeboard is limited. The effective damping is
nearly cmstant whenG/hO 0. 50 f or , aWHen, v<all0Q, ¢he effective
damping remains constant or even slightly increases as freeboard is reduced. The small
increase is likely attributed to additional damping obtained when the water impacts the
ceiling, which increases the TLD damping towards optimal wheq 1.00. When, O
1.00 andG/h< 0.50, the effective damping decreases due to there being more than optimal
TLD damping. The most significant decrease is observed @ileneduces fron0.20 to
0.10.

Figure5.7(b) shows the TLD freeboard efficiency ratio for each case considered. For
G/h> 0.50 the limited freeboard TLD is as effective as the unlinfiegboard case for all
excitation amplitudesdrs approximately 1). Fo&/h < 0.50 the effectiveness of the TLD
is reduced, with a minimur@rs value of 0.11 corresponding to the largest excitation case
of , =4.25. This shows that for the range of excitation amplitudes considered, the worst
case limited freeboard TLD effectiveness is only 11% of the unlimited freeboard TLD,

which is a signitant reduction.

5.4.4 Time Domain Response

Looking at the structur@LD system response in the time domain allows for direct
observation of the impact of freeboard on the response. This section will present portions
of the time domain response for the unlimitezeboard cased/h = b) and the smallest

freeboard studied@/h = 0.10), which will be referred to as the limited freeboard case.
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Response histories for = 1.00 and 1.90 are presented, corresponding to the same cases
shown inFigure 5.6. A oneminute segment occurring between time = 5000 and 5060

seconds is presented. The responses are normalizetkiy

Figure5.8 shows the response fpr = 1.00. In this case there are several cycles where
ceiling impact occurs. The responses are generalphase between the two cases,
however there are differercdoetween the peak values each cycle. In some cycles the
displacement of the structure with the limited freeboard TLD is less than the unlimited
freeboard TLD. Itis postulated that minor additional damping provided by waves impacting
the ceiling may redwecthe structural response for some cycles. However, the displacement
of the structure with the unlimited freeboard TLD is overall less than with the limited
freeboard TLD.Figure5.9 shows the response fpr = 1.90. In this case ceiling impact
occurs during almost every cycle. The amount that the wave height is limited by the tank
ceiling varies, however with a few exceptions the structure displacaydatamplitudes
are greater for the limited freeboard case than the unlimited freeboard case. In some cycles,
the limited freeboard structural displacement is out of phase with the unlimited freeboard
displacement.

5.5 Equivalent Mechanical Model for Structure Response

The development of simplified numerical models is important for preliminary TLD
design and feasibility studies. Due to the complexity of the SPH method and associated
computational requirements, the model presented would not be used for preliminary
studies This section describes a simplified linearized mechanical model of the structure

TLD system where the TLD damping is modified to account for limited freeboard.

Tait[28] presented a procedure for preliminary desigamstructureT LD system using
an equivalent linearized mechanical model resulting in a two degree of freedom spring
massdashpot system. The response of the system subjected to a force exE{txtam

be described by the equations of motion:
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0 & a @)
&)
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6 G 6

0 L ) "O0
T W

0 T
T 0 (5.13
wheremeq, Ceq, andkegare the equivalent TLD mass, stiffness, and dam@agndKs are
the structure damping and stiffness, &M@ = Ms+ mw T Meg, WhereMs is the structure
mass andn, is the total water mass in the TLR.is the structure response, andsxthe

equivalenfTLD response variable defined by:

T (5.14)

o ef FOATE
whereli is a modal participation factor ands the wave height measured at the TLD tank

wall. Full details on the definitions of these terms are providetayf28].

Equation(5.13) can be solved in the frequency domain. The stru€flu2 mass ratio
is defined ag =4 M.0Io determine the MAF of the coupled system, the structure and
equivalent TLD responses are assumed to be of theX{nr Hs( ¥ ) e x anfx(tr=t )
Hi( ¥ ) e x,plerev¥stthe imaginary numbesandH, are complex frequency response

functions defied by McNamar#$29] as:

07 5 69;2 60191 ;)Q] 5 (5.15)
S S Og‘n 50 6 (516
o 17
8 ¢ 7 - 11
0 T-— 11 T a (5.17)
5 ¢ 1 -1 ¢=
6 p
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6 ¢ 17 (5.18)

where¥si s t he structureods nat-sloshing fluil massgsise ncy i
the structural damping ratio, andrp is a nonlinear amplitude dependent TLD natural

frequency from Cassolato et (80].
The TLD damjng ratio,ercp, is calculated as:
— - - - (5.19

where gy and eq are the damping associated with liquid viscosity and the equivalent
linearized amplitude dependent screen damping which are both defined in Tait €2908).

is the additional damping due to limited freeboard which is introduced in S&chién

The variance of the structure and equivalent TLD can be calculaf2€llas

A = < — (5.20)

s e — (5.21)

whereSis the spectral amplitude and the constangndB; are defined in equatior(s.17)
and(5.18).

The RMS TLD wave height can then be calculated from:

., 3, (5.22)
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5.5.1 Limited Freeboard TLD Damping Evaluation

The SPH model results indicate that a TLD with limited freeboard may be less effective
than its unlimited freeboard counterpart. Energy is dissipated in the TLD when the wave
impacts the tank ceiling, which leads to an increase in the TLD damping ratio. This
increased damping causes the TLD to become less effective at controlling structural
motion. This section evaluates the damping ratio of the TLD with limited freeboard based

on the SPH results.

The equivalent mechanical model only represents the fundamental sloshing mode. To
remove the effects of higher sloshing modes from the TLD response, a lowpass filter is
applied to the SPH wave height with a-offtfrequency equal to.% times the TLD natural
frequency. The resulting filtered wave response is denoted hy. The structure
acceleration and TLD wave height response histories can be used to evaluate the equivalent
damping ratio of the fundamental sloshing mode usingiétodology presented by Love
and Tait[27]. First, the wave height response is differentiated numerically to obtain the
fundamental mode velocity responsg, 0 . The equivalent damping ratio of the

fundamental TLD sldsng mode can then be evaluated by the expression:

3 0O (5.23)
q on

where ¥ 1o is the fundamental sloshing frequency in ra@s, denotes the expected
value,® is the structural acceleration respongejs the fundamental sloshing mode

velocity, and3 is the modal participation factor defined by equatmtd4).

Figure5.10 shows the values @f calculated by equatiofb.23) from the SPH results
for, = 0.50, 1.00, and 1.90. The damping ratio increases as the freeboard is reduced,
verifying that the impact of the water with the tank ceiling is introducingiaddl energy
dissipation to the TLD. The value of freeboa®lK) where the damping begins to increase

depends on the excitation forge.
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The change in TLD damping associated with ceiling impact depends on the amount of
freeboard G/h) and the RMS athe bandimited excitation force,( ). To incorporate these
values into one parameter, the rafio 7'Ocan be used, wherg represents the average

onehour peak TLD wave height for the fundamental sloshing mode in an unlimited

freeboard TLD, ad G is the available tank freeboard. Avalugof YOO 1 i ndi cat es
the tank ceiling is constraining the first mode of sloshing in a limited freeboard case. It is
common in wind engineering to consider peak values with an associated averaging ti

for example the teminute or onenour peak. The average eheur peak TLD wave height

N is determined by averaging the maximum valug ob from each hour of the signal.
552 Cal cul amsi on of ¢

The additional TLD damping due to limited freeboaxd, can be calculated from the
SPH results by

N S (5.24)

where— is the TLD damping for the unlimited freeboard case,-an’él is the TLD
damping when freeboard is limited@sh. Both values are calculated from the SPH results
by equation(5.23).

The energy dissipated by water impacting the tank ceiling is inherently incorporated
into the SPH model. To allow the linearized mechanical model to capture the effects of
limited freeboard, an equivalent freeboard damgpparameter must be introduced. For
cases where damping forces can not be easily calculated, it is convenient to approximate
an equivalent viscous damping ratio. The following empirical relationship was determined

for the additional damping due to freeio:

(5.25)

N
= 5 P

167



Ph.D. Thesi§ K.P. McNamara; McMaster UniversityCivil Engineering

This expression only applieswhgn 70O 1. 00, sexOher wi s e

Figure5.11 shows the calculated values @& from the SPH results as well as the

empirical fit The fit shows good agreement with the SPH results. Wihe@OO 1. 00,
the freeboard damping from thé8 results is either zero or very small, indicating that
when the fundamental sloshing mode does not impact the tank ceiling, there is limited
additional TLD damping due to limited freeboard. That is, even if some liquid impacts the
tank ceiling, the TLD prformance is not significantly affected unless the amplitude of the
fundamental sloshing mode exceeds the tank freebdangl. ¥'Oincreases above 1.00,

ere increases due to the additional damping from ceiling impacts. The valggshbw a

correlgion withy  7°O This indicates that the change in TLD damping is proportional to

the amount that the fundamental mode of sloshing is constrained by the tank ceiling.

To incorporate the additional freeboard damping into the mechanical model, it is

neessary to determine thehbur peak TLD wave height for the unlimited freeboard case,
N . The unlimited freeboard RMS wave height, , can be calculated directly by

equation(5.22). A peak factor is commonly used in wind engineering to relate the RMS

and peak response values:
A e (5.26)

wherePF is the peak factor. The peak factor for wind loading typically falls within the
range of 2 to 4 for a oAlgour averaging time. The average peak factor from the SPH model
results with unlimited freeboard was 3.Fbr this investigation, a value B = 30 was
used. When SPH results are unavailable, gbak factor can be calculated using the
frequency domain methodology from Love and Tait] or a suitablenonlinear TLD

model.Thus, the TLD freeboard damping in the ima&gical model is calculated as:

p "p p o, (527)
o o P w o °

Ca
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5.5.3 Equivalent Mechanical Model Results

To evaluate the mechanical model with the incorporation of limited freeboard, three
levels of excitation force, = 1.00, 1.50, and 1.90, and three freeboard les#is- 0.15,
0.20, andb were consideredThe equivalent mechanical model is not expeécte
accurately capture the wave height response of the TLD, as it does not directly account for
the impact of limited freeboard on the wave forms. The wave height is less critical to
calculate when the level of freeboard is prescribed as a constraimc@yporating the
overall behavior of the structutienited freeboard TLD system, the model is intended to
produce a suitable preliminary result for the response of the structure, allowing the model

to be applied to initial design or feasibility studies.

Figure 5.12 shows the structure frequency response function determined by the
mechanical model and SPH results. The mechanical model shows good agreémtést
SPH model results for all cas@he RMS structural displacements are compared between
the mechanical model and SPH resultsTiable 5.1. For all cases consig®l, the
mechanical model slightly underedicts the RMS structural displacement compared to
the SPH results. The maximum relative error between the mechanical model and SPH

results is-6%.

Figure513s hows t he TL D chlaumated by ghe mexhanical medel
(equation(5.19)) and evaluated from the SPH results (equad?B)). When the freeboard
is significanty limited (G/h = 0.10) the equivalent mechanical model ungedicts the
TLD damping. Overall, the mechanical model results show very good agreement with the
SPH values. This indicates that the mechanical model is capturing the overall energy

dissipationof the limited freeboard TLD.

The equivalent mechanical model shows good agreement with the SPH model results
for the structurel LD system studied. The mechanical model is intended only to provide a
preliminary understanding of the performance of a limitegéboard TLD. For detailed
TLD design with limited freeboard it would be necessary to use the SPH model or some

other method capable of directly capturing the ceiling impact.
169



Ph.D. Thesi§ K.P. McNamara; McMaster UniversityCivil Engineering

5.6 Conclusions

The response of a structdmited freeboard TLD system was studlieumerically by
coupling an equivalent linear single degree of freedom structure to a TLD using a 2D
incompressible SPH model. The SPH model was validated for a limited freeboard tank
using experimental data from Faltinsen and RognebfdkKeThe structure was subjected
to a fourhour bandimited white noise excitation with a range of intensities. A total of 63
simulations were completed. An equivalent linearized mechanical model for the structure
limited freeboard TLBsystem was presented, including a calculation of the additional TLD
damping provided by ceiling impact. Several conclusions can be made from the results of

this study:

1. The limited freeboard TLD was less effective at reducing structural motion than the
unlimited freeboard TLD. The displacement of the structure with a limited freeboard
TLD was up to three times that of the structure with an unlimited freeboard TLD
when considering both the RMS and peak values.

2. When TLD freeboard was significantly limitetthe structural mechanical admittance
function transitioned from a double peaked response to a single peak. This
corresponded with a decrease in effective damping and reduction in TLD
effectiveness. At the extreme, the effectiveness of the limited freebba&rdvas
found to be only 11% of the unlimited freeboard TLD.

3. The limited freeboard TLD was demonstrated to be comparably effective to the
unlimited freeboard TLD in cases when the fundamental sloshing mode was not
constrained by the presence of the tagikrtg. When the fundamental sloshing mode
was constrained by the tank ceiling, additional damping achieved from ceiling impact
led to a reduction in TLD effectiveness.

4. The equivalent mechanical model including damping from limited TLD freeboard
showed god agreement with the SPH model results. The calculated RMS structural
displacement was within 6% of the SPH model results. The equivalent mechanical
model captured the overall TLD damping well whéf > 0.10 for the system

studied.
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This paper has numerically studied the reduction in TLD effectiveness when freeboard
is reduced. For cases where limited space is available for a TLD, it may not be possible to
provide the required freeboard to avoid sloshwaye impacts with the tanteiling. The
equivalent mechanical model can be used preliminarigssess the feasibility of a limited
freeboard TLD in these scenarios. To capture the full strudtiuberesponse, the SPH
model should be used, however this requires significant compuwhatfiort. This study
investigated a single structdf@.D system. Further research looking at the impact of other
system parameters, such as TLD depth rdtib) (and structurd LD mass ratio g) is
required to generalize the results of this study bro@diynited freeboard TLDs. The SPH

model presented can be easily applied to these scenarios.
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Table5.1: RMS Structure Displacements (in mm) from SPH and Equivalent Mechanical

Model
SPH Mech. Model % Error
G/h

0.15 0.20 b 0.15 0.20 b 0.15 0.20 b
CL|
1.00 342 339 337 | 337 335 335 |-14% -1.3% -0.6%
1.50 530 5.15 502 | 511 5.02 497 |-3.6% -2.7% -1.1%
1.90 741 7.01 6.71 | 697 6.79 6.62 | -6.0% -3.1% -1.3%
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Figure5.1: Structuregl TLD system with (a) unlimited and (b) limited freeboard.
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Faltinsen & Rognebakke (1999) |7

© SPH

Time (s)

Figure5.2: Normalized wave height comparison between SPH model and experimental
dat from Faltinsen and Rognebakk®)].
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Figure5.3: SPH particle positions showing ceiling impact.
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Figure5.4: Peak wave heights measured at tanl and mietank for all cases studied.

179



Ph.D. Thesi§ K.P. McNamara; McMaster UniversityCivil Engineering

3.154.25

a

F

Figure55: Structur al response normalized by
response. (a) RM8isplacement, (b) peak displacement. Values greater than 1.0 indicated
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Figure5.6: Squared modulus of mechanical admittance function for different G/@Land
wheresb = f/f
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Figure5.7: (a) effective damping and (b) TLD freeboard efficiency versus G/h.
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Figure5.12: Comparison of structure frequency response function from SPH and
equivalent mechanical model.
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Figure5.13: Fundamental sloshing mode damping ratio from mechanical model and SPH
results.
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Chapter 6: Nonlinear modelling of seriestype pendulum tuned mass
damper-tuned liquid damper

Abstract

The nonlinear response of a settigse pendulum tuned mass dampared liquid
damper (TMDTLD) system is investigated in this study. In tlsigstem, the TLD is
mounted on the pendulum TMD in series to remove the need for costly viscous damping
elements. Since the response of the TMD is greater than that of the primary structure, the
TLD experiences a significant base motion, leading to a higbjinear response that is
difficult to model. The fully nonlinear pendulum TMD equation of motion is modelled
without linearizing assumptions. The TLD is represented by an incompressible smoothed
particle hydrodynamics (SPH) model that can capture latgehing responses. The
nonlinear model results are compared to shake table testing data for-d OMBystem
and a linear equivalent mechanical model. Four system configurations are considered. The
nonlinear model shows good agreement with the experiineiata for the TMD
displacement and TLD wave heights in both the time and frequency domain. The nonlinear
model shows improved agreement compared to the linear model for all cases studied,
especially for the TLD wave heights. The impact of simplifying pesdulum TMD
eqguation of motion by the small angle assumption is investigated for two cases. The results
indicate that the simplified pendulum equation does not properly capture the frequency of
the TMD in the TMDTLD system, and results in a reductioncalculated TLD wave
heights compared to the fully nonlinear equation. It is therefore critical to consider the fully

nonlinear pendulum TMD response to capture the TMID behavior.

KEYWORDS: tuned mass damper, tuned liquid damper, nonlinear pendulunieemi

dynamics, structural control, smoothed particle hydrodynamics.
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6.1 Introduction

The installation of a dynamic vibration absorber (DVA) to control wirtliced
vibrations of flexible structures has become increasingly common in recent years. Various
configurations of DVAs have been applied to structures ranging from supertall buildings
to offshore wind turbines. One DVA is the tuned mass damper (TMD), which consists of
an auxiliary mass attached to the primary structure. The TMD is often represemted as
pendulum or springnassdashpot. The TMD frequency is tuned by appropriate choice of
the pendulum length or TMD mass and stiffness, and energy dissipation is typically
introduced using viscous dampers. Another commonly applied DVA is the tuned liquid
dampe (TLD), also known as the tuned sloshing damper (TSD). A TLD consists of a
partially filled tank of liquid that is free to slosh. The TLD frequency is established through
the appropriate choice of tank plan dimensions and liquid depth. When the primary
structure vibrates, the liquid inside the TLD sloshes. Energy is dissipated within shallow
TLDs through wave breaking and sloshing imgda¢t For intermediateand deepwvater
TLDs additional damping mechanisms such as [Btsscreend3], or paddleq4] are
introduced to dissipate energy. The optimal natural frequency of the DVA is typically
determined using design formulae basedhanratio of the DVA mass to the generalized
mass of the targeted mode of vibration of the strug¢&yreé, 7] The response of a properly
tuned DVA will have a phase lag from the primary structure respohgeDVA therefore
opposes the response of the structure, resulting in significant reductions in overall structural

motion.

A large percentage of the cost and complexity of TMD design and installation is due
to the viscous dampers which provide energy didiip to the system. Removing the need
for these components would decrease the cost and fabrication complexity of TMDs. The
response of linear serigpe TMDs, where multiple TMD masses are connected in series,
has been investigatd8l, 7]. These systems have been demonstrated to provide increased
performance compared to a traditional TMD of the same total mass. However, the cost
associated with the TMD system design, fabrication and installation is more significant

than a traditional TMD, and viscous dampers or some other energy dissipating mechanism
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are still required. To remove the need for expensive viscous dampers, dygerieMD-

TLD system has been propod@il In this systemthe TLD is mounted on the TMD mass.

The sloshing response of the TLD provides damping to the TMD. A similar system was
proposed by Ca@l0], where a tuned liquid column damper (TLCD) was connected in
series with a TMD. Te study focused on improving the performance of traditional TLCD
systems, however, with the appropriate selection of mass ratios the system would behave
as a seriesype TMD-TLCD. Love and Le¢9] found the serietype TMD-TLD provided
improved performance and robustness compared to tradifiddialor TLD systems with

the same total mass. The system was further investigated for a pendulum TMD by Love et
al. [11]. An equivalent mecharal model was developed and compared to shake table
testing data. The presence of the TLD was found to increase the TMD frequency. The
model showed good agreement with experimental data when the TLD liquid was deep and
wave heights were moderate. At largsponses and shallow liquid depths, the model did

not fully capture the system response due to the significant TLD nonlinearity.

To properly tune the series TMDLD system expressions presented by Asainior
two DVAs in series can be used. In an optimal system, the mass ratio of the TLD to the
TMD will be double that of the TMD to the structure. The optimal natural frequency of the
TMD will be slightly greater than that of the structure, and the optimtiral frequency
of the TLD will be slightly less than that of the structure. dpémal performance of the
TMD-TLD system occurs when the TMD has negative damping, however thist is
achievablen a passive system, and thus the TMD should have astolaseo damping as
possible. A suitable model which can account for nonlinear TLD frequency hardighing
added mass effects of TLD damping elemddis and the TLD influence on the TMD
frequency[11] should be employed to confirm proper tuning and performance of the

system.

The response of a pendulum TMD has been investigated in many §tdi@s 13,
14]. Simgifying assumptions are often employed, such as limiting the TMD response to

small angles. This linearizes the pendulum equation of motion to the standard form for the
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dynamic response of a springassdashpot system and will provide accurate results when

the TMD response is small. However, at large responses, significant discrepancies between
nonlinear and linearized pendulum TMD models have been demonstrated, illustrating the
importance of nonlinear modelling for fully capturing the system resfdaf$e

The base motion of a TLD installed in a TMIL.D system will be significantly greater
than a traditional TLD for the same structural response since the motion of the TMD is
amplified compared to the structfiel]. The vertical motion of the pendulum TMD does
not linearly excite sloshing in the TLD but can increase the TLD response nonlid&rly
As a result, the TLD in a TMEOLD system can experience a highly noekr response
even for moderate primary structure responses. Numerical models of varying complexity
have been developed for the nonlinear response of a TLD. A-modtal method
introduced by Faltinsen et 4l.6] was exended to TLDs equipped with damping screens
by Love and Taif17]. This method represents the TLD response as a summation of
nonlinearly coupled modes of sloshing and has been extended to study various tank shapes
[18] and structurd LD systems[19]. Other studies have solved the nonlinear TLD
response using deptveraged shallow water wave theory equations, such as Kaneko and
Ishikawa[2] and Tait et al[20], who included the influence of TLD damping elements
through a pressure drop term. These models perform well at typical TLD serviceability
excitations, however at largamplitudes convergence is difficult to achieve, and
assumptions inherent to the methods and equations may become invalid. Additionally,
many models have limits of applicability based on TLD liquid depth. Therefore, these
existing models may not adequatebpture the TMBTLD system response. Selection of
a nonlinear model capable of representing the TLD response at large amplitudes is

imperative to accurate modelling of the TMILD system.

The smoothed particle hydrodynamics (SPH) method is capable of modelling highly
nonlinear free surface flows at large amplitudes. SPH solves the MNawlers equations
using a Lagrangian framework where the fluid is discretized by a series of partiudes. T

properties of each particle are calculated based on the values of neighbouring particles
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weighted by a smoothing kernel function. Various extensive reviews on the SPH method
have been published, for example Liu and J40], Vacondio et al[22], and Violeu and
Rogergq23] for specific application to free surface flows. SPH has been applied to shallow
TLDs [24, 5] as well as TLDs equipped with scre¢®6, 27] McNamara and Ta[R8]
investigated the response of structlited systems under large amplitude excitations and
compared to exerimental data. Though the SPH method may be computationally intensive
relative to the other TLD sloshing models, it can capture large sloshing responses and does
not have specific limitations on liquid depth or excitation amplitude. This makes SPH

attradive for capturing the highly nonlinear TLD response in the FVIID system.

This study presents a nonlinear model for the series type pendulurilTLIABystem.
The fully nonlinear TMD equation of motion is solved without any linearizing assumptions.
The TLDis represented by an explicitincompressible SPH model where both the horizontal
and vertical excitation of the pendulum TMD are included. TLD damping elements are
represented through a ghost particle force term based on the Morison equation considering
both the drag induced loss and added mass inertia terms. The model response is compared
to experimental shake table data for the system covering a range ofTLM[properties
and excitation amplitudes. The nonlinear model is compared to the linear edquivalen
mechanical model from Love et §L1]. Finally, the impact of simplifying the pendulum

TMD equation of motion based on the small angle assumption is investigated.

6.2 Numerical Modelling

The nonlinear and linear equivatemechanical models of the serigpe pendulum
TMD-TLD system are introduced in this section. A schematic of the system is shown in
Figure6.1. The TMD is subject to &orizontal base acceleration excitatiodnd . The
response of the TMD is represented by the angbe. The length of the pendulum cable is
defined ad) . The TMD is assumed to have linear viscous damping. In the following
expressions, the responsariables are functions of time, but the time varialileis

neglected from the notation for brevity.
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6.2.1 Pendulum TMD Model
The nonlinear equation of motion for the pendulum TMD is developed by applying

Lagrangeds equation. T mexgied af tha TMDlsubject tbiac a n
horizontal base excitation are defined as:

v 2 o 0-0EL 0-AiS
¢ 6.1)
ca o AT 0—
@ a B p AT S (6.2)
wherea is the mass of the TMD, and an overdot represents differentiation with respect

to time.
The Lagrangian is defined as the difference in kinetic and potential energies:
0 Y w (6.3)

The equation of motion with respect to the TMD coordiratan then be found from
the expression:

QT 0T 0 .
—— — 0 6.4
Q6 T — (6.4
The nonconservative force is defined as:

6 0 0 & 0-AT & © (6.5)

where"O is the viscous damping force of the TMD, is the TMD damping coefficient,

and’O is the TLD force which is yet to be determined.

Substituting the quantities into equati(®4) and after algebraic manipulation and
simplification, the nonlinear equation of motion governing the pendulum TMD response is

given as:
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W O o A
— AT S - ¢— 1 AT & T OE+  (66)
0 a 0
wherg and—  are the TMD natural frequency and damping coefficient defined by:
Eﬁ— G 6.7
] 5 q g (6.7)

When solving the dynamic response of a pendulum it is common to simplify equation
(6.6) by assuming the value efis small such thad I & pandOE+ —In this

study the fully nonlinear equation is solved without this assumption.

Based on the calculated value-gfthe horzontal (0 ) and vertical displacement

(& ) and acceleration of the pendulum TMD are calculated as:
) 0 OE+Hd O p Al S (6.8)

&) - AT © —0 OE+hD - OE+ —0 ATHS (69

6.2.2 SPH TLD Model

Figure6.2 shows a definition of the TLD domain. The origin is defined at the bottom
left corner of the tank. The TLD tank has dimensions lehgtheightH, and breadtip
(into the page), with an initial depth of liquid In this study the liquid inside the TLD is
water. Three vertical damping elements are included at locat@ns 25%, 50%, and
75%. The damping elements provide additional energy dissipation td_Ehv&ased on a
loss coefficient determined empirically by Love and HagkigttThe TLD is represented
by an incompressible SPH model developetionse by the authors. For computational
efficiency, the model is limiteattwo-dimensions, with the TLD modelled as a unit width,
which can later be scaled by the actual breadthdetermine the proper forces. Essential
details of the model implementation are described in this section, however, readers are
referred to McNamar et al.[27] and McNamara and Tdi28] for an extensive overview
of the model implementation.
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The governing equations for the TLD response are the Lagrangian form of the-Navier

Stokes equations:

"nloT (6.20

> Pp o (6.11)

whereD/Dt is the Lagrangian derivative,is fluid density,’l is the fluid velocity vector
(herein, vector quantities are representettald symbols),0 is fluid pressure) is fluid

kinematic viscosity, antqis the body force (gravity and applied tank acceleration).

The TLD domain is dizretized in SPH using a series of particles representing the fluid,
solid tank boundaries, and TLD damping elements. The particles are initially spaced at a
distancelp. In the SPH method the governing equations are discretized as summations over
neighbouring particles weighted using a smoothing kernel function. The fifth order
Wendland kernel function is used in this st{2]:

, n ,
(*)r] w p <n p E n I'] C (6.12)
L n ¢
wheren s = "% »is the position vector of particl®w ——, and’Q is the

kernel function smoothing length

The firstorder derivative term is discretized based on MonaB@jpand the second

order derivative term is discretized based on Cummins and Ry@ijears:

— @ (6.13)
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n8gn6

(6.14)

whered is the quantity of interest for particlQ” is the particle densityy is the particle

mass, and 1@t TR is a small value to ensure a nonzero denominator

The discretized governing equatiarg integrated in time using the projection method
from Cummins and Rudmaj81]. An intermediate value of velocity and position is

calculated for each fluid particle neglecting the pressure gradient term in the momentum

equation:
ToTo ol H Lyen £..Y0 (6.15)
e IrYO (6.16)
whereYQs the timestepHs the gravitational acceleratim54| 1, A1) is the

acceleration vector of the TMD to which the tank is rigidly connected, determined from
equation(6.9), andérr ¢IS the force from the TLD damping elements which is introduced
in equation(6.26).

From the intermediate velocity and position, an intermediate dérisisycalculated
for each fluid particle. The pressure of each fluid particle is solved using an explicit method
from Yeylaghi et al[32], including a densitynvariant correction based on Jiang ef28]:

8 6 ” nZ 8>Z 61
”z | ” S’/O p | S'/(‘) ( . 7)

where| T8t ps a blending parameter.

When the pressure value has been calculated, the fluid particle density is corrected to
the initial value’, and the velocities and positions of each fluid particle are corrected to

include the pressure gradient term and enforce incompressibility:
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00 Yo o° %JG Yo (6.18)
— ‘ 00 Yo 00 ..
»0 YO »O c Yo (6.19

The solid TLD tank boundaries are implemented using multiple layers of fixed dummy
particles based on Adami et f4]. These particles do not move throughout the simulation
since the base motion of the TLD is appli@ectly to the fluid particles. At each timestep
the pressure of the solid boundary particles is calculated from neighbouring fluid particles.
To enforce a freslip velocity boundary condition, a numerical velocity is calculated for
each boundary particl&inally, to apply the dynamic boundary condition of constant fluid

pressure on the free surface, a numerical density is calculated for each fluid [2l}icle

" a0 (6.20)

If the numerical density value is calculated to be less than 90% of the initial fluid
density, the fluid particle is identified as a free surface particle and its pressure is set to

Z€ero.

Rather than directly modelling the geometry of the TLD damping elements, they are
represented by an array of ghost particles located at each damping element location in the
tank. The ghost particles interact with the fluid particles only through"IE%Erm from
equation(6.15). This implementation was proposed for TLD screens by McNamara et al.
[27], and significantly reduces the computational requirements for the SPH simulations by
allowing a much greater particle spacing while still capturing the damping characteristics
of the TLD. To apply this method, the loss coefficient and added mass corftitithe
damping elements must be known. The loss coefficient for the TLD damping elements in
this study was determined empirically by Love and Ha$kgtT he added mass coefficient

is calculated theoretically from Wdel[35].
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The force that the fluid particles exert on the damping elements is calculated based on
the Morison equatiofi36]. Since the damping elements are vertical, only the resultant
horizontal force is considered. The spacing between the TLD damping element ghost
particles is set equal to the initial fluid particle spadalpgThe total force acting on each
TLD damping element is calculated as the summation of the force for each ghiokt:par

» »n p., ” X X , \ vy © y .
0 O = Y Y RrQn o 0 RQn (6.21)

where’Qs summed over the damping element ghost partiélds,the loss coefficient)

is the added mass coefficienY, ; is the horizontal fluid velocity and ¢ is the
horizontal fluid acceleration calculated at ghost parfle

- a . .. Yrv Y0 30
Y i —O0w b j : (6.22)

where"Qs summed over neighbouring fluid particles, and is the kernel function. The

same kernel function is used for the fluid, boundary, and damping element particles.

When the force of the fluid acting on the damping element is calculated, the equal and
opposite force is applied back to the fluid partictesquation6.15) weighted by the SPH

kernel function:

(6.23)

It is important to note that this implementation captures the loss and added mass
characteristics of the damping elements, however it does not directly model the physical
flow in the region of the elements. For caseerehthe loss and added mass coefficients
are unknown, or the flow in the region of the damping elements must be finely resolved, a

different implementation may be necessary.
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6.2.3 TMD-TLD Substructuring

The response of the combined TMIDD system is solved using substructuring
method. At each timestep, the TMD acceleration is determined by solving eqiésijon
The TMD acceleration in the horizontal and vertical directisrisen applied to the TLD
in equation(6.15), and the TLD response is calculated by the SPH model. At the end of the
timestep, the resulting TLD force components are calculated by summing the mass times
acceleration of each fluid partel

6 0 0 0 30

no 5 y i n
w a =3 @ (6.24)

. ~ , 60 0 0 30 .
@) w a =0 W Q (6.25)

where®is the actual breadth of the TLD tank. The resultant TLD force is then calculated

from the components based on the angle of the pendulum TMD:
"0 o AT©H6 0O OE+ (6.26)

The TLD force is applied back to the TMD in equati@®), and the process is
repeated for the next timestep.

The solution to th&MD response defined by equati(®6) was found using the™4
order RungeKutta-Gill method. The timestep used to solve both the TMD and TLD
response was hekbnstant at 5xI seconds, which was found to provide accurate and
stable results. For all cases studied, the SPH particles were discretized using an initial
spacingdp of 7 mm, which allowed for an integer number of particles across the tank

length, andsufficient particles across the water depth to capture the sloshing response.

6.2.4 Linear Equivalent Mechanical Model
The linear equivalent mechanical moaeds presented by Love et dll1] for the

pendulum TMDBTLD system.This modekepresents thEMD-TLD using a two degree of
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freedom systemas shown inFigure 6.3. The response of the system subject to a base

excitation® 0 is defined by the system of equations:

a a a (A w m ®
a a ) T )
- . , , (6.27)
Qe T © a a &
T Q W a

where® representshe horizontal displacement of the TMD asdrepresents the

response of the equivalent TLD mass.

The equivalent TMD mass and stiffness are defined to account for the TLD water mass
[11]:

a a a a
] , , 0 (6.28)
Q o o e
V)
The equivalent TLD mass and stiffness are defined from[J&jit
] GT» R o 113 '\’Q
a qj_ OAIl —65
(6.29)

Finally, @ is the linear viscous damping coefficient of the TMD, and is an
equivalent amplitude dependent viscous TLD damp8Wj. The response of the linear
equivalent mechanical model can readily be found in the frequency domain using an

iterative solution method to account for the annolé dependent TLD damping.

6.3 Experimental Study Parameters
Four TMD-TLD system configurations were studied experimentally. Details on the

experimental setup were previously reported in Love ¢t ). Figure6.4 shows a picture
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of the experimental setup. A stiff steel test frame was installed on the shake table. The shake
table provided a uniaxial excitation to the test frame, representing the base acceleration
applied to the TMD. The pentlum TMD had a total mass of 1251 kg, which was held
constant in each configuration. The TMD was hung from the test framefasincables,

and the length of cable was adjusted through a moveable tuning brace to achieve different
TMD frequencies.Due to tle configuration of the pendulum cables, the TMD mass
experienced a horizontal and vertical translation without rotation of the mass, unlike in a
simple pendulum configuration whesemerotation would also occur. The frequency of

the TMD was determined lifie available length of cable, which was limited by the height

of the test frame and the gap between the TMD mass and outer frame. In an optimal passive
system, the TMD will have zero inherent dampgifig As this is not physally achievable,

the pendulum TMD was designed to have very low dampingtrendamping ratio of the

TMD was determined to béetween 0.33% and 0.5% through free vibration testing. A
rectangular TLD tank with dimensions of length 889 mm and breadtmi#@8&as mounted

to the TMD mass. The depth of water in the TLD was varied to provide different natural
frequenciestargeting optimal tuning ratios based on the mass ratios of the TLD and TMD
[7]. Damping elements were installéd increase the damping within the TLD. The

parameters of each TMIDLD configuration are shown ihable6.1.

A total of sixteen frequency sweep tests were completewsistong of four tests for
each TMDTLD configuration. For each test, the shake table was excited by a sine wave
displacement with constant amplitudg as showmn Table6.1. The frequency of the sine
wave was varied in discrete intervals ranging from 80% to 120% of the TMD natural
frequency. At each frequency, the system was given sufficient time to achieve a steady state
response, after which the response was reddi@el20 seconds. The frequency was then
increased to the next discrete frequency, and the process repeated. The data was acquired
using a dynamic system with a sampling frequency of 50 Hz. A 10 Halasging lowpass
filter was applied. The displacenteof the shake table and TMD were measured using

string potentiometers, and their accelerations were also recorded using accelerometers.
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Wave heights were measured at each end of the TLD tank using capacitance type wave

probes.

6.4 Results

This section compasethe results of the models and experimental testing for selected
representative tests. Since the nonlinear model is solved in the time domain, its results can
be compared to the recorded time series of the experimental data. Frequency response plots
of the linear model and nonlinear model are compared to those obtained from the
experimental data. One test from each TVICD configuration is shown, covering a range
of the parameters studieldor presentation, the results are normalized by the shake table
amplitude, Xo, time is normalized by multiplying by the excitation frequericyand
excitation frequency is normalized by the TMD natural frequency through the parémeter

= f/fTMD.

6.4.1 Time Domain

The first results correspond to TMIOLD configuration #1Figure6.5 shows the time
response for Test #3 and b = 0.96 at a s
displacement calculated by the numerical model is in excellent agreement with the
experimental data. The experimental wave heights are observed to have varying peak
values at each cycle, indicating that the TLD did not achieve a truly steady state response,

however, the numerical model is in good agreement with the wave form.

Figure66 s hows the time response for Test #8
amplitude of Xo = 70 mm. This is the largest excitation studied for TNIDD
configuration #2. This configuration is the same as the previous case, however the width of
the damping elements was increased which provides significantly more energy dissipation
within the TLD. Themodel is in excellent agreement with both the experimental TMD

displacement and the TLD wave height.

Figure6.7s hows the time response for Test #1

amplitudeXo = 2.5 mm This corresponds to TMIDLD configuration #3 which had the
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shallowest water depth and smallest darggilement width. The peak TMD displacements
are slightly undepredicted by the model. Despite this, the model shows excellent

agreement with the experimental wave heights.

Finally, Figure6.8s hows t he ti me response for Test
table amplitude<o = 7.0 mm. This corresponds to TMLLD configuration #4 which had
the deepest water depth and largest damping element width, leading to a lessT¢Haoti
response. In this case, the model is in reasonable agreement with the experimental data,
though the peak values of both TMD displacement and TLD wave height are under
predicted.

6.4.2 Frequency Response

This section presents the frequency response oftie displacement and TLD wave
height for the experimental data, nonlinear model, and linear equivalent mechanical model.
The frequency response is determined by calculating the average peak value per cycle from
the steady state response at each discreit@xe frequency for the experimental data and
nonlinear model. The steady state response of the linear equivalent mechanical model is
solved directly. Since the linear model is only capable of representing a single mode of
TLD sloshing, each wave heigplot includes an additional series with the experimental
wave heights filtered to remove the influence of higher mode sloshing harmonics. This was
achieved by applying a lowpass filter with a-offt frequency 50% greater than the
excitation frequency ingst processing. The presented cases follow from those shown in

the time domain.

Figure6.9 shows the frequency response from Test #3. The linear model shows good
agreemat with the experi ment al TMD di spl aceme
the shape of the frequency response curve above this excitation frequency. The nonlinear
model is in much better agreement with the experimental TMD displacement. The linear
modelshows good agreement with the filtered TLD wave heights. In this case the unfiltered

TLD wave heights are much greater in value than the filtered wave heights. The nonlinear
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model i's in good agreement with thederexper.

predicts the value at lower frequencies.

Figure6.10shows the frequency response for Test #8, which corresponds to the largest
shake table amplitude studied fdviD-TLD configuration #2Xo = 7.0 mm. Unlike in the
previous case, the frequency response curve for both the TMD displacement and TLD wave
height has a single peak value, which results from the large amplitude response and
correspondingly large TLD amplituedependent damping prowd by the damping
elements. The linear model captures the shape of the TMD displacement frequency
response well, but the peak value of the curve occurs at a higher frequency than the
experimental data. The nonlinear model is in very good agreement wigltgghamental
data for TMD displacement. For TLD wave height, the nonlinear model shows good
agreement with the exper i pedctsthévaldes atlbwewh e n |
frequencies. The linear model shows reasonable agreement with the filere heights

but undetpredicts the values for most frequencies.

Figure6.11 shows the frequency response for Test #10 corresponding tc TINID
configuration #3 anKo = 2.5 mm. The experimental frequency response for the TMD
displacement shows three distinct peaks. The shape of the frequency response curve is
captured well by the nonlinear model, however there are some discrepancies in the values
compared to the expemental data across the range of frequencies. In contrast, the linear
model shows only a double peaked response and poor agreement with the experimental
data. The experimental frequency response for TLD wave height is observed to increase
acrosstherangdo f requenci es, with a sudden drop i
is common in TLDs with shallow depth and low damping. The nonlinear model shows very
similar behavior, though there are some discrepancies between the wave height values. The

linearmodel shows reasonable agreement with the filtered TLD wave heights.

Figure6.12 shows the frequency response for Test #16 corresponding to TINID
configuration #4 ath Xo = 7.0 mm. The TMD displacement from the nonlinear model is in

reasonable agreement with the experimental data. The linear model shows a similar overall
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response trend, though the frequency at which the peak TMD displacement occurs is greater
than theexperimental data. Despite the reasonable agreement with the TMD displacement,
the TLD wave heights are mostly ungeedicted by the nonlinear model, though the shape

of the frequency response curve is similar. The linear model also-preticts the fiered

TLD wave height data.

6.4.2.1 Forces and Energy Dissipated per Cycle
The forces and energy dissipated per cycle of the TMD and TLD are of interest to
understand the system behavior. The forces were not measured directly during the

experimental testing, hower they can be evaluated from the nonlinear model results.

Figure 6.13 shows the frequency response of the different TLD force components
calculated from the nonlinear model results. The static inertial portidd of equal to
the mass of water times gravitational acceleration was removed for presentation as this is
constant across all frequencies. The forces are normalized by the maximum inertial force
of the total water mass if it moved rigidly with the TM@ O 7& & , where
@ is the amplitude of TMD acceleration. Thediection component oforce is
representative of the resultant force in a traditional TLD where only horizontal motion is
considered. Due to the phase differences between the force components, at some
frequencies the resultant TLD forg@ is less than the >direction conponent, and at
some frequencies it is greater. For all four tests the pedikeXtion force is greater than
the peak resultant force, indicating that the pendulum TMD vertical motion decreases the
resultant TLD forces slightly. In all cases thee@mponeh of force is less than the-X

component.

The interaction force between the structure and TMID system is sum of the inertial

force of the TMD mass and the TLD force. This can be approximated by:

o) a @ o) (6.30)
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Due to the complicated phase angle relationships between the applied excitation,
TMD, and TLD, the forces alone do not give an indication of the damping performance of
the system. In an ideal systdaire TMD will have zero damping, and energy from the
structure will be transferred to the TMIDLD and dissipated from the damping provided
by the TLD. Unlike in a linear TMD system, the damping of the FWIID is amplitude
dependent. The energy dissipated pgle can be used as an indication of the damping,

and is calculated by integration of the feisplacement curves:

(6.31)

where X is the base displacement of the structure (the shake table in experimental tests).
The values of energy dissipated per cycle represent the energy dissipated by th&DMD
system and TLD only from th&tructure. For an optimized passive series type TNID
system, the TMD should have zero damping, though realistically some amount of damping
will always be present. Since the TMD has very low inherent damping (< 0.5% of critical),
most of the energy digstion in the system should be provided by the TLD. This can be
verified by comparing the frequency response curves for each value of energy dissipation.
The energy dissipated per cycle is normalized by the maximum kinetic energy of the TMD
and TLD masse# they moved rigidly with the structure (shake table):

(0]

O , — (6.32)
™ O a w

where @ is the amplitude of the applied base velocity.

Figure6.14 shows the frequency response of normalized energy dissipated per cycle.

The value ofO was evaluated from the experimental results by using the
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measured acceleration of th&/D mass to approximat® . Similar observations

can be made for each test presented. The model resulds for are in comparable
agreement with the experimental data to what was presented in the previous section. Only

a minor anount of energy is dissipated by the TLD from the shake table input, as indicated

by the small values of thH@ curve, and the energy dissip:
= 1.0 for each test. Significantly more energy is dissipated per cycle byrtiiened TMD

TLD response shown b§ despite the low inherent TMD damping. These

results indicate that the energy from the structure (shake table) is transferred to the TMD

TLD system, where it is dissipated by the TLD response.

6.5 Impact of Simplified Pendulum Equation

To determinethe importance of considering thaly nonlinear pendulum response,
this section will study the impact sfmplifying the pendulum equation of motion on the
response of the TMOOLD system. By assuming that thagle of the pendulurHs small
andthereforeA T © pandOE4+ —-equation6.6) reduces to the form:

¢— — — (6.33)

Further defining— & 70,— & 7T0,and— & 70, the equation of motion

reduces to the equation for a base excited single degree of freedom (SDdEpos

¢— ] ) 1 W (6.34)

The horizontal motion of the pendulum is still captured by the simplified equation of
motion; however, the vertical motion is assumed to be small and is neglected. To assess the
applicability of the simplified equation of motion, the maximum TMD angle oreasin
each of the experimental tests is plottedFigure 6.15 versusO E+ andA T ©. The
results show thad E-F- is approximately equal te-for all the experimental tests, as
indicated by lining up with the 1 to 1 line on the plot. The valu& bf-© deviates slightly
from 1 at large—values, but the maximum error is less than 2%. Based on this, the
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assumption bsmall TMD angles appears valid when considering only the TMD response
measured experimentally. However, it is necessary to determine the impact that simplifying

the TMD equation has on both the TLD and the combined 7TMD system responses.

The TMD equabn of motion in the nonlinear model was replaced with the simplified
form, and the simulations were run for Tests #8 and #10. All other parameters in the SPH
model were held constarfigure 6.16 shows the frequency response for Test #8. The
simplified model has a shifted frequency compared to the nonlinear model, which is
expected as the simplified model neglects the impact of the TLD vertical force on the
pendulum TMDresponse. The shape of the TMD displacement frequency response curve
is similar between the models, however the maximum TMD displacement for the simplified
model is 4% greater than the nonlinear model. The TLD wave height frequency response
curve is also lifted, and the wave heights are significantly reduced compared to the
nonlinear model. The maximum wave height for the simplified model is reduced by 24%
compared to the nonlinear modEigure6.17 shows the frequency response for Test #10.
Again, the simplified model has a shifted frequency compared to the nonlinear model. For
this test, the maximum TMD displacement calculated by the simplified model is 10% less
thanthe nonlinear model. The TLD wave heights are reduced for most frequencies, with a

maximum wave height that is 23% less than the nonlinear model.

Overall, the simplified model appears to capture the TMD displacement response
reasonably, though it does raatcount for the shifted TMD frequency which is critical to
tuning the TMDTLD system to the primary structure. Additionally, simplifying the
pendulum equation of motion causes the model to ymeketict the TLD wave heights with
an error of approximately526. Though the vertical motion of the TMD does not linearly
excite sloshing in the TL[L5], the TLD response can be excited nonlinearly, which clearly

causes an increase in the TLD wave heights.

6.6 Conclusions
This papelinvestigated the nonlinear response of a sdyjgs pendulum TMBTLD

system subject to a base excitation. A fully nonlinear pendulum TMD model was coupled
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to an incompressible SPH model of a TLD with damping elements. The results of the
nonlinear model we compared to experimental shake table testing data for the system and
a linear equivalent mechanical model. Finally, the impact on the response of simplifying
the pendulum TMD equation was investigated. The following conclusions can be made

from this wok:

1. The nonlinear model captures the response of the pendulum TMD and TLD in the
time domain across a range of system parameters. Some discrepancies exist due to
the highly nonlinear response of the system.

2. Good agreement was demonstrated between the eanlmodel and experimental
testing data considering the frequency response of TMD displacement and TLD wave
height. At some frequencies, the nonlinear model uadeémated the response,
however it provided improved agreemeobmpared to the linear equiealt
mechanical model, especially for calculation of TLD wave heights.

3. The frequency response of TLD forces from the nonlinear model indicated that
including the vertical pendulum motion modified the forces comparettagdidonal
TLD undergoing only horontal motion. The peak resultant TLD force was less than
the peak Xcomponent force for all casd3ue to the low inherent TMD damping, a
small amount of energy was dissipated per cycle by the TMD alone, with significantly
more energy dissipated by thendoined TMDTLD system.The TMD-TLD
damping is therefore provided primarily by the TLD response.

4. The shake table testing results indicated that applying a small angle simplification to
the pendulum TMD equations would be valid basethe TMD response alenTwo
cases were simulated with a simplified TMD equation of motion. The results
indicated that simplifying the pendulum TMD does not accurately capture the TMD
frequency, which is critical to proper tuning of the system. The peak TMD
displacement was mdokd by approximately 80%. Additionally, the calculated
TLD wave heights were reduced by approximately 25% compared to the nonlinear
model for both cases. It is therefore critical to consider the fully nonlinear pendulum

TMD equation to capture the sgat response.
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The results of this study indicate that the nonlinear model can be used to reasonably
capture the response of the setig®e pendulum TMBTLD system across a range of
parameters. The presented model can be used to further investigatedhegeré of the
system by coupling to a structure.
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Table6.1: TMD-TLD System Configurations

s (15 Go | omywanmmy TS o
1 0.60 0.43 113 34 1-4 51.-8,. 126?6
2 0.60 0.43 113 65 5.8 é--%,' 2750
3 050 0.33 79 18 9-12 %_)-%' 2750
4 066 050 144 65 1316 %-_%: 27%
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Figure6.1: Pendulum TMDBTLD systemschematic
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Damping Elements

Figure6.2: TLD domain schematic
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Figure6.3: TMD-TLD linear equivalent mechanical model
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Figure6.4: TMD-TLD experimental test setup
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