
University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This thesis cannot be 
reproduced or quoted extensively from without first obtaining permission in writing 
from the copyright holder/s. The content must not be changed in any way or sold 
commercially in any format or medium without the formal permission of the 
copyright holders.
  

 When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name 
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk

http://eprints.soton.ac.uk/


UNIVERSITY OF SOUTHAMPTON

An Evaluation of Vortex Shedding over

Slender Structures using Large-Eddy

Simulation

by

Steven J. Daniels

A thesis submitted in partial fulfillment for the

degree of Doctor of Philosophy

within the

FACULTY OF ENGINEERING AND THE ENVIRONMENT

June 2016

http://www.soton.ac.uk
mailto:S.J.Daniels@soton.ac.uk
http://www.southampton.ac.uk/engineering/




UNIVERSITY OF SOUTHAMPTON

FACULTY OF ENGINEERING AND THE ENVIRONMENT

In partial fulfillment for the degree of Doctor of Philosophy:

AN EVALUATION OF VORTEX SHEDDING OVER SLENDER STRUCTURES

USING LARGE-EDDY SIMULATION

by Steven J. Daniels

ABSTRACT

Turbulent flows around slender structures are common in nature and occur in many

applications, including flows around tall buildings and long-span bridges. Understand-

ing and predicting the properties of these flows are necessary for a safe, effective and

economical engineering design. Experimental techniques are expensive and often pro-

vide data that is not sufficiently detailed for the structural engineer. With increasing

computational power it has become possible to investigate these flows using numerical

techniques. A number of numerical approaches have been proposed over the last half

century. Of these, one of the most effective techniques, that is currently on the verge of

being viable for common use in industry, is that of Large-Eddy Simulation (LES). This

thesis illustrates the appealing aspects of LES for the use in wind engineering.

Measurement of forces on a bluff body placed in a flow is of considerable importance to

the wind engineer. It is well established in the literature that the peak pressures on the

body are due to large coherent structures in the flow, denoted vortices. The atmospheric

boundary layer, in which all civil engineering structures are situated, is almost always

turbulent, and it has a strong influence on vortex formation. In the present work, to

generate inflow turbulence for LES, a synthetic inflow condition was utilised to analyse

the effects of freestream turbulence over the CAARC standard tall model building.

With the use of pressure statistics and conditional sampling, the sensitivity of the peak

loading to the freestream turbulence effects were analysed, showing a marked increase

for both turbulence intensity and length scale of the flow. The formation of vortices

over a long-span bridges can incur severe aeroelastic instabilities. A fluid-structure

coupling method was proposed for the study of freely-vibrating cylinder (simulating a

bridge section) undergoing Vortex-Induced Vibration (VIV) and torsional flutter. The

Motion Induced Vortex was identified as the fundamental cause of both cases. Spanwise

correlations and pressure statistics were used to determine the effects of the motion and

freestream turbulence on both phenomena. It was found that small-scale turbulence

(length scales size of the cylinder) had a diminishing effect on the cylinder’s response

(compared to smooth flow). When the length scales were increased to those found in

atmospheric wind, the cylinder’s response was increased for the torsional motion.
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Chapter 1

Introduction

Structural dynamics is an important discipline to consider when designing a major struc-

ture. Civil structures are subjected to many forces from their surroundings. The re-

sponse of the structure would either be to absorb such forces (acting as a damper) or

to respond in the form of an oscillation. These forces could be of a variety of magni-

tudes and could occur uniquely or simultaneously. The structure therefore needs to be

adaptable to its surroundings in accordance with the associated engineering regulations.

One particular environmental aspect to consider in the design of structures are the wind

interactions. Davenport (1998) suggested that the aerodynamic wind forces acting on

a typical structure can be categorised into three components. The first of these is the

loading from extraneous sources, such as buffeting from natural wind or from the wakes

of upstream obstructions. Second, from the forces incurred by unstable flow phenomena

such as separations, reattachments, and vortex shedding. Finally, the movement-induced

excitation of the body, although this is only pertinent for highly flexible structures. It

is now the main aim for structural engineers to design and construct towers that reach

new heights while minimising the construction cost (see Owen et al. (2013)). These tall

buildings often adopt slender shapes, which possess low natural frequencies of vibration

and inherently low structural damping values, and thus increases their sensitivity to

wind excitations.

In a similar inclination to tall buildings, modern bridge designs, e.g. twin and multi-box

girders, have also followed the same trend of material and geometric properties, but

are generally considered to be more slender than tall buildings. Consequently, these

are also more likely to respond from the wind loading, and the effects of aeroelastic

instabilities - thus generating a greater concern for fatigue. At the same time, the wind

characteristics in a particular location can be difficult to predict, which in turn could

lead to engineering disasters. To demonstrate this, and the increasing need for the

understanding of the relation between wind loading and the structural response, two

case studies are presented in the proceeding section.

1
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1.0.1 Case studies

The understanding of wind loading and the structural response has not been without

incident. Some engineering disasters have helped with the understanding of potential

failure that come with structural design. Presented here are case studies where the

effects of wind-structure interaction have been underestimated (or unknown) and have

since shaped engineering standards.

Wind affects has become a common failure of bridges. The wind velocities that excite

the vibrations of a bridge deck are approximately proportional to its natural frequency.

Hence, bridges with low natural frequencies, such as cable stayed bridges, are the most

vulnerable (Scruton (1981)). Without exception, the modes of vibration that are of main

concern are either heaving (or plunging) and torsion (pitching). The first recorded case

of a bridge deck experiencing vortex-induced vibrations was during the construction of

the Menai Straits Bridge in 1826. This seems to be an early demonstration of transverse

horizontal wind excitation on the longitudinal plunging oscillations of suspension bridges

(Buonopane and Billington (1993)). This reaction seems similar to the response of the

Storebaelt suspension bridge. During construction, low frequency vertical oscillations of

the deck were observed. Subsequent analysis of structural monitoring program allowed

to find the source of the oscillations (Larsen et al. (2000)). This investigation concluded

that the source of oscillation was a single Degree-Of-Freedom (DOF) vortex-induced

vibration. Subsequent modification to the structure such as guide vanes were placed to

mitigate the oscillation. This however was not the first case of bridge oscillation from

vortex induced vibrations (e.g. Fujino and Yoshida (2002)).

Figure 1.1: Collapse of the Tacoma Narrows bridge, 1940.
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The notorious case of the original Tacoma-Narrows bridge (1940) has become a popular

case study for the civil engineering student. The bridge itself wasn’t the first suspension

bridge to collapse by oscillating wind forces, but the bridge was the longest and by far the

most expensive suspension bridge to collapse, being the 3rd longest suspension bridge

of its time. This, and the motion pictures by Barney Elliot of the torsional vibration

mode of the bridge made it famous. Snapshots of the film footage are shown in Fig.1.1.

The cause of the collapse had left much debate among journals, as the physics behind

the collapse was still being investigated at the time. A few key reports (the first two

collected by Fuller et al. (2000)) concluded:

• Othmar et al. (1941): “It is very improbable that resonance with alternating vor-

tices plays an important role in the oscillations of suspension bridges. First, it

was found that there is no sharp correlation between wind velocity and oscillation

frequency such as is required in case of resonance with vortices whose frequency

depends on the wind velocity. Secondly, there is no evidence for the formation of

alternating vortices at a cross section similar to that used in the Tacoma Bridge,

at least as long as the structure is not oscillating. It seems that it is more correct

to say that the vortex formation and frequency is determined by the oscillation of

the structure than that the oscillatory motion is induced by the vortex formation.”

• Houghton and Carruthers (1976): “Aerodynamic instability was responsible for the

failure of the Tacoma Narrows Bridge in 1940. The magnitude of the oscillations

depends on the structure shape, natural frequency, and damping. The oscillations

are caused by the periodic shedding of vortices on the leeward side of the structure,

a vortex being shed first from the upper section and then the lower section.”

• Matsumoto et al. (2003b): “On the old Tacoma Narrows Bridge section, there

are three kinds of aerodynamic interferences were observed as follows: (1) Vortex-

induced heaving vibration suppresses torsional flutter. (2) Torsional flutter sup-

presses vortex-induced heaving vibration. (3) Both of heaving/torsional vortex-

induced vibrations can be observed simultaneously. Since torsional vibration is in-

duced by heaving vibration vortices. Then, the mystery of Tacoma Narrows Bridge

failure might be explained by one of these aerodynamic interferences,that is, the

vortex-induced heaving vibration in the 5th symmetrical mode might suppress the

low-speed torsional flutter cause by vortex convections on the side surface of the

bridge deck.”

These publications, each roughly 30 years apart, demonstrate the increasing understand-

ing of wind induced failure since the time of the Tacoma Narrows bridge collapse. This is

also enhanced with the advancement of numerical methods (e.g. Plaut (2008)). Between

these extracts, the vortex shedding over the bridge deck seems to be a common mecha-

nism towards the bridge failure, though the resulting aeroelastic instability maintained
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much debate. For instance, Houghton and Carruthers (1976) described the mechanism

of galloping in the above extract. This is mainly based on the apparent low frequency

oscillations. Hence, the nickname ‘Galloping Gertie’ that the bridge was dubbed at the

time. It has only been a recent consensus that the aeroelastic instability phenomena

behind this failure was that of classical flutter. A review of the phenomena of vortex

induced vibrations and flutter is presented in Ch.2, §2.2.1 of this thesis. Subsequent

to the Tacoma Narrows bridge collapse, a second bridge was constructed on the same

site with open trusses, stiffened struts and an opening on the roadway to reduce the

obstruction of wind. Despite the increasing wisdom on the subject, modern designs of

bridges require a greater foresight into the various aeroelastic instabilities the bridge can

be subjected to. More recently, the Volgograd bridge (2010) experienced wind-induced

vibrations, despite precautions in the design to mitigate any resonant responses (Corriols

and Morgenthal (2012)). Nevertheless, such case studies have had a significant effect on

the design practices for flexible slender structures. Alternatively, the structure could be

designed to be as rigid as possible, implying that the structure would have to withstand

the fluctuating pressure from oncoming gusts of wind, as described in the next case

study.

Tall buildings are amongst the more wind sensitive of structures. The effects of wind

loading can lead to severe fatigue concerns (e.g. Tamura (2009)), or at the very least

affect the comfort of its occupants (e.g. Wong et al. (2013)). Recorded failures of

tall structures are mainly confined to chimneys and telegraph poles. Collapses of tall

buildings are rare, but there have been some cases where concerns have been raised into

the structures ability to withstand wind loading, such as the Citigroup tower (New York)

in 1977 (Morgenstern (1995)). One particular case of a wind induced failure for a tall

structure is that of the collapse of three cooling towers in 1965 at the Ferrybridge power

station (Pontefract, England). The three towers (see Fig.1.2) collapsed sequentially.

Many investigations were conducted following the incident. These investigations mainly

focused on the spatial distribution, the variation in time of the wind loading on the

tower surface, and the response of the towers to these wind loads - including the dynamic

response induced by the fluctuating pressure.

The research into the wind loading on the Ferrybridge cooling towers has mainly focused

on the comparison of the wind codes used for the design. Pope (1994) focused on the

wind speeds, stating that the recommended wind speeds by British Standards was not

used in the design, which resulted in an underestimation of the wind pressures at the top

of the tower; The hourly mean wind speed for the design was of 47mph, which the British

Standards Code (BS-6399) suggests that this should have been 59mph. Similarly, Datta

and Jain (1987) analysed the estimated gust period used in the design and concluded

that the towers where likely to be subjected to smaller gust periods than those used in

the design process.
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Figure 1.2: Photograph of the aftermath of the Ferrybridge Cooling towers incident.
Three of the eight cooling towers collapsed within an hour of each other. Photo source:

Schlager (1994).

It has also been suggested in the literature that the experimental analysis of the wind

loading on the cooling towers did not properly consider all aspects of the design. The

wind loading had been deduced from wind tunnel experiments using a single isolated

tower. It was suggested by (Simiu and Scanlan (1996)) that the turbulence in the wake

of the upstream towers had a greater impact (than estimated) on the leeward ones -

the structures that eventually did collapse. Simiu and Scanlan (1996) also suggests

that the designers ignored the impacts of clustering the towers (such higher wind speeds

through the gaps of the upstream towers) or locating them near other large power station

buildings. Shellard (1965) argues that the effect of this lead to an underestimation of the

wind loading of the lower part of the leeward towers. The analysis of the hourly wind

speeds at 10m above ground by Shellard (1965) complements this argument of Simiu

and Scanlan (1996), showing that there was a slight underestimation of the design wind

speeds at this level.

Overall, it is generally agreed in the literature that the cause of the collapse was due

to the presence of high wind loads. This Freeybridge cooling tower incident spurred

a reform in the assessment of dynamic wind pressures and future design of cooling

towers (Simiu and Scanlan (1996)). These structures however did not collapse due to

an aeroelastic instability. As mentioned in the introduction, the structures in this case

were supposed to be able to withstand (absorb) the wind loading, rather than respond

in an oscillation. Both cases are considered in this thesis.

For the remainder of this chapter, the motivation for this research is explained. The

existing methodologies in the field of Wind Engineering are described, focusing on their

approached in analysing the wind interaction on slender structures. The objectives of

the research are clarified towards the end of this chapter.
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1.1 Motivation

Many civil engineering structures such as bridges, chimneys, and tall buildings must be

able to withstand natural wind. As these structures have multiple primary uses and

corresponding constraints, these structures are not intrinsically adapted to deal with

all the effects of the wind flows surrounding them. Indeed they combine two critical

characteristics (Andrianne (2012)):

1. Flexibility : maintaining large dimensions while reducing the density of the struc-

tural materials.

2. Bluff body aerodynamics: despite the continual motivation to make the designs

more ‘streamlined’.

These two factors are the bases of the field of bluff body aerodynamics and aeroelasticity.

Aeroelasticity, as defined by Collar (1978), is the interaction of the inertial, elastic and

aerodynamic forces. This is summarised by the ‘Collar triangle’ as shown in Fig.1.3.

It can be seen in this diagram that the interaction of aerodynamic (fluid) and elastic

(structural) forces, without the effects of the structure’s inertia, is described as static

aeroelasticity. All phenomena attributed to this instability do not involve oscillations,

and are independent of the mass properties of the structure. An example of static

aeroelastisity is divergence. Divergence is characterised by an initial deflection of the

structure leading to an increase in aerodynamic loading, which in turn increases the

deflection (or positive feedback), which often results in the structure’s failure. Even

though the deflection increases with time, this is still described as a static phenomenon;

examples of this are detailed in Ch.2. On the other hand, aerodynamic instability,

or dynamic instability, relates the positive feedback between the inertial forces from

the oscillating structure to the aerodynamic loading, with attributed phenomena such

as flutter (see Ch.2). The final vertex (structural response) describes the mechanical

vibrations of the structure. Mathematically, aeroelasticity can be expressed as

Mẍ(t) + Cẋ(t) +Kx(t) = Faero(U, ẋ(t), x(t) + Fext(t)) (1.1)

where M , K, and C are the mass, stiffness, and damping of the system respectively.

The forces on the right-hand-side of the equation are the main concern for aeroelasticity.

Faero denotes the aerodynamic loading on the structure (such as lift and moment); these

are dependent on the freestream velocity U and the motion ẋ(t) of the structure. The

external forces, denoted by Fext, are independent of these factors - representing the

aerodynamic forces due to turbulence.

Aeroelastic analysis has been widely applied to the aeronautical research field. As-

suming that the aircraft wing is rigid so the structural restoring forces counteract the

aerodynamic forces, the aeroelasticity is mainly considered to be a static one (bottom
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Figure 1.3: A diagram representing Collar’s triangle.

of Fig.1.3). In recent years, the development of aircraft structures, leading to more slen-

der and complex designs, has made aeroelastic research more critical. Nowadays this

research has orientated towards the nonlinear characteristics (see Xiang et al. (2014)).

These can be categorised into two sections: structural nonlinearities (friction, material),

and aerodynamic nonlinearities (flow separation, reattachment). From the stand-point

of this thesis, the focus is on the latter. This is paramount for bluff bodies since the

surrounding flow is characterised by the separation and reattachment of the shear layer.

Hence, in Eq. 1.1, the motion dependent Faero can present nonlinear characteristics

despite a linear structural system.

The concept of bluff body flow originates from the type of flow around the structure

and its wake. Bluff body flows are characterised by the separation of the flow on the

body surface; the dimensions of the wake are of the same order of magnitude of the

body itself. The drag force on the body is dominated by the pressure distribution over

the surface, while viscous (skin friction) effects are not as important. The bluff body

geometry is opposed to the streamlined body, which is characterised by smooth and

attached surrounding flows - such as airfoils at low angles of attack. The governing

equations for these fluid flows are intrinsically unsteady, and a simplified solution to

these are usually uncommon. Thus, the Faero term in Eq.1.1 is consequently difficult to

quantify. One of the earliest observations of bluff body wakes was made by Leonardo

Da Vinci over 500 years ago. Along with sketches (Fig.1.4 being one of several), Da

Vinci also commented on the turbulent features of the wake (el Hak (2000)), such as the

dissipation of the eddies. Another one of these comments also focuses on the swirling

motion of the flow behind the body - thus being one of the earliest references to vortex

shedding.

A review by Roshko (1993) highlights the various complexities with bluff body aero-

dynamics. In summary, the review states “The problem with bluff body flows remains
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Figure 1.4: The Da Vinci sketch of hydrodynamic flow. Source: Marra (2011), and
Andrianne (2012). Original reproduction source: Bingham (2007).

entirely in the empirical, descriptive realm of knowledge”. The problem becomes all

the more complex after introducing the flow-induced motion response of the bluff body.

Consequently, despite the huge advances in numerical approaches, the simulation of the

flow around oscillating/flexible structures remains a challenge in terms of CPU time and

validation of the results (Breuer et al. (2012)), even for simple geometries. For this rea-

son, the methodology for most publications on the subject are confined to experimental

(wind and water tunnels), and semi-empirical approaches (Ehsan and Scanlan (1990)).

Generally, experimental measurements and observations are often applied to validation

and calibration of numerical codes (Andrianne (2012)).

An important aspect to consider when analysing the wind effects on civil engineering

structures are the turbulent characteristics of the wind itself. The atmospheric boundary

layer, in which almost all civil engineering structures are located, is naturally turbulent.

There has been a considerable amount of literature dedicated to the characterisation of

this turbulent content (e.g. Stull (1988); Simiu and Scanlan (1996)). The effect of this

turbulence is represented in Eq. 1.1 as Fext(t). As mentioned previously, this term is

not dependent on the motion of the structure and thus it is not possible to decouple the

effects of Fext(t) and Faero(t) in the equation of motion. It is important to state that

various turbulent characteristics from the oncoming flow have a significant effect on the

flow around a bluff body, and in case of a dynamic structure, the resulting structural

response. Structures such as tall buildings to long-span bridges are placed on the earth’s

surface and are therefore situated within the atmospheric boundary layer. This region is

almost always turbulent. Thus turbulence is an unavoidable factor in the design of civil

structures. The key characteristics of the atmospheric boundary layer are summarised

below.
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Atmospheric Boundary Layer

According to Stull (1988), the atmospheric boundary layer can best be defined as ”part of

troposphere that is directly influenced by the presence of the earth’s surface, and responds

to forces with a time-scale of about an hour or less”. The thickness of the atmospheric

boundary layer (∼ 1km) varies depending on the pressure, latitude and temperature.

Located above the ABL is the free atmosphere which extends a further 11km. Though

there is a growing need for tall buildings this region has not been reached yet (currently

the tallest tower is the Khalifa Tower in Dubai at 829.8m). Stull (1988) noted that

compared to the free atmosphere, the wind in the atmospheric boundary layer has the

following characteristics:

• The wind is almost continually turbulent for the entire depth.

• There is rapid turbulence mixing in the vertical and horizontal directions.

• There is strong drag against the earth’s surface, resulting in large energy dissipa-

tion.

• The velocity profile is likened to that of a logarithmic one.

Generally, most structures are located within the bottom 10% (50− 100m) of the atmo-

spheric boundary layer. This region is the denoted as the surface layer. A key property

of this region include an approximately constant shear stress (vertical direction) due to

its insensitivity to the earth’s rotation (Stull (1988)). Above this region in the ABL,

the shear stress varies depending on the surface friction, temperature gradient (which

may depend on time of day), and the earth’s rotation. The transition between the three

regions can be seen in Fig.1.5 for an urban environment.

An underlying characteristic of surface wind is the change in wind velocity with height,

as is typical of a turbulent boundary layer. At the ground the wind velocity is zero (no-

slip), and increases with height above the ground until the top of the ABL is reached.

Above this point (called the gradient wind section), the velocity remains constant with

height. This progression is shown in figure 1.5 by a red line.

The profile of the wind velocity, assuming neautral thermal stability within the ABL,

can be approximated by a logarithmic or a power-law i.e.

U(y) =
uτ
κ

ln

(
y − d
y0

)
, (1.2)

U(y) = Uref

(
y

yref

)α
, (1.3)
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Figure 1.5: Wind velocity profile from the ground (not to scale). (Note: the constant
velocity above the atmospheric boundary layer.)

which are similar profiles to the velocity within a turbulent boundary layer. For the

log-law, the constant κ is defined as the von Karman constant, typically taken as 0.41,

uτ is the shear (or friction) velocity, related to the ground roughness. The distance

normal to the ground is the y-axis in the field of wind engineering. Thus, the roughness

length y0 is related to the surface roughness, and is defined as the height where the wind

speed would be equal to zero if the log-law wind speed profile were extrapolated. For the

power-law, the subscript ref denotes a reference value known a priori, i.e. a reference

velocity Uref must be known at reference height yref . The constant α represents power-

law exponent, a factor dependent upon the roughness and the stability of the terrain.

Because of the simplicity of the parameters in the power-law model, this is often used in

industrial codes and standards. Generally, the power-law model shows good agreement

with the upper region of the atmospheric boundary layer but fails to accurately predict

the velocity in the lower region (Huang et al. (2007)). To overcome this drawback, the

model based on the logarithmic law is typically utilised for cases where the lower region

is of concern. The roughness length y0 associated with the log-law model (Eq.1.2) is

related to the surface roughness, and is defined as the height where the wind speed would

be equal to zero if the log-law wind speed profile were extrapolated.

As the flows within the atmospheric boundary layer are naturally turbulent, it is best to

outline some of the characteristics of this phenomena. When considering a fluctuating

streamwise velocity, u(t), the mean and variance of the signal for this component can

be defined,

〈u〉 = lim
T→∞

1

T

∫ T

0
udt, (1.4)
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and

σ2 = 〈u′2〉 = lim
T→∞

1

T

∫ T

0
(u− 〈u〉)2dt. (1.5)

where 〈〉 indicates the average value and spread of the signal. σ is the standard deviation,

referred to as root-mean-squared (rms) of the signal. The turbulence intensity can be

defined

Iu =
σu
U
. (1.6)

The standard deviation σ is an example of a more general definition, the covariance, a

measure of how two random variables change together. The autocovariance and auto-

correlation coefficient (with respect to time) are defined as

r(τ) = 〈u′(t0)u′(t0 + τ)〉 (1.7)

and

R(τ) =
〈u′(t0)u′(t0 + τ)〉

σ2
u

(1.8)

respectively. τ is the time lag, and t0 is the initial point in time (when τ = 0). The

autocorrelation coefficient R may take the range 0 ≤ R ≤ 1 where R → 0 indicates

uncorrelated variables, and R→ 1 indicates perfectly correlated variables. Typically, the

length of time lag should depend on the time needed for the autocorrelation coefficient

to first reach zero, but it should be noted that after this the function can revolve around

zero, producing both positive and negative values with increasing lag. The definitions

above can be used to recover the integral time scales using the expression

Tu =

∫ ∞
0

R(τ)dτ. (1.9)

Since it is generally more convenient to sample data in time rather than space, Taylor’s

frozen turbulence hypothesis (Taylor, 1938) may be used to estimate the length scale

of turbulence using the integral time scale. This hypothesis assumes that u′ << 〈u〉,
which is true for homogeneous isotropic turbulence but may not be valid in shear flows

(Pope (2000)). Assuming that Taylors hypothesis holds, the integral length scale can be

defined

L11 = 〈u〉Tu. (1.10)

For wind engineering, the integral length scale can be considered to be the mean size of

an eddy in the flow. A further method for analysing turbulence is the use of spectra (see

Ch.3). Here the Power Spectral Density (PSD) is used, which reveals how the ‘power’

of a signal is distributed over range of frequencies. The power is taken as the square of

the signal, i.e. u(t)2. The PSD may then be defined as the expected value of the square

magnitude of the Fourier transform of u(t), or

Φuu(ω) = lim
T→∞

E
[
|uT (ω)|2

]
, (1.11)
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where uT (ω) is the Fourier transform of u(t). The most convenient form of the PSD

consists of the Fourier transform of the autocovariance values r(τ), thus

Φuu(ω) =

∫ −∞
∞

r(τ) exp−iωτ dτ (1.12)

In this work, the algorithm proposed by Welch (1967) available in Matlab is used for the

calculation of the PSD. The basic statistics outlined above for quantifying the character-

istics of turbulence has been applied in a variety of methodologies in wind engineering.

1.1.1 Wind engineering methodologies

One of the most prominent features of the flow around civil engineering structures within

the atmospheric boundary layer is the formation of vortices around the body. The

formation of these can have a large impact on the wind loading, particularly in the

across-wind direction. Not only is the design for structural integrity affected in such

cases, but also the design for serviceability, since the motions induced by vortex shedding

can easily reach objectionable levels from the point of view of human comfort. Thus a

variety of approaches are used within the field of wind engineering to predict and (or)

mitigate the wind loading of civil engineering structures.

The proceeding sections review the methodologies employed in the field of Wind Engi-

neering for the assessment of wind loading on slender structures, and their effectiveness

in assimilating turbulence observed in natural wind.

Full-scale testing

Field measurements of wind and its effect on slender structures remains an essential

approach in wind engineering. However, despite its valuable insight, full-scale mea-

surements of this kind are scarce in the literature, particularly when compared to the

equivalent wind tunnel or numerical contributions. The main advantage of full-scale

test is that it is able to capture the real complexity of the problem under investigation.

Conversely, the difficulty in obtaining consistent stationary data in the field is routinely

demonstrated by all the full-scale measurements in the literature. This is primarily due

to the variations of wind observed in the atmosphere. Although the range and accuracy

of the data obtained from this approach has continually improved, ultimately the data

collection is both expensive and time consuming. Cochran and Derickson (2011) made

an extensive review of the literature concerning the comparisons of full-scale and model-

scale measurements of low-rise buildings. In summary, Cochran and Derickson (2011)

states:
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“The difficulty in obtaining good stationary pressure coefficient data in the field is rou-

tinely demonstrated by all the full-scale studies. When comparisons are made with wind

tunnel coefficient data the full-scale data are almost always more scattered even when

the full-scale data are selected for stationarity. This is, in part, caused by difficult in

presenting single extreme peak samples in a random process.”

Despite this difficulty in study, some wind tunnel studies have shown good agreement

with the equivalent full scale data. Regarding low-rise buildings, Endo et al. (2006) and

Holmes and Cochran (2003) focused their measurements on the windward corner of the

structure. At the windward corners, flow separation and vortex formation are capable of

generating large suction pressures, and are considered to be the focus for peak loading

(see Tieleman (2003)). However, the difficulty of simulating atmospheric turbulence

in the wind tunnel, and the scaling down required became a common conclusion in

these works, and the effects of this on the peak pressures were still left unexplained.

Comparisons between the full-scale and the wind tunnel model for pressure around a

high-rise building are scarce. This in part is due to the difficulty in establishing a reliable

reference pressure. Nevertheless, such analysis is still susceptible to the limitations

observed for the low-rise building (Cochran and Derickson (2011)).

Comparisons between full-scale measurements and wind tunnel testing are crucial to the

understanding of bridge aeroelasticity. Full-scale measurements on long-span bridges

are rare. On the occasions these are carried out, the measurements usually consist of

acceleration, and the wind characteristics (speed, direction). Examples of such valuable

measurements have now been carried out on structures such as the Humber Bridge

(Brownjohn et al. (1994)) and the Charilaos Trikoupis Bridge (Flamand et al. (2014)). To

the best of the author’s knowledge, the only full-scale measurements of the distribution

of wind pressures around a bridge deck were determined by Frandsen (2001) on the

Great Belt East suspension bridge. In their work, the wind pressures were measured on

the deck surface. No pressure measurements were made the trailing and leading edges,

despite these regions being more suited for studying vortex shedding and the incurring

peak loading. Simultaneous pressures and accelerations were recorded to investigate the

interaction between fluid and structure. Comparisons were made to an equivalent scaled

wind tunnel model with reasonable agreement, especially when freestream turbulence

was introduced in the wind tunnel test. Although the observations between full-scale

and model-scale are in fairly good agreement, the full-scale amplitudes were found to

be larger than anticipated. It is suggested by Frandsen (2001) that this was due to a

combination of the well-known uncertainty of the structural damping prediction, and

the underestimation of turbulence in the wind tunnel test. The techniques employed

in the wind tunnel in both measuring pressure and simulating freestream turbulence is

reviewed below.
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Wind codes and standards

Wind loading codes and standards have achieved wide acceptance and at times can

only be the structural engineer’s only form of information for wind loading calculations.

Although often based on extensive research, they are, by necessity, simplified models

of wind loading. Thus great accuracy cannot be expected from them, but at least can

still provide a ‘rule of thumb’ guideline for the structural engineer. Several national,

multinational and international committees have provided their own codes of practice,

containing many similar and independent methods for the calculations of wind loading.

Despite the disparity of approaches, these documents invariably contain the following

topics:

• A specification of a reference wind speed for various environmental locations. Typ-

ically, a reference height of 10m in open country domain is chosen.

• Modification factors for the effects of height and terrain type, and sometimes for

wind direction, topography and shelter.

• Pressure and force coefficient data for structures of various simple shapes.

• A brief account of possible dynamic effects of wind on flexible structures, typically

focusing on resonant responses.

Of particular interest in this thesis are the calculations described in the Eurocodes. The

Eurocodes envelope a single market of 28 countries, including the UK. The British Stan-

dards were required to withdraw all conflicting documents to the equivalent Eurocode

by April 2010. The participating countries of the Eurocodes were obliged to provide

their own national annex to cover country-specific data. As a result, the Eurocodes

contain clauses that allow parameters to be specified by the relevant annex for different

climatic, geological and geographical conditions.

Peak loading on tall buildings are usually the result of extreme suction pressures induced

by flow separation. Consequently, the prediction of the suction pressure and the associ-

ated extreme loads in these regions is the first step in improving the design guidelines in

terms of building code requirements and inspection procedures. The design guidelines

for wind loads in the current codes come mostly from wind tunnel simulations. Yet,

over the past decade, full-scale data have become more available. Comparisons of pres-

sure coefficients from full-scale measurements and wind tunnel experiments show a high

level of variance in the magnitude of surface pressure peaks (Tieleman et al. (1996)).

This disparity is primarily due to variations in the turbulence characteristics, such as

intensity, integral length scales of different velocity components in the incident flow.

Solari and Piccardo (2001) carried out a critical review of the wide range of empiri-

cal, semi-empirical and theoretical models available to describe the streamwise, vertical,
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and spanwise components of turbulence. The reliability of these turbulence models was

found to be strictly dependent on the choice of spectral equations and their parameters.

Solari and Piccardo (2001) also states that each of the available approaches incurred

unavoidable errors and uncertainties. The broad range of available models based on de-

terministic parameters could not be justified by the quality and quantity of the available

data.

A review of the wind codes and standards as described by the Eurocode with regard

to aeroelastic instabilities (mainly concerning long-span bridges) is summarised in Ch.2,

§2.3. The codes of practice not only estimate the wind loading on the structure, but

also provide guidance for the wind tunnel; this methodology is summarised below.

Wind tunnel methodology

The techniques of determining peak pressures on buildings in the wind tunnel develop

continuously. The main focus of these improvements is in the acquisition or process-

ing of wind data. Typically, for determining the local wind pressures on a building, a

wind tunnel test is conducted on a scaled-down model, with pressure taps placed on its

surface. Forces and moments can be determined by the integration of surface pressures

or by direct measurement (e.g. force-balance). When integrating the surface pressures,

the taps must be spaced sufficiently close together that each measured pressure is repre-

sentative of an tributary area (see Fig.1.6). Scaling down the model physically restricts

the number of pressure taps over the whole surface area. Substantial extrapolations are

required in determining the pressure distribution, which cannot always give an accurate

representation of pressure integration over surface areas. The scales used in wind tunnels

also give rise to modelling limitations, where locations on complex geometries cannot be

sampled, once again leaving loading values open to interpretation.

Figure 1.6: Photo of a pressure tap cluster on model. Each pressure tap has a full-
scale equivalent area of less than 1m2. Photo source: Owen et al. (2013).

Most frequently, peak pressures on buildings occur at the roof corners, windward edges,

and ridges (Tieleman (2003)). In some cases, these pressures can be as many as three
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times the pressure observed on the rest of the structure (Chen and Zhou (2007)). Al-

though this knowledge is useful, gauging this pressure is extremely difficult. The reason

pressures are high near the corners, edges and ridges is because of flow separation and

vortex formation. It is challenging to interpolate pressures between probes in these areas

as this requires a prediction for the locations of the vortex region and where the flow

will reattach.

Recent advances for the wind tunnel surround the visualisation of the flowfield using

techniques such as Particle Image Velocimetry (PIV) (e.g. Andrianne (2012) and Laser-

Induced Fluorescence (LIF). In principle these techniques allow planar or 3-dimensional

data to be obtained, but is somewhat limited in cases of structures with complicated

geometries or shielded when obstructed by a congested (urban) setting.

Analysis of slender structures (e.g. long span bridges) in the wind tunnel has often

extended to the consideration of the structural responses. The aeroelastic forces are

usually measured in the wind tunnel on the bridge deck models. Subsequently, these

forces are scaled to the design model to the full-scale bridge. A similarity parameter

which enables this transfer is called reduced wind velocity Ured,B = U/fnB, where fn

is the natural (oscillatory) frequency of the model. To aid the appropriateness of the

quasi-steady assumption, this similarity parameter is considered by observing the fluid

behind the moving bridge deck. Namely, due to the forced motion of the bridge deck,

the fluid behind the body is also experiencing a motion with the same frequency, as

illustrated in Fig.1.7. Taking into account the approaching freestream velocity U , the

wavelength of affected fluid can be estimated as Ly = UT , where T is the motion period.

U y(t)

B

Ly 

Figure 1.7: Representation of the fluid wavelength Ly, after Sarkic (2014).

The reduced velocity can be described,

Ured,B =
U

fnB
=
UT

B
=
Ly
B
. (1.13)

Consequently the fluid-memory effects are becoming smaller when the wavelength Ly

is increasing either by raising the velocity or decreasing the oscillation frequency. For

these higher reduced velocities the flow field is approaching conditions obtained in a case

of a stationary cross-section. In this case the aeroelastic forces can be approximated by
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(a) A schematic of an experimental setup for the
aeroelastic analysis of a bridge deck section. The tun-
nel walls have been omitted for clarity.

(b) Wind tunnel setup for the aeroelastic analysis of
a bridge deck section.

Figure 1.8: Schematic and diagram source: Cekli and Water (2010).

the stationary approach, denoted quasi-steady theory. Limitations for this method are

discussed in Ch.2, §2.2.1.

In order to evaluate whether the body is liable to resonant responses (vortex-induced

vibrations) or motion induced instabilities, a small section of the bridge is elastically

mounted (see Fig.1.8(a)), this is denoted aeroelastic analysis. There are two fundamen-

tal groups of experimental methods for aeroelastic analysis. The forced vibration method

measures and compares pressures over the model which is subjected to prescribed (si-

nusoidal) motion. Alternatively, the free vibration method interpolates the aerodynamic

forces indirectly by measuring the motion of the model supported elastically and driven

by the fluid-structure interaction. Very few contributions to literature compare the char-

acteristics between the two approaches. It can be deduced that the forced vibration test

clearly omits the aforementioned memory effects of the fluid. It is therefore intuitive that

there may be some differences between the methods for the aerodynamic forces at each

cycle. For instance, it is generally agreed that there are considerable discrepancies in

the phase angle between the response of the structure and the aerodynamic force when

comparing the two approaches (Jamal and Dalton (2005); Placzek et al. (2008); Marzouk

(2011)). Experimental literature for this is somewhat limited on the characteristics of

the free vibration. This technique has become more popular in the last decade with

the advancement of modern techniques to record the deflection over time (e.g. Marra

et al. (2011)). However, obtaining accurate data for the simultaneous measurement of

deflection and aerodynamic forces has shown to be troublesome, leading to substantially

large calibration errors (e.g. Ricciardelli et al. (2002); Vandiver et al. (2009)). It is

therefore likely that the assessment of the forces over a freely vibrating body in large

scale turbulent flow is not in the scope of the wind tunnel for the immediate future.

Consequently, the aeroelastic test has been applied in the context of numerical meth-

ods, namely Computational Fluid Dynamics (CFD) with the attempt of reproducing

the wind tunnel.
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For the analysis of bluff bodies in turbulent flow in the wind tunnel, the three methods

typically employed in wind engineering for generating turbulent flow upstream of the

test piece, these include:

1. Passive methods, such as a static grid (e.g. So et al. (2008)). It is difficult in this

method to simulate the turbulence associated with natural wind as the scales are

typically several times that of the width of the test piece.

2. Boundary Layer Wind Tunnel (BLWT) configuration (e.g. Dagnew and Bitsuam-

lak (2009)) as shown in Fig.1.9(b).

3. Actively controlled methods, such as gust generator (e.g. Kobayashi et al. (1990,

1992a); Kawatani et al. (1999)). This is typically achieved by using an array of

flapping airfoils (plates for Fig.1.9(a)). The rotation of the airfoils is prescribed to

attain the desired gust period, thus overcoming the limitation of the first method.

(a) Photo of the actively controlled grid (left), the wind

tunnel configuration with the grid mounted on the nozzle

(right). Diagram source: Cekli and Water (2010).

(b) BLWT configuration of the isolated tall building.

Photo source: Dagnew and Bitsuamlak (2009).

Figure 1.9: Typical turbulence generation techniques in the wind tunnel.

The common problem between these methods is controlling the length scales (eddy

dimensions) of the flow, and requires much calibration before a successful test run.

Actively controlled methods have shown promise in overcoming this aspect, though (like

the passive method) the typical configuration of airfoils somewhat limits the size of

length scales to the spacing between the airfoils. For the BLWT configuration, the use

of a long test section, a fully developed turbulent flow can be generated to analyse large

models (high-rise buildings) and aeroelastic models. However, it can be challenging to

test small objects at large scale (low-rise buildings, small components, etc.). This is due

to the lack of large scale turbulence in the flow. In their reviews, Cochran and Derickson

(2011) and Aly (2014) compare the turbulent inflow generation techniques between the

wind tunnel and CFD, both suggesting that in some cases (such as analysing complex

structures), CFD may be a viable alternative.
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Computational Wind Engineering (CWE)

To the best of the author findings, the earliest numerical calculations for flows around

bluff bodies were performed in the 1960s using panel methods (e.g. Hess and Smith

(1967)). However, the application of Computational Fluid Dynamics (CFD) as seen

today, to the field of wind engineering wasn’t applied until some 15-20 years later (early

example, Vasilic-Melling (1977)). This delay is attributed to the specific difficulties

associated with the flow field around bluff bodies with sharp corners, which are not

normally encountered for simple CFD simulations such channel flow. Murakami (1998)

outlined the main difficulties in CWE:

1. The high Reynolds numbers in wind engineering application, requiring high grid

resolutions, especially in near wall regions with accurate wall functions.

2. The complexity of the three-dimensional flowfield with impingement, separation,

and vortex shedding.

3. The numerical difficulties associated with flow at sharp corners and the repercus-

sions for the chosen discretisation scheme.

4. The inflow (and outflow) boundary conditions, especially in the cases of Large-

Eddy Simulation (LES).

For the final point, the issue of applying the appropriate boundary conditions was no-

tably addressed in the first computational wind engineering conference by Richards and

Hoxey (1993). Their work focuses on the flows around the Silsoe cube within an atmo-

spheric boundary layer using the Launder and Spalding (1974) k− ε Reynold-Averaged

Navier-Stokes (RANS) model. It is well known that this model has several deficiencies,

including the reluctance of capturing flow separation and over-prediction of pressures

over sharp corners. With this in mind many subsequent papers have applied this study

to a wider variety of RANS models, including a notable comparative study in Richards

and Norris (2011).

The issue of boundary condition sensitivity is still apparent today, and becoming a

more urgent one. Evidence of this is present in the number of citations of the original

Richards and Hoxey (1993) paper, which has had only 20 citations within the first decade

of publication, but has grown to 345 citations in the following decade (data obtained

from Google Scholar). Hargreaves and Wright (2007) note that wind engineers rarely

apply all the boundary conditions specified by Richards and Hoxey (1993) and as a

result the turbulence profiles decay along the domain. For LES, the issue of maintaining

the turbulence profiles along the domain because of increasing importance, as this may

undermine the use of LES over RANS. In Ch.4.1, the sensitivity of results to the inflow

characteristics using the inflow condition is addressed. For the 3rd point stated by
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Murakami (1998), the influence of the discretisation scheme (outlined in §3.4) on the

pressure distribution of a bluff body is presented in Ch. 5.

The 2nd point, stated by Murakami (1998), is a major concern to the structural engineer.

Indeed, Cochran and Derickson (2011) express their concerns for the application of

CWE for the flows over buildings, stating “while CFD analysis of wind pressure on

building are impressive when displayed in coloured graphics and seem to look physically

realistic even to the untrained eye, close inspection of the numerically generated peak

pressure are typically wrong to a disturbing degree”. This is based on the observations

for flow separation and reattachment of flows within complex (urban) terrains, which are

generally sensitive to the grid resolution. This aspect of the flow is addressed in Chs.4

and 5. For the former, sensitivity of the grid resolution for purely separating flows is

addressed, while the latter includes the reattachment of the flow. Comparison of results

to the equivalent wind tunnel test are also presented.

1.1.2 Summary on the issue raised in the topics

The review in this chapter has encouraged the following topics to be considered in this

research:

1. Analysis of the mechanisms behind the peak pressures over slender structures.

2. Analysis of the turbulence effects on the vortex formation (and the resulting peak

pressures) over slender structures.

3. A comparison between the forced and free vibration aeroelastic tests.

4. Analysis of the mechanisms into aeroelastic phenomena such as vortex-induced

vibration and flutter.

5. Analysis into the effects of turbulence on an elastically mounted cylinder.

Owing to the large number of civil engineering structures, it would be excessive to inves-

tigate them all. The choice of the aeroelastic systems studied in this thesis is motivated

by the desire to propose a progression from basic bluff body shapes to generic civil en-

gineering applications. The understanding of the fundamental phenomena is facilitated

when simple and documented bluff body geometries are first considered. As a conse-

quence, the selected test cases and applications are of a rectangular cross-section. The

first model considered is the CAARC standard tall building model, which presents as

a rectangular prism. The second, a rectangular cylinder of aspect ratio 4, representing

of a model bridge deck. For each application, the wind loading on these structures is

considered in relation to the equivalent wind tunnel and design code. Large-Eddy Simu-

lation is employed for this research, the efficacy of this numerical approach is examined

throughout this work.
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1.1.3 Thesis structure

The structure of the thesis reflects a number of stages of work undertaken towards the

assessment of the wind loading on structures using Large-Eddy Simulation. Subsequent

chapters report simulation decisions based on both theoretical considerations and test

case results. These steps provide important validation of various aspects of the methods

employed, culminating in the simulations of a tall building model and an elastically

mounted bridge deck situated in turbulent cross-flow.

Chapter 2

The main characteristics of fixed and elastically supported bluff bodies are presented in

chapter 2. An adapted classification of the different aeroelastic phenomena is presented

on the basis of the source of the excitation. Finally, a comprehensive review of the Eu-

rocodes and British Standards is provided, focusing on the calculations of wind loading

aeroelastic tests on slender structures.

Chapter 3

The numerical methodology for this thesis is described in chapter 3. The relevant physics

relating to turbulence is introduced. The methodologies for Large-Eddy Simulation,

and the descritisation methods employed in OpenFOAM are described. A review of the

various turbulent inflow methods is presented, followed by a description of the inflow

generation method (Kim et al. (2013)) utilised for the present work. Finally, the various

dynamic mesh approaches are described, with a description of the method employed in

the present work. The techniques employed, and the additional coding required for this

research is provided at the end of the chapter.

Chapter 4

Chapter 4 assesses the suitability of a synthetic inflow generator for peak loading pressure

on a CAARC standard tall model building is assessed. The sensitivity of the peak

loading to the characteristics of the inflow generator (turbulent intensity and length

scales) are studied. The characteristics of the peak loading to between an urban and

rural environment are also discussed. An investigation of the characteristics of vortex

shedding over the structure is subsequently examined, utilising conditional sampling for

this analysis, as well as correlations of pressure between the between each of sides of

the model. Conditional sampling is also utilised in the study of the characteristics of

the flow along the lateral sides of the building while focusing on the effects of the inflow

mean velocity on the results. Probability Density Functions (PDFs) of the wind loads

on the lateral sides of the structure are also performed.

Contents in this chapter are also included in the following journal publication

• Daniels, S.J. Castro, I.P. and Xie, Z-T. (2013). Journal of Wind Engineering and

Industrial Aerodynamics, 120, 19-28. (doi:10.1016/j.jweia.2013.06.014),
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and the following conference proceedings

• Daniels, S.J. Castro, I.P. and Xie, Z-T. (2012). 10th UK conference on Wind

Engineering, Southampton, UK, September,

• Daniels, S.J. Castro, I.P. and Xie, Z-T. (2013). 6th European and African Wind

Engineering Conference, Cambridge, UK, July.

Chapter 5

The first half of chapter 5 focuses on the mesh sensitivity of the flow around the fixed

(static) rectangular cylinder of aspect ratio 4 (simulating a simplified bridge section) in

smooth flow. The sensitivity of the aerodynamic forces and vortex shedding frequencies

to the mesh resolution is analysed. Spanwise correlations of pressure along the cylinder

were conducted to assess the characteristic length scales for the fixed cylinder; this again

is part of the mesh sensitivity study. The second half of the chapter utilises the synthetic

inflow technique used in Chapter 4 to study the effects of freestream turbulence on the

static cylinder. The flow features, and pressure statistics are compared to that of the

static cylinder in smooth flow.

Chapter 6

Chapter 6 focuses on the elastically mounted rectangular cylinder studied in chapter 5.

The responses of the cylinder for the 1DOF heaving (plunging) and torsional (pitching)

motions were conducted and the characteristics of the aerodynamic forces, vortex for-

mation, correlations and spanwise length scales are analysed. The appropriateness of

the zero-pressure boundary condition for dynamic cases is discussed, with a proposal of

a new boundary condition. The pressure distribution (peak loading) over the cylinder

for each cycle is discussed. Comparisons are subsequently made between a forced (pre-

scribed) and free vibration. Flutter derivatives are subsequently derived and discussed.

A discussion is made between the overall differences of the static and freely vibrating

structure. The sensitivity of the response of the structure to the characteristics of the

inflow generator (turbulent intensity and length scales) are studied. The responses of

the cylinder for the 1DOF heaving (plunging) and torsional (pitching) motions were con-

ducted and the characteristics of the aerodynamic forces, vortex formation, correlations

and spanwise length scales are analysed. The mechanisms of the freestream turbulence

effects is subsequently discussed.

Contents in this chapter are also included in the following publications

• Daniels, S.J. and Xie, Z-T. (2015). Frontiers in Fluid Mechanics Research, 126,

199-203. (doi:10.1016/j.proeng.2015.11.218).

• Daniels, S.J. Castro, I.P. and Xie, Z-T. (2016). Journal of Wind Engineering and

Industrial Aerodynamics, 153, 13-25. (doi:10.1016/j.jweia.2016.03.007).
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and the following conference proceedings

• Daniels, S.J. Castro, I.P. and Xie, Z-T. (2014). 6th International Symposium on

Computational Wind Engineering, Hamburg, Germany, June.

• Daniels, S.J. Castro, I.P. and Xie, Z-T. (2014). 5th. European Conference on

Computational Mechanics (ECCM V), Computational continuum mechanics with

OpenFOAMTM symposium, Barcelona, Spain, July.

• Daniels, S.J. Castro, I.P. and Xie, Z-T. (2014). 11th UK conference on Wind

Engineering, Birmingham, UK, September.

• Daniels, S.J. Castro, I.P. and Xie, Z-T. (2015). 7th International Conference on

Fluid Mechanics (ICFM7), Qingdao, China, May.

Chapter 7

A brief summary of the main results are presented, focussing on the most important

conclusions and contributions of the thesis. Suggestions for future work are made.





Chapter 2

Aerodynamics and vortex

shedding of slender structures

The generation of large negative peak pressures from shear layer instabilities has long

been recognised as a major cause of damage for civil engineering structures. Thus it is

necessary to review the existing literature on such phenomena. The flows in this chapter

are considered to be two-dimensional such that these are either cases of a section of a

long-span bridge or the mid-height cross-section of a tall building. For the latter, the

three-dimensional ‘end-effects’ are addressed in Ch.4. Consequently, in this chapter, the

aerodynamic coefficients for the lift, drag, and pitching moment per unit length (span)

of the cylinders considered are defined,

CL =
L

1/2ρU2B
, CD =

D

1/2ρU2B
, CM =

M

1/2ρU2B2
, (2.1)

where L, D, M are the lift, drag and pitching moment respectively, ρ is the density of

the fluid, U is the freestream velocity, and B is the chord length of the cylinder. While

natural wind is inherently turbulent, the effects of this are only briefly commented on

in this chapter; an in-depth discussion on this topic can be found in Chs.4 and 6. The

focus is made throughout this chapter on the aspect ratio of the structure (i.e. the

slenderness) and the resulting shear layer characteristics.

The first part of this chapter reviews the incurring shear layer instabilities over a fixed

cylinder. A review is made on the shear layer separation at the windward edge of the

body and its effects on the wake. The second part of this chapter addresses the shear

layer instabilities incurred from an elastically supported cylinder. The various aeroelastic

phenomena are reviewed with an attempt to distinguish their unique characteristics.

An overview of the European Standards of wind engineering is made at the end of this

chapter concerning the practices of mitigating the reviewed aeroelastic phenomena. A

summary and focus of analysis for this thesis concludes this chapter.

25
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2.1 Aerodynamics of fixed slender bodies

For most structures in wind engineering, the locations of extreme suction pressures can

be found at the windward corners of the building (Tieleman (2003)). In these regions,

the sudden curvature of the shape creates a strong adverse pressure gradient, which com-

bined with the decelerating effect of the skin friction, forms an unstable shear layer along

the lateral sides of the structure. The shear layer will either reattach itself somewhere

along the surface of the structure, or overshoot it completely. For the former, the region

after the reattachment point is denoted the ‘after-body’ (Paidoussis et al. (2011),Nau-

dascher and Rockwell (2004)). The reattachment of the shear layer is dependent on two

main parameters:

1. The turbulent characteristics of the freestream flow.

2. The bluffness of the body, characterised in the context of this thesis as the B/D

ratio, where B is the chord-length and D is the thickness of the cylinder.

Separation
Separation Reattachment

B

D

Figure 2.1: Flow separation on rectangular cylindersB/D = 0.67 and 4 in smooth flow
(plain lines), and turbulent flow (red dashed lines). The contour diagrams (generated
using Large-Eddy Simulation) correspond to the geometries considered in Chs.4 and 5

respectively.

The influence of these two factors are illustrated in Fig.2.1, where flow separation is

sketched for rectangular cylinders of (a) B/D = 0.67, and (b) B/D = 4 respectively.

Due to the unstable nature of the shear layers, i.e. the presence of small turbulent

eddies, these lines show a mean position of the shear layer. The solid (blue) lines

describe the shear layers in a smooth flow, the dashed (red) lines indicate turbulent
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flow. The corresponding mean velocity contour diagrams are of the cases presented in

Chs.4 and 5 respectively. In Fig.2.1a, the smooth and turbulent flows do not reattach to

the surface of the body; the presence of turbulence in the freestream does not affect the

state of this flow separation (see Yu and Kareem (1997)). For Fig.2.1b, the smooth flow

separates from the leading edge and reattaches at approximately 0.7B (see Ch.5); for

the case of a turbulent flow, the reattachment length Xr from the leading edge reduces

(e.g. Saathoff and Melbourne (1997)). Due to the presence of the after-body, the flow

in the case of Fig.2.1b separates for a second time from the sharp trailing edge, while

the body in Fig.2.1a is engulfed in its own wake. In both cases, the shear layers from

the upper and lower surfaces will roll up to form the unsteady phenomenon of a von

Karman vortex street in the wake.

(a) (b) (c)

Figure 2.2: Schematic flow around a bluff body: oncoming turbulence (a), flow sepa-
ration (b) and von Karman vortex shedding (c). Redrawn from Wu and Kareem (2012).

The mean profiles for the shear layer separation and reattachment indicate the locations

of the peak loading on the cylinders. Besides a primary concern for the mean profiles,

the sources of unsteady pressure fluctuations are of interest to the structural engineers.

Two main sources of unsteadiness in the flowfield can be identified: firstly, the state of

the turbulence of the natural wind approaching the structure; secondly, the local turbu-

lence provoked in the wind by the structure itself. The unsteady shear layer separation

(and reattachment) can be considered as a local or signature turbulence, characterised

by the geometry of the cylinder (Simiu and Scanlan (1996)). Kareem and Wu (2012)

summarised the sources of unsteadiness in the flowfield around a static cylinder; this

is demonstrated in Fig.2.2. The three sub-figures (a,b,c) shows a qualitative compar-

ison of the frequency content for the oncoming turbulence (a), flow separation (and

reattachment) (b), and vortex shedding (c). Clearly for (a), the spectrum presents the

typical profile of the turbulent energy cascade (see Ch.3.2). For (b) and (c), the ’peaks’

represent the periodicity of the separation from the related corners of the bluff body.

It can be seen that the peak for (b) is at a higher frequency compared to (c), due to

the Strouhal number (discussed below) and the related length scale (e.g. thickness of
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cylinder). The frequency of (c) is characterised by the periodicity of the Von Karman

vortex shedding in the wake.

The periodicity of the von Karman vortex street in the wake was observed by Strouhal

in 1878 while studying the flow induced vibrations of a taut wire. This resulted in what

is widely known as the Strouhal number, described

Str =
fsD

U
, (2.2)

where Str denotes the Strouhal number, D represents a characteristic length scale -

perpendicular to the oncoming flow, and fs is the frequency of the vortex shedding.

Strouhal understood that the vibrations were caused by an alternating force either side

of the wire with an initial indication of alternating fluid separation. The mechanism

behind these vibrations was first described by Benard in 1908, who concluded that the

periodicity of the wake of a bluff body was associated with the vortex formation. Fol-

lowing this, von Karman in 1912 provided a theoretical model to describe the formation

of a stable street of staggered vortices, thus the phenomenon bears his name.

From low to high Reynolds numbers, the phenomenon of von Karmen vortex shedding

persists even though the nature of the process changes significantly (Roshko (1993)).

The focus of much of the research in this area has been on relatively bluff structures

with no after-body. The circular cylinder, as an example of a short bluff body, has

received considerable attention due to its simple geometry and the many applications

in engineering design. For comprehensive reviews of the flow around circular cylinders,

the reader is referred to Williamson (1996) and Zdravokovich (1997). In keeping with

the geometries of this thesis, the focus of this section is the shear layer characteristics

of bluff bodies with a rectangular cross-section.

For shorter bluff bodies (e.g. B/D ≤ 3), Gerrard (1966) has described the mechanism

by which the von Karman vortex streets are formed. His conception of the shedding

phenomenon is that the vortices are formed alternatively by the interaction of the two

separated shear layers via entrainment into the growing vortex. This entrainment of

vorticity eventually cuts off the growing vortex at the point that it is shed from the body.

Thus, it is expected that altering the separated shear layers will lead to significantly

different vortex street characteristics. Apart from those listed at the beginning of this

section, other parameters which may affect the wake of slender structures include the

leading edge and trailing edge geometry, and asymmetries. Within this vast list of

parameters, the understanding of the shear layer mechanisms over slender rectangular

cylinders has been the focus of many papers.

At present, there is a relatively thorough understanding of the flow around rectangular

cylinders at low Reynolds numbers. Nakamura and Nakashima (1986) found that there

was an instability at low Reynolds numbers (Re < 2000) which controlled the shedding

of vortices from the leading edge. They called this instability the Impinging Shear Layer
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Instability (ISLI). Later researchers found that it did not have to be an impingement

of the separated shear layer with the trailing edge, but that the convection of leading

edge vortices past the trailing edge was enough to complete the feedback from the wake

to the leading edge and therefore renamed the shear layer instability the Impinging

Leading Edge Vortex (ILEV) (Naudascher and Wang (1993)); this is demonstrated in

Fig.2.3. This instability represented the general understanding of slender body flows

until Hourigan et al. (2001) showed the importance of Trailing Edge Vortex Shedding

(TEVS) to the overall process. At higher Reynolds numbers, it is well known that

the ILEV instability is suppressed (e.g. Nakamura et al. (1991)); however, at these

high Reynolds numbers, there is very little discussion on the mechanisms of the wake

formation in the literature.

Impinging leading 
edge vortex 

Trailing edge 
vortex shedding

Figure 2.3: A sketch of the vortical flow structures for flow past a rectangular cylinder.

Analysis of rectangular cylinders with B/D > 3 at higher Reynolds numbers are scarce

in the literature, despite these being closer to the realistic bridge aspect ratio. Several

case studies exist focusing on specific bridge designs (e.g. Diana et al. (2010)); however,

few studies exist of a more fundamental nature. The more fundamental work at these

Reynolds numbers is found largely in two separate categories since there are two separate

phenomena which make up this class of flows: leading edge separating-reattaching flows

and trailing edge vortex shedding. From this review, it can be deduced that the cases

considered in this thesis are going to have, to a certain degree, some ILEV influence on

the wake of the cylinders. This aspect is investigated in Chs.4 and 5 of this thesis.

Up to this point, the mechanisms of flow separation and re-attachment have been pre-

sented for static slender cylinder. The flow-field around an oscillating cylinder changes

radically compared to the static configuration. Many investigations have been carried

out in the past to characterise this effect using imposed motion tests. This type of

test, also denoted forced oscillation test, allows the study of the unsteady aerodynamics

around a body through pressure and flow measurements while the model is driven by a

prescribed motion (e.g. Washizu and Ohya (1980)). Free vibration tests, on the other

hand, have shown to be quite troublesome in the extraction of aerodynamic forces during

each cycle in experiments. The relationship between the aerodynamic forces and body

acceleration is non-linear and not yet fully understood. The default choice in this thesis

is to investigate the cylinder under a free vibration test. Ch.6 compares the pressure

and aerodynamic forces between free and forced motions.
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2.2 Aerodynamics of elastically mounted slender bodies

When dealing with an oscillating body, it is necessary to introduce an additional nondi-

mensional variable, the reduced velocity, Ur, defined as

Ur =
U

fnD
, (2.3)

where fn denotes the frequency and D is the thickness of the cylinder. In the case of

forced oscillations, fn corresponds to the frequency of the imposed motion. When free

vibration tests are carried out, fn is the natural frequency of the cylinder, which can

intermittently vary at certain reduced velocities, as shown in Ch.6. It is obvious that

Eqs.2.2 and 2.3 are similar. In the literature, the characteristic length B is often used.

The choice between the length scales B and D is historical: Strouhal was interested

in the cross-flow phenomena in the wake of a circular cylinder, hence he proposed a

non-dimensional number based on the cross-flow characteristic dimension, which is of

course equal to the diameter/thickness in the case of a circular cylinder. On the other

hand, the concept of reduced velocity was first introduced in the field of aeronautics,

in the analysis of airfoils. On the basis of the work by Theodorsen (1935), and others,

the chord length, B, was naturally selected. The reduced velocity describes the relation

between the motion of the cylinder to the freestream velocity of the fluid:

• A large Ur corresponds to slow motion of the body compared to the freestream

velocity: the fluid has the time to adapt to the motion of the body.

• A small Ur corresponds to a high frequency motion, the characteristics of the fluid

are influenced by the motion of the body (severely distorting the vortex shedding

process), which could lead to a number of aeroelastic phenomena.

It is interesting to investigate through numerical analysis the main characteristics of the

flow-field around an oscillating body. As presented in the previous section, the charac-

teristics of the separated flow around a bluff body depends on the Reynolds number and

the aspect ratio B/D. It is proposed here to limit the discussion to Reynolds numbers

pertaining to natural wind (turbulent flows) and to describe the effect of the motion,

through Ur, on

• The aerodynamics of freely vibrating rectangular cylinders for both heaving and

torsional motions at a resonant response.

• The aerodynamics of freely vibrating rectangular cylinder for motion-induced in-

stabilities at different aspect ratios.



Chapter 2 Aerodynamics and vortex shedding of slender structures 31

2.2.1 Aeroelastic Instabilities of bluff bodies

Aeroelastic instabilities of flexible slender structures is investigated by many fields of

research. However, classification of aeroelastic phenomena varies according to the related

industry or background of the researchers. Indeed this issue has already been emphasised

by Blevins (2001), and there are many review papers on this matter (Parkinson (1989),

Naudascher and Rockwell (2004)). Consequently, it is not simple to classify the different

types of aeroelastic instabilities of bluff bodies. However, this thesis will outline the

existing attempts at this categorisation.

A notable contribution in recording the aeroelastic instabilities associated with bridges

is that of Simiu and Scanlan (1996). From this, three global categories into which all

these effects fall are vortex-induced vibration, galloping, and flutter. In the case of

flutter, this is again divided into multiple categories: torsional flutter (with attached

flow), panel flutter (typical of bridge sections), classical flutter (2 Degree-Of-Freedom

(DOF)), and torsional flutter (1DOF). Though this list seems thorough, it does not

fully classify each phenomenon. The list by Simiu and Scanlan (1996) is based on the

causes of, and the visual characteristics (amplitude, frequency etc.) of each aeroelastic

instability. Similarly the classification by Naudascher and Rockwell (2004) applies the

same criterion, but distinguishes these in terms of the body oscillator, a fluid oscillator,

and the sources of excitation. They define these sources in three categories:

• Extraneously Induced Excitation (EIE): independent of any fluid instability due to

the structure or its motion, e.g. turbulence in the oncoming flow-field or influence

of the wake of an obstacle located upstream.

• Instability Induced Excitation (IIE): flow instability due to the presence of the

structure, e.g. alternate vortex shedding (in the sense of Von Karman), or buffeting

loads.

• Motion Induced Excitation (MIE): fluctuating forces due to the motion of the

structure.

In this thesis, the body oscillator is described to be linear expression. The present work

only considers the DOF for the body oscillator separately. This simplifies the complexity

of Naudascher and Rockwell (2004)’s classification by omitting the 2DOF instabilities.

However, due to the separation and reattachments of the flow around the body, nonlin-

ear effects are still calculated from the fluid domain making the calculations somewhat

complicated yet of a higher fidelity than attributing this to a linear equation. Fig.2.4

shows the resulting categorisation of the remaining aeroelastic phenomena. The overlap-

ping between the three sections is deliberate as it is possible for a simultaneous presence

of several sources of excitation in the system. This is common in wind engineering ap-

plications, particularly when considering the structure is almost certainly in turbulent
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flow. The effects of turbulence can cause the EIE and MIE coupling for bridge decks

and iced power lines, which are susceptible to galloping and flutter. A clear example of

this is presented in the works of Scanlan, who studied the effects of VIV and flutter on a

bridge deck (MIE-IIE) situated in a smooth flow Scanlan (1998), followed by a turbulent

flow (MIE-EIE) (Scanlan (1997)).

             EIE

 - Freestream turbulence

 - Wake galloping

      MIE

- Torsional flutter

- Galloping

- Classical flutter

 

              IIE

     - Vortex-Induced

        Vibration

       - Buffeting

Figure 2.4: Classification of the aeroelastic instabilities of bluff bodies.

Ch.6 of this thesis focuses on the effects of the IIE-EIE coupling in the form of analysing

the turbulence effects of the cylinder undergoing vortex-induced vibration. It is difficult

to uncouple the effect of turbulence from the other aeroelastic effects (as discussed in

§1.1). A review for the characteristics of the self-limiting and diverging phenomena for

elastically mounted rectangular cylinders are discussed in the proceeding sections.

Vortex-induced vibrations

From the preceding sections it should be clear that even for large Reynolds numbers, as

in atmospheric flows, vortices are shed from the bluff body periodically. This periodicity

has a significant influence on the aerodynamics forces, which, in turn, also oscillate at the

same frequency as the vortex shedding. Considering an elastically supported body, the

vortex shedding has only a small contribution to the response of the cylinder, but when

the shedding frequency is close to the natural frequency of the cylinder, a resonant

response occurs. This resonance is denoted Vortex-Induced Vibration (VIV), and is

defined as an IIE in the framework of Naudascher and Rockwell (2004) discussed above.

At the occurrence of VIV, the amplitude starts to increase and the cylinder’s motion

dominates the surrounding fluid motion. This particular aeroelastic phenomenon leads

to the violation of the Strouhal law (Eq.2.2); specifically, the frequency of the structure
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dictates the formation of the vortex shedding phenomenon, even when the freestream

velocity displaces the Strouhal number from the natural frequency of the cylinder. This

phenomenon is denoted lock-in or synchronisation, and this region is presented as a

plateau (see Fig.2.5).

Ur=U/fnD

f/fn

1

lock-in
region

y/D

Figure 2.5: Schematic representation of the lock-in phenomenon, where f represents
the vortex shedding frequency, fn is the natural frequency of the structure.

VIV is considered to be a self-limiting phenomenon. The main three parameters of VIV

are the freestream velocity U , the mass per unit length m and the structural damping

ζy of the cylinder. The peak amplitude in the lock-in region is dictated by the mass

and damping ratios of the fluid and the structure. A series of mass-damping numbers

have been proposed from the observations of this characteristic. Of these, the Scruton

number (Sc) has become the most popular in the cases of bridge sections. The Scruton

number for the heaving motion is defined as

Sc =
4πmζy
ρDB

, (2.4)

where D is the thickness of the structure, B is the chord length, and ρ is the fluid density.

Increasing the Scruton number (i.e. increasing the mass or damping of the structure,

or by reducing its dimensions) decreases the amplitude of the structure. Typically,

Scruton numbers for a bridge section lie within the range 3 ≤ Sc ≤ 12. For the smaller

Scruton number, the consistency of the peak amplitude to the Scruton number becomes

questionable (Larsen (1995)). Hence, the Scruton number is rarely used for structures

such as bridge cables. For this application, Skop and Griffin (1973) introduced the so-

called Skop-Griffin number, defined as SG = 4πStr2Sc. This combined mass-damping

parameter includes both dynamic and aerodynamic parameters of the system and is

used as an estimate of the likelihood of a structure to undergo VIV. For SG > 5, no risk

of VIV is expected, according to Skop and Griffin (1973). This simple criterion is widely

used in design and construction codes, such as the Eurocodes (see §2.3). However, for

consistency with the literature, the Scruton number is chosen for this thesis.
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Figure 2.6: Effect of the heaving motion on the wake of a circular cylinder (repro-
duced from Williamson and Roshko (1988))

The effect of the VIV motion on the wake leads to variations in vortex shedding patterns.

Despite the plausible model by Gerrard (1966), the conventional alternating vortex sheet

is not the only type of vortex shedding that can be obtained from a dynamic bluff body.

As reported in the review by Williamson and Govardhan (2004), recent advances in

computational ability and experimental techniques have allowed a more detailed study

of wake vortices. In their work, three types (modes) of vortex shedding were identified

around the lock-in region for a circular cylinder. The mechanisms behind the additional

vortex modes were discussed previously by Williamson and Roshko (1988), who con-

ducted detailed analysis of the wake for different amplitudes and frequencies under a

forced vibration. Fig.2.6 shows the progression of patterns, or modes, identified for dif-

ferent imposed amplitudes and the reduced velocities. The critical curve on this figure

corresponds to the case when the resonant frequency of the structure is equal to the

vortex shedding (Strouhal) frequency. Due to the close relation between the aerody-

namic forces and vortices in the wake, it can deduced that the progression of this vortex

shedding pattern is dependent on the aerodynamic loading (and vice-versa). To the best

of the author’s knowledge, such pattern have not been presented for any cylinders other

than that of a circular one. As the rectangular cylinder has the additional shedding

from the leading edge, it may be speculated that the vortex shedding patterns such as

‘2P’ may be generated at lower amplitudes.
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To eliminate a VIV response, usually devices such as fairings, flaps or deflectors are

used to slightly distort the flow around the bridge section. Therefore, it would be con-

venient and useful that the mechanisms of VIV are investigated. Many researchers have

made speculations as to the flow characteristics of VIV, particularly around rectangular

cylinders; these are reviewed herein.

To the best of the author’s knowledge, the earliest attempt at describing the mechanism

of VIV was in the pioneering work of Komatsu and Kobayashi (1980). Using a smoke-

wire method to visualise the flowfield, Komatsu and Kobayashi (1980) identified the

formation of a vortex at the leading edge of various cylinder cross-sections undergoing a

forced vibration. Pressure measurements over the cylinders indicated that the loading

was entirely due to the leading edge vortex formation at each half cycle of oscillation.

They denote this phenomenon as a Motion Induced Vortex (MIV) and subsequently

suggest this is formed in time with the natural frequency of the cylinder in the lock-in

region. From this, they suggest that the von Karman vortex street may, in some way,

excite the MIV, though this is not proved in their work.

Figure 2.7: Illustration of the behaviour of the separating shear layer during one
cycle of a heaving cylinder undergoing a forced vibration, as described by Yamada and

Miyata (1988) (diagram source).

Yamada and Miyata (1988) also focused their attention on the pressure distribution over

the cylinder during each cycle of a forced vibration and also measured a peak negative

pressure towards the leading edge. From this, Yamada and Miyata (1988) describe the

formation of a ‘separation bubble’ out of phase from its motion (e.g. on the upper surface

while the cylinder’s moving downward), as illustrated in Fig.2.7. It should be noted
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that there is no indication in this work of the bubble’s contribution to the motion of the

cylinder, only that the size of the bubble is an indication of the cylinder’s amplitude.

Based on their previous work, Naudascher and Wang (1993) expanded on their identifi-

cation of the Impinging Leading Edge Vortex (ILEV) (discussed in §2.1) from the fixed

to an elastically mounted cylinder. The focus of their work was the identification of

the resonant responses of rectangular cylinders for different aspect ratios (B/D), and

for different inclinations of the oncoming flow. Based on the guidelines proposed by

Shiraishi and Matsumoto (1983), they speculated that the ILEV was responsible for the

VIV response of both heaving and torsional motions for aspect ratios 2 < B/D < 8, as

shown in Fig.2.8. The VIV excitation of the cylinder is located at Ur = 1/Str for the

heaving and Ur = 2/(3Str) for the torsional motion, while the sub-harmonic response

for the heaving motion is located at Ur = 1/(2Str). In a similar observation to Komatsu

and Kobayashi (1980), Naudascher and Wang (1993) speculated that the ILEV is formed

during half cycle of the cylinder’s motion. Despite a clearly different mechanism influ-

encing the ILEV between a fixed and dynamic cylinder, Naudascher and Wang (1993)

made no changes to the label of this vortex. Hence, to avoid ambiguity, the formation

of the leading edge vortices in the case of a vibrating bluff body are denoted as Motion

Induced Vortices (MIVs) in this thesis.

y/D

Ur=U/fnD1/Str

αB/2D

Ur=U/fαD2/3Str

1/2Str

2/Str

(a)

y/D

Ur=U/fnD1/Str

αB/2D

Ur=U/fαD2/3Str

1/2Str

2/Str

(b)

Figure 2.8: Locations of the 1DOF VIV responses for (a) heaving and (b) torsional
motions respectively of a rectangular cylinder (B/D = 4) as described by Shiraishi and
Matsumoto (1983). Note that Str is the Strouhal number, defined by Str = fsD/U ,

with fs being the vortex shedding frequency.

Matsumoto et al. (2008) speculated that a sub-harmonic response was due to the MIV

interacting with the wake of the cylinder. From this they speculate that the MIV con-

vects over the cylinder at approximately 50% and 60% of the freestream velocity for the

heaving and torsional motions respectively. Using Particle Image Velocimetry, Andri-

anne (2012) investigated the interaction of the MIV with the von Karman wake vortices

for a freely vibrating cylinder in a torsional motion. These measurements highlight the

complex behaviour of the unsteady flow over the surface and the creation and convec-

tion velocity of the MIV. From this Andrianne (2012) was able to see that the MIV

was formed in phase with the motion of the cylinder (e.g. on the upper surface while

the cylinder’s moving upward). The convection velocity of the MIV agreed with the

speculation of Matsumoto et al. (2008).
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From the above review, it can be deduced that a MIV is formed by the motion of the

cylinder - regardless whether this is prescribed or not. What seems to be unclear in the

literature is a verification of the MIV’s role on the VIV response - whether this be quite

simply, the cause of VIV, or its self-limiting mechanism.

While the MIV’s role in VIV has not been clearly clarified, a number of methods have

been proposed in suppressing the VIV response. Changing the cross-section at the

leading and trailing edge of a slender body has long been the standard practice to

mitigate the effects of VIV. Fig.2.9 shows the effects of various fairing and hand rail

configurations on the VIV response. It can be observed in Fig.2.9a that the presence

of perforated handrails has not only reduced the amplitude but also the lock-in range.

This can also said to be for the presence of fairings in Fig.2.9b. It can be deduced

that the MIV may be depleted by the adjustment of the leading edge of the cylinder,

particularly in the case of Fig.2.9b, where the modification has resulted in a streamlining

effect which would interrupt the onset of a separating shear layer. Although the failure

was due to flutter-divergence, the Tacoma narrows bridge (summarised in §1.0.1) was

also susceptible to VIV due to its H-shaped cross-section in a similar way to the presence

of railings in Fig.2.9a.

(a) (b)

Figure 2.9: Heaving responses for a bridge deck showing the effect of rail blockage (a)
and fairings (a). Original diagram sources: Wardlaw and Ponder (1970) and Wardlaw

(1992) respectively. Diagrams can also be found in Blevins (2001).

Scanlan (1982) suggests that there are two different types of structure which are sus-

ceptible to VIV: bluff bodies with no shear layer attachment (or no after-body), and

slender bodies. The latter is susceptible to both VIV and galloping. The characteristics

of galloping are discussed in the proceeding section.
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Galloping

Galloping is a single DOF instability in a direction normal to the oncoming flow. As

shown in Fig.2.4, galloping is considered to be a MIE phenomenon, i.e. the aerodynamic

excitation results from the separation and re-attachment of the flow due to the motion of

the structure. Visually, galloping is identified with large amplitudes at one of the lowest

heaving modes of the structure. At the same time, the phenomenon is characterised by

a critical wind speed beyond which the amplitude of the structure can grow indefinitely.

Such characteristics are discussed below.

Probably one of the first major contributors to the research of galloping was Den Har-

tog (Den-Hartog (1932, 1956)) who discussed the mechanism of galloping excitation for

transmission lines. From this work, the well popularised Den-Hartog criterion was pro-

posed - expressing the critical wind speed as a function of the slope for the lift coefficient

and the drag coefficient. Generally, the expression for a stable galloping oscillation is

described,
∂CL
∂α

(α0) + CD(α0) > 0 (2.5)

where CD(α0) and ∂CL
∂α (α0) are the drag and first derivative of the lift around the angle

of attack of zero. Based on Eq.2.5, the structure can become unstable if the lift decreases

at a rate that exceeds the drag coefficient (typically CD > 0) with increasing angle of

attack. Generally, circular cylinders (or bridge cables) are not prone to this type of

instability, since ∂CL
∂α (α0) = 0 and CD > 0. However, under certain conditions, such as

ice coating, the geometry can become vulnerable to this instability.

The question of whether the peak oscillation is due to VIV or galloping has been a

recurring one. It is generally agreed that when one phenomenon is suppressed, the other

appears (Mannini et al. (2013)). The key difference between the two is the presence

of divergence for galloping. Determining the onset of this divergence as a function of

freestream velocity has been approached analytically before. Blevins (2001) presents the

full derivation of such a function using an extension of Den-Hartog’s approach,

Ucrit
fnD

=
8mπζy

ρD2(∂CL
∂α (α0) + CD(α0))

, (2.6)

where ρ is the density of the fluid, and ζy is the damping ratio of the structure. It should

be noted that the onset of the critical freestream velocity Ucrit is increased with mass

and damping of cylinder.

One major characteristic of galloping is that the phenomenon is dominated by the mo-

tion of the cylinder, it would be reasonable to assume that the ‘memory effects’ of the

fluid can be neglected (see §1.1.1). Based on this assumption, it has been shown that
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analysing the cylinder in a fixed or static state is sufficient for describing the aerody-

namic characteristics of galloping; this approach is denoted quasi-steady theory. In this

method, an analytical model is used to speculate the response of the cylinder based on

the aerodynamic coefficient deduced from a static case (see Blevins (2001),Andrianne

(2012)). However, this method is only valid when the frequency of the vortex shedding

is much greater than the resonant frequency of the structure, such that U/fnD > 20

(Bearman (1984); Blevins (2001)) or a more restrictive U/fnD > 30 (Bearman et al.

(1987)). It is unfortunate that the reduced velocity range for aeroelastic instabilities are

typically within 1 < U/fnD < 20. Thus, as the investigations in this thesis are focusing

within the range of 6 < U/fnD < 14, quasi-steady theory is not employed in this work.

Figure 2.10: Characteristics of the flow-field around a rectangular cylinder, where
S is the Strouhal number (equivalent to Str), Ys is the rms response (equivalent to
y/D), and Umax is the reduced velocity (U/ωD), and d/h ratio is (equivalent to B/D).

Diagram source: Paidoussis et al. (2011).

For rectangular cylinders, another key characteristic of galloping is the progression of

Strouhal number and response amplitude with the aspect ratio of the cylinder (B/D).

This progression, as presented by Parkinson (1974) (Fig.2.10) has the following key

moments:

1. A peak is observed in the curve of CD for (B/D)crit = 0.62. Below this value, the

shear layer that separates from the leading edge does not reattach to the body, in

a similar manner to Fig.2.1a. Fig.2.10 does not show the lift coefficient CL, but
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it can be stated from Hemon and Santi (2002) that its shape is similar to that of

CD: below (B/D)crit, the slope of CL(α) is positive and it becomes negative above

that critical value.

2. A steep increase of the Strouhal number is observed between the ranges 2.5 <

(B/D)attach < 3.0. This abrupt change is due to the re-attachment of the shear

layer on the top and bottom surfaces of the bluff body. The re-attached flow

separates then a second time at the trailing edge of the body, as shown in Fig.2.1b.

The subscript ’attach‘ is used here to highlight the important change in the flow

pattern. The partial re-attachment of the flow is found responsible for the self-

limiting amplitudes of the galloping oscillations (Naudascher and Rockwell (2004)).

Overall, galloping is considered to be present within these two regions 0.62 < B/D <

(2 or 3). Given the high reduced velocity assumption for quasi-steady theory, the heav-

ing instability in this range is referred to as High Speed Galloping (HSG). At the same

time, it is reported by Nakamura and Matsukawa (1987) that there is potential for gallop-

ing at aspect ratios less than 0.62. This instability, also created by negative aerodynamic

damping, is observed at reduced velocities below the VIV range. This is denoted Low

speed galloping (LSG). The differences between LSG and HSG surrounds the behaviour

of the cylinder at a certain freestream velocity: LSG is velocity restricted (like VIV)

and is self limiting, while the amplitudes diverge with HSG with increasing freestream

velocity. The location of these galloping responses with increasing freestream velocity is

shown in Fig.2.11.

VIV
LSG

HSGy/D

Ur=U/fnD1/Str

Figure 2.11: Diagram illustrating the heaving instabilities: Low-Speed Galloping
(LSG) - Vortex-Induced Vibration (VIV) - High-Speed Galloping (HSG).

The heaving form of galloping is not usually a problem for bridge decks, but may occur

for very bluff sections, which would be too stiff for this type of phenomena to present.

However, this instability is still applicable for other parts of the bridge, such as towers

and cables.
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Flutter

Though originally a term applied to the aeroelastic instability of aeronautic structures,

flutter has also become well known for bridge dynamics. Flutter is a dynamic instability

characterised by the self-excited motion of a (lightly damped) structure responding to

the aerodynamic loading. Rather than being a self-limiting phenomenon, flutter pro-

vokes a positive-feedback loop between the aerodynamic loading and the structure’s

response, causing the structure’s amplitude to diverge. Ultimately, by the associated

violent oscillations, flutter can lead to the collapse of the structure.

To analyse the structure’s vulnerability to a flutter instability, one technique adopted

from the aeronautical field is to parametrise the aerodynamic loading in the form of

flutter derivatives (Scanlan and Tomko (1971)). The flutter derivatives are used to

identify the aeroelastic forces1 of the system. The aeroelastic lift (Lae) and moment

(Mae) forces per unit length can be expressed in the extended force model from Simiu

and Scanlan (1996), described,

Lae =
1

2
ρU2B

(
KH∗1

ẏ

U
+KH∗2

Bα̇

U
+K2H∗3α+K2H∗4

y

B

)
, (2.7)

Mae =
1

2
ρU2B2

(
KA∗1

ẏ

U
+KA∗2

Bα̇

U
+K2A∗3α+K2A∗4

y

B

)
, (2.8)

where K is the reduced frequency defined as ωB/U , and H∗i , A
∗
i (i = 1, 2, 3, 4) are the

flutter derivatives. The flutter derivatives fall into two main categories, namely direct

and cross-flutter derivatives. The direct flutter derivatives (H∗1 , H∗4 , A∗2, A∗3) are so

called because they are associated with the displacements or velocities in the same plane

as the aerodynamic force. Cross-flutter derivatives on the other hand are associated with

the displacements or velocities corresponding to the lift forces that arise from pitching

motions and vice-versa.

The flutter derivatives correspond to specific bridge cross-section, each representing a

dimensionless function of the reduced frequency. Methods of extracting these deriva-

tives from 2DOF free and forced vibration data has been the focus of many papers.

As the investigations in this thesis only consider a 1DOF motion, an extensive review

of the various methods of extracting flutter-derivatives seems excessive. Therefore, a

brief summary of the 1DOF methods is presented in §6.2.7. Bridge sections undergoing

strongly separated flows are prone to the single degree of freedom torsional instability,

denoted torsional flutter. The tendency of this instability can be observed in pattern

of the A∗2 flutter derivative; this being a direct function of the torsional damping (see

Eq.2.8). It must be noted however that the flutter derivatives, while showing a certain

1Note: these are also denoted self-excited or motion-induced forces in the literature.
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pattern for each bridge scenario, do not really describe the mechanism they’re trying to

quantify (Hemon and Santi (2002)). However, as the geometry in Ch.5 was investigated

by the wind tunnel, flutter derivative analysis is still considered for the verification of

numerical approaches.

Torsional Flutter

Torsional flutter is a phenomenon in the pitching degree-of-freedom (DOF) motion of the

body. The literature may also denote this as torsional galloping due the motion being

1DOF. This name is gradually being withdrawn due to the differences in aerodynamic

excitation to galloping. It is now the consensus that the onset of flutter is dictated by

the formation of a MIV and the reattachment of the shear layer, while the motion of

galloping is dictated by the latter (see Matsumoto (1996)). The divergence characteristic

associated with torsional flutter is characterised by a critical wind speed, defined,

Udiv =

√
2kα

ρB2 ∂CM
∂α (α(0))

. (2.9)

where kα is the torsional stiffness, and ∂CM (α(0))/∂α is the gradient of the pitching

moment with respect to the angle of attack. For the field of civil engineering, structures

consisting of sharp edges or a sufficient after-body are susceptible to torsional flutter. In

comparison to galloping and VIV, torsional flutter remains considerably less understood

in the literature. One of the early studies of flutter, the interaction between vortex ex-

citation and torsional flutter for rectangular cylinders was investigated by Washizu and

Ohya (1980) using quasi-steady theory. It should be noted that they refer torsional flut-

ter as torsional galloping, stating that this is the same as flutter based on the knowledge

at the time. From today’s understanding of the subject, this would explain why quasi-

steady theory was insufficient for investigating torsional flutter, due to the difference in

aeroelastic instabilities. However, like galloping, their study also suggest that there are

different types of flutter based on the aspect ratio of the geometry. These instabilities

are denoted as ‘soft’ and ‘hard’ flutter with similar responses and aspect ratio ranges

to the low-speed and high-speed equivalent of galloping.

Matsumoto (1996) carried out extensive experimental investigations on torsional flutter

for different aspect ratios of rectangular cylinders. The focus of this work was on the

flutter derivatives and the progression of the A∗2 for torsional flutter. From this it as

deduced that the critical velocity was reduced with increasing slenderness of the cylinder.

Matsumoto et al. (1997) identified four types of flutter:

• Velocity restricted torsional flutter: characterised by complete flow separation for

bluff bodies with B/D < 1
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• Low speed torsional flutter: caused by the formation of a MIV along the surface

of the cylinder. This mainly affects slender bodies.

• High speed torsional flutter: caused by an unsteady local separation bubble on the

upper and lower surfaces of the body.

More recently, Matsumoto et al. (2008) considered the effect of VIV and torsional flutter

responses for a rectangular cylinder B/D = 4 (an example of MIE+IIE from §2.2.1).

From this they concluded that the von Karman vortex shedding has a stabilising effect on

torsional flutter - increasing the critical velocity. Matsumoto et al. (2008) also suggested

that the MIV was the trigger for the onset of torsional flutter; this has not yet been

verified.

The onset of torsional flutter is mainly predicted by use of Eq.2.9. A similar equation

is specified in the Eurocode. The mechanisms of torsional flutter have largely been left

to speculation. Hence, mitigation of this phenomenon has not been addressed in the

literature. Ch.6 of this thesis investigates the characteristics of the instability.

Coupled Flutter

In contrast to the 1DOF instabilities presented above, coupled flutter involves the pitch-

ing and heaving motions of the structure. The main characteristics of coupled flutter

are briefly presented here for completeness.

Coupled or ‘classical’ flutter is an aeroelastic phenomenon characterised as a multi

degree of freedom instability. Typical cross-sections which are prone to this instability

are airfoils and streamlined bridge decks. Coupled flutter is also characterised by a

critical velocity in a similar expression to the galloping (Eq.2.6) and torsional flutter

(Eq.2.9) equivalent. Matsumoto et al. (1997) identified four different types of coupled

flutter, with similar characteristics to the 1DOF torsional flutter.

2.3 Review of the Eurocode (2005)

Following the ‘academic’ review presented in the previous sections, it is interesting to dis-

cuss how such phenomena are treated in industry. Of particular interest is the approach

standards presented in Eurocode (2005), which includes the design standard for struc-

tures based on the wind loading. At present, the Eurocode is still under development

but nonetheless is still actively utilised.

The Eurocode specifies the rules and regulations for the design of structures with respect

to wind considerations. Generally this document considers the average (or mean) and
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atmospheric wind on static bluff bodies. For Annexes E and F of Eurocode (2005), the

effects of wind for dynamic structures are considered with the following classification:

1. Vortex-Induced Vibrations (VIV): no reference is made to the lock-in effect dis-

cussed previously. Vortex shedding is discussed for both bodies with sharp corners,

as well as assembled cylinders. Its effects on fatigue damage are outlined with pro-

posed calculations for the structure’s life time. The document establishes two

different methods to predict the peak vertical displacements of a structure under-

going VIV. Mitigation of VIV is highlighted, but no clear procedure is proposed,

despite its practice in industry.

2. Galloping: uses the definition of galloping proposed in this thesis (i.e. self-excited

instability for the heaving motion of a body). The document also discusses the

effects of wake-galloping.

3. Flutter and divergence: the document considers the following instabilities of this

nature:

• Divergence: corresponding to the aeroeslastic phenomenon discussed in ear-

lier.

• Stall flutter: the document’s definition is the same as torsional flutter defined

in this thesis.

• Classical flutter: corresponds to the definition of coupled flutter defined in

this thesis: the shedding frequency matches the torsional and the heaving

frequency (both frequencies are close to one another).

According to the Eurocode (Annex E), the structure is safe from flutter and divergence

provided any one of these criteria are satisfied: geometry of the cross-section, position

of the torsional axis, and the lowest value of the modal frequency of the structure.

Galloping and Flutter phenomena are estimated by a critical wind speed. These values

are tabulated in the document, but their validity is limited. For unique problems, the

document suggests the use of wind tunnel testing and consultations with experts. For

example, in the case where the critical wind speeds for galloping and VIV are too close

(an example of IIE + MIE), the Eurocode recommends a consultation with a specialist.

It should also be noted that the Eurocode is only applicable for bridges with span

dimensions lower than 200m.

Based on the observations in this review, it is clear that there is a need for the develop-

ment of techniques for the analysis of these structures; this is with respect to aeroelastic

instabilities and unusual geometries. It should also be noted that the Eurocodes do not

outline the use of numerical techniques in such analysis. Though this thesis is not fo-

cusing on the use of wind tunnel techniques, it will however comment on the application

of a ‘virtual wind tunnel’ for this analysis.
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2.4 Summary, and focus of analysis

This chapter discusses the flows over static and elastically mounted rectangular cylinders.

The characteristics of the flow for a static case with and without shear layer reattachment

along the body were discussed; this was in essence of the geometries considered in Ch.4

(B/D = 0.66) and Ch.5 (B/D = 4) of this thesis. Based on these aspect ratios, it

is expected that the formation of the vortices at the windward edges of the cylinders

(Impinging Leading Edge Vortices) will influence the wake formation to a certain degree.

The effects of freestream turbulence on these vortices are discussed in Chs.4 and 6. The

three-dimensional (end effects) were not addressed in this chapter, but are discussed in

the context of a tall building in Ch.4.

This chapter also summarises the various types of aeroelastic instability that a structure

(in the context of long-span bridges) is susceptible to. The classification of these were

based on the shear layer characteristics around the cylinder. For instance, Vortex-

Induced Vibrations (VIVs) are classified into the two shear layer (von Karman) and

one shear layer (Motion-Induced Vortex (MIV)) vortex excitation. VIV has self limiting

characteristics, but still can be a fatigue concern. Galloping and torsional flutter have

‘low-speed’ and ‘high speed’ regions, which, in the past has made the distinction between

them difficult. Galloping is generally classified by a heaving motion and is dominated

by the shear layer separation, torsional flutter, on the other hand, is dictated by the

formation of MIV’s or reattachments of the shear layer. Ch.6 investigates VIV, as the

mechanisms for VIV are somewhat scarce in the literature and numerical approaches

may elaborate on some features which are missed in the wind tunnel. This is also the

case for torsional flutter, which is also addressed in Ch.6.





Chapter 3

Numerical methodology

Turbulent flows around three-dimensional obstacles occur in many applications includ-

ing wind around civil engineering structures. Steadily increasing the freestream velocity

of the flow over a structure generally produces a widely varying sequence of flow phe-

nomena, for which the Reynolds number Re provides a convenient index, defined

Re =
UL

ν
, (3.1)

where U and L are the characteristic velocity and length scales, and ν is the kinematic

viscosity. The value of the Reynolds number required for a turbulent motion is case

dependant; for example, a fully turbulent flow for a pipe is achieved for Re ≈ 4000, while

for flat plate boundary layer the transition to turbulence is not achieved until Re ≈ 106

(Pope (2000)). Understanding the properties of these flows around tall buildings and

long-span bridges is necessary for safe, economical and effective engineering designs.

Experimental techniques often provide data that is not sufficiently detailed for such

an investigation. With the increasing computational power of supercomputers, it has

become possible to analyse these flows using a numerical approach.

The first part of this chapter introduces the basic concepts of turbulence and its scale

properties. Subsequently, the key aspects of Large-Eddy Simulation are summarised,

with emphasis on the models commonly employed in the field of computational wind

engineering. The second part of this chapter outlines the discretisation of the governing

equations for the use of the Finite Volume Method. An assessment of the appropriateness

of the convection schemes was carried out on the geometry investigated in Ch.5 to

be used as a benchmark for the remainder of this thesis. The later chapters of this

thesis examines the case of an elastically mounted cylinder; for this a moving boundary

technique was required. The various techniques to accomplish this are reviewed, and

the chosen approach for this work is outlined. A summary of the methods employed,

and the additional programming required for this work, concludes this chapter.

47
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3.1 Concepts of turbulence

Despite the ubiquitous nature, it is difficult even for expert researchers to agree on the

definition of turbulence. However, some characteristics of this phenomenon are well es-

tablished, such as its three-dimensionality, unsteadiness, rotationality, and dissipation of

energy. Its unsteady attribute has often been interpreted as being random; for instance,

Pope (2000) states: “an essential feature of turbulent flows is that the fluid field varies

significantly and irregularly in both position and time”. The term chaotic being asso-

ciated with turbulence could be used, but has been given a stricter meaning in recent

years. However, there is more to turbulence than just randomness. One key character-

istic is the presence of coherent structures within a turbulent flow, described as eddies.

Eddies can be considered as swirling regions within the flow of a continuous variety of

sizes (scales). The length scale associated with the Reynolds number L is the typical

size of the largest (energy-containing) eddies of the turbulent flow. By an inertial and

inviscid mechanism, the largest eddies break-down1 to form smaller eddies, which, in

turn, also break-down to smaller structures and so on (see Fig.3.1) This continues until

the scales are small enough for molecular viscosity to dissipate the kinetic energy of

the scales, converting this energy into heat; overall, this process is known as the energy

cascade.

Viscosity

Energy flux

Figure 3.1: A schematic representation of the energy cascade (after Frisch (1995)).

Ultimately, all turbulent motion is transferred to thermal energy at the smallest (dis-

sipative) scales2 by viscosity; therefore, fluid viscosity plays an important role even at

high Reynolds numbers. Without some external source of energy to sustain the largest

scales, the motions of turbulence will decay due to the significant amount of viscous

dissipation; this production of energy at the largest scales is often generated from the

mean flow kinetic energy.

1The term ‘break-down’ is used loosely to describe to mean that energy is progressively transferred
from large eddies to smaller ones.

2Although the dissipation scales are small, they are much larger than the molecules of the fluid, hence
the fluid is treated as a continuum. The term dissipation is used here to describe a transfer of energy
by physical processes; this is distinct from numerical dissipation, another term used in this work, which
is the effect of a numerical discretisation scheme on the amplitude of computed quantity.
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Between the largest scales at which the turbulent energy is ‘produced’ and the smallest

scales at which it is ‘dissipated’, lies a range of scales at which neither process is very

important; this is denoted the ‘inertial sub-range’. The characteristics of this region are

discussed in §3.2.2 of this chapter.

3.2 Large-Eddy Simulation (LES)

One of the major characteristics of turbulence is its wide range of spatial and temporal

scales. For the former, considering a flow consisting of homogeneous isotropic turbu-

lence3, the ratio between the largest (L) and the smallest of these scales (η) can be

expressed as

L

η
= O(Re3/4), (3.2)

with the resulting total number of grid points (N) in a cubic volume required to resolve

all scales

N =

(
L

η

)3

= O(Re9/4). (3.3)

This expression implies that the disparity of the scales, as well as the total number of

points needed to fully resolve all the spatial scales of the flow, increases with Reynolds

number. The practice of numerically resolving all these scales (including temporal) is

known as Direct Numerical Simulation (DNS). However, in the scope of this research

field, wind engineering and atmospheric simulations, the Reynolds number can be as

high as 108 (Sagaut (2004)). Currently, resolving all theses scales at these high Reynolds

numbers is computationally infeasible, especially when considering Eq.3.3. The solution

to this is to model some attributes of the turbulent flow; this modelling approach depends

on the chosen decomposition method. For instance, reducing the turbulent flow into

mean and fluctuating components through an averaging operation (e.g. ensemble) is

the basis for Reynolds Averaged Navier-Stokes (RANS) modelling; this method models

all the scales of turbulence, making it computationally inexpensive. However, no single

model associated with RANS has proven capable of predicting a wide variety of complex

flows, especially when information about the fluctuating components of the flow are

required. Another approach is to decompose the flow into large and small eddies via a

filtering operation; this is known as Large Eddy Simulation (LES).

The principles of LES involve resolving the unsteady large scales and modelling the

smaller structures. The motion of the large eddies is anisotropic and influenced by the

3The term isotropic is used to indicate turbulence whose statistics possess no directional dependence.
When this is not true, the motion is described as anisotropic. The spatial character of turbulence is
also described using the concept of homogeneity. The terms homogeneous and inhomogeneous refer to
turbulence where the statistics either lack, or possess, spatial dependence.
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physical boundary conditions. Small eddies on the other hand are considered to be

isotropic and (at sufficiently high Reynolds numbers) universal. Compared to RANS,

LES has the greater potential at providing a decisively higher level of resolution of the

flow details. Pope (2000) summarised the concept of LES in 4 steps:

1. A filtering operation is applied to decompose the instantaneous velocity field into

the sum of filtered (or resolved) and residual components. The filtered velocity

represents the large eddies.

2. The residuals motions are obtained from the momentum equations in the form of

the residual-stress tensor.

3. The residual-stress tensor is closed, usually by a Sub-Grid Scale (SGS) eddy-

viscosity model.

4. The filtered components are solved numerically, approximating the large-scale mo-

tions.

Fig.3.2 shows the physical representation of the filtering process (point 1) based on

the grid resolution ∆, with the resolved eddies (indicated in blue) being larger, and

the residual (indicated in red) being smaller than the grid size. The scales within the

energy cascade described in §3.1 can be observed in the form of a turbulent kinetic

energy distribution over a range of frequencies (wavenumbers κ); this takes the form of

an energy spectrum. Fig3.3 shows the turbulent energy spectrum with the key features

of the turbulent cascade labelled (pertaining to §3.1). The changeover between the

filtered and residual components for LES is usually applied in the inertial sub-range,

this transition point is labelled κc or π/∆. The scale separation between the large and

scale motions though the filtering operation is a critical concept in LES calculations.

The terms ”large” and ”small” used for describing the scales of motion in the literature

are interchangeable with ’large � filtered � resolved ’ and ’small � residual � subgrid ’.

LES in the view of some is the future of Computational Fluid Dynamics. However,

although LES is less demanding than DNS, it is still substantially more expensive to

utilise than a RANS modelling. LES is therefore unlikely to displace the RANS models

in cases where high accuracy is not required, hence its infrequent application in industry

(Cochran and Derickson (2011)). Shah and Ferziger (1997) reviewed the feasibility of

LES in the field of wind engineering. While LES is capable of providing information

of importance for the wind engineering of the flows around bluff bodies (such as wind

loading), Shah and Ferziger (1997) highlights the need for benchmarking the LES results

to an equivalent experimental test. In this work it is the author’s aspiration that the

benefits of LES for predicting the wind loading on slender structures are demonstrated

to the reader by a continual validation to the equivalent wind tunnel result.
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Figure 3.2: Diagram showing the physical mesh filtering concept for a turbulent flow

in a channel. Blue - resolved eddies and flow. Red - modelled smaller scales.

-5/3

E(κ)

Energy 
Containing 
Range Dissipation

Ra nge

κ
κc = π/Δ

Inertial Subrange

Figure 3.3: Diagram showing the spectral space (log-scale) of a turbulent flow where

κ is the wavenumber and E(κ) is the energy spectrum. LES characteristics are high-

lighted: Blue - resolved eddies and flow, Red - modelled smaller scales.

For the remainder of this chapter, the formulation of LES is described, followed by a

review of the associated residual stress (point 2 and 3), near-wall, and turbulent inflow

methods. The principles of LES and the filtering operation is discussed below.
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3.2.1 Spatial filtering operation

In LES, the turbulent flow is only resolved down to a pre-defined filter-scale. This

filter-scale is imposed either implicitly by the used computational mesh, or explicitly

by applying a low-pass filter. ∆ is the length associated with the filter. For separating

the large and small scales, Leonard (1975) proposed a filtering condition for the velocity

field,

u(x) =

∫
G(r,x)ui(x− r)dr. (3.4)

Considering a simple case, the filter function G(r,x) is homogeneous and is therefore

independent of x (position). Eq.3.4 can therefore be rewritten as

ui =

∫ ∞
−∞

G(r)ui(x− r)dr (3.5)

where u is the instantaneous velocity, u is a filtered velocity. x and r are the Cartesian

and radial coordinates respectively. G(r) is now a localised filter function of which there

are three classical choices:

• Box filter:

G(r) =

{
1
∆

if |r| ≤ ∆/2

0 otherwise
(3.6)

• Gaussian filter:

G(r) =

(
6

π∆
2

)1/2

exp

(
−6|r|2

∆
2

)
. (3.7)

• Spectral or sharp cut-off filter

G(r) =

(
sin(κcr)

κcr

)
, κc =

π

∆
. (3.8)

Fig.3.4 shows the filter functions in physical space (see Pope (2000) for the Fourier

transform of the filtered velocity and the spectral space filters). The box (or top-hat)

filter is the adopted function for the present work. This has a sharp cut-off in the

physical space (local), but not in spectral space (non-local) (Pope (2000)); the spectral

filter has the opposite effect to this. Gaussian filtering is non-local in both physical

and spectral spaces (Sagaut (2004)). Piomelli (1999) applied these models on a test
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Figure 3.4: Classical choices of filter functions. Diagrams redrawn from Pope (2000).
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Figure 3.5: Comparison of filtering operations on a test function: unfiltered result,

; spectral, +; Gaussian, �; box, 4; κ−5/3, . Source: Piomelli (1999).

function, E, as shown in Fig.3.5. It can be seen in this figure, the box and Gaussian

filters give similar results; in particular, they both smooth the large-scale fluctuations

along with the small-scale ones, unlike the Spectral model, which only affects the scales

below the cut-off wave number. Sagaut (2004) suggests that the filtering procedure of

these equations has three properties:

1. Conservation of the constants

a = a↔
∫ ∞
∞

G(r)dr = 1. (3.9)

2. Linearity

φ+ ϕ = φ+ ϕ (3.10)
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where φ and ϕ are scalar components. This property is automatically satisfied as

the product of convolution is one of the characteristics of the filter function G(r).

3. Commutation with derivation

∂φ

∂s
=
∂φ

∂s
, s = x, t (3.11)

The commutation property is valid with constant filter width, i.e. isotropic filter. When

the flow is inhomogeneous, such as a wall-bounded flow, it would be desirable to use

a spatially varying filter, i.e. G(r, x). When the filter operator is a function of space,

Eq.3.12 shows that G(r, x) does not commute with the derivative by using simple dif-

ferential algebra,

∂φ

∂x
=

∫
G(r, x)

∂φ

∂x
dr

=

∫
∂

∂x
[G(r, x)φ] dr −

∫
φ
∂

∂x
G(r, x)dr

=
∂φ

∂x
−
∫
φ
∂

∂x
G(r, x)dr.

(3.12)

The second term in the right-hand side of Eq.3.12 appears due to the non-uniform

filter size, which is desirable for many applications. This additional term is referred

to as the commutation error. It would be small with a gradually changing filter width

since ∂
∂xG(r, x) ∼ 0, and thus the commutation errors are not considered in the current

study. Further discussions and demonstrations on the commutation error can be found

in Ghosal et al. (1995) and Leonard et al. (2007).

The basic governing equations of fluid motion can be determined from applying Newton’s

second law of motion and the laws of thermodynamics to a fluid element. This results

in the well known Navier-Stokes equations. Assuming that the flow is incompressible

the Navier-Stokes equations are described,

∂ui
∂xi

= 0, (3.13)

∂ui
∂t

+
∂(uiuj)

∂xj
= − ∂

∂xi

(
p

ρ

)
+ ν

∂2ui
∂x2

j

, (3.14)

where ρ is the fluid density, and ν is the kinematic viscosity. Eq.3.13 is the continuity

equation and equation 3.14 is the momentum equation. For simplicity body forces

(such as Coriolis acceleration and gravity forces) have been omitted from equation 3.14.

Applying the filtering equation (3.5) to the whole of the domain, the unsteady filtered

Navier-Stokes equations are obtained
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NS(u) =

∫
G(r)[NS(u)]dr (3.15)

where NS is the Navier-Stokes operator (Eqs.3.13 and 3.14). After applying the filtering

properties to NS, the filtered Navier-Stokes equations become

∂ui
∂xi

= 0, (3.16)

∂ui
∂t

+
∂(uiuj)

∂xj
= − ∂

∂xi

(
p

ρ

)
+

∂

∂xj
(2νSij), (3.17)

where ( ) denotes spacial filtering. The filtered equations introduces an unknown term,

which originates from the second term on the left-hand side (convective term) due to its

nonlinearity,

uiuj = ui uj + τRij , (3.18)

where τRij is the Sub-Grid Stress, which also must be modelled. This term can be de-

composed into the product of the filtered velocities and the contributions of the residual

parts,

τRij = (ui + u′′i )(uj + u′′j )− ui uj =

(ui uj − ui uj)︸ ︷︷ ︸
I

+ (uiu′′j − u′′i uj)︸ ︷︷ ︸
II

+u′′i u
′′
j︸ ︷︷ ︸

III

,
(3.19)

where u
′′

is the residual fluctuation. It should be noted that ui = ui. The resulting

three components can be described individually in physical terms:

I The Leonard term. Clearly this term can be computed from the filtered stresses.

This represents the interaction between resolved eddies and their production of the

Sub-Grid turbulence.

II The cross term. This relates the energy transfer between the resolved and unresolved

(Sub-Grid) eddies.

III The SGS Reynolds stress. This represents the interaction of the small eddies (Sub-

Grid).
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Closing these terms separately has largely been replaced by modelling the SGS stress

τRij on its own. Substituting Eq.3.18 into 3.17, one obtains

∂ui
∂t

+
∂ui uj
∂xj

= − ∂

∂xi

(
p

ρ

)
+

∂

∂xj
(2νSij + τRij ). (3.20)

For clarification of the velocity scale notations, the relations between the instantaneous

velocity (ui), resolved (filtered) velocity (ui), residual fluctuation (u′′i ), mean resolved

velocity (Ui) and resolved fluctuation (u′i) are defined as,

ui = ui + u′′i

= Ui + u′i + u′′i .
(3.21)

It can be deduced from the previous sections that the SGS tensor τRij has the property

that |τRij | → 0 as ∆→ 0. This suggests that at a given grid-cell size a DNS calculation

is applied. The approximation of τRij in Eq.3.18 is the main topic of LES as there are a

variety of models proposed to close this term. This modelling is summarised below.

3.2.2 Sub-Grid Scale (SGS) modelling

The principle of LES is to separate the scales into large (filtered) and small (residual)

scales through the filtering operation. The filtered scale is resolved explicitly by the gov-

erning equations, Eq.3.20, and the residual part is modelled by Sub-Grid Scale (SGS)

modelling. The SGS models widely used in the field of Computational Wind Engi-

neering, and applied in this research are reviewed in the proceeding sections. A more

comprehensive review on LES modelling, is presented in Sagaut (2004). The behaviour

of turbulence at high Reynolds numbers can be described by theories of Kolmogorov

(1991)4, who presented the landmark hypothesis of scale motions. These are as follows:

• The hypothesis of local isotropy: the motions of the small scales are statisti-

cally isotropic.

• The first similarity hypothesis: the statistics of the small scale motions have

a universal form, and are determined by ν and ε (the dissipation rate) only.

• The second similarity hypothesis: the statistics of the intermediate scales have

a universal form and are determined from ε, independent of ν. The energy transfer

from the large to small scales is an inviscid process, since the viscous scale is too

small to act. This range of scales is denoted inertial subrange.

4The cited paper is an English translation of the original 1941 Russian publication: Doklady
Akademiia Nauk SSSR, 30, pp.301-305.
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In spite of the success of the Kolmogorov hypotheses, the concept of ‘local isotropy’ and

‘independence’ between large and small scales are constantly under revision (Buxton

(2011)) and details on this discussion would be out of the scope of this thesis. Despite

this, Kolmogorov’s hypotheses lay the foundations for SGS modelling, namely, the scale

invariance property. The scale invariance property of turbulent flows implies that certain

features of the flow remain the same in different scales of motion. The energy cascade

described in §3.1 suggested that in the inertial sub-range, the energy transfer between

the large and small scales are balanced, i.e. in equilibrium. The statistics in this

range are described by Kolmogorov’s second hypothesis. Following this hypothesis,

the velocity in the inertial sub-range is dependent on the energy dissipation rate, ε, and

the local length scale, r. A review by Sreenivasan and Antonia (1997) shows that the

scale invariance property implies that the normalised velocity increment on dimensional

grounds is ∆ur/(r/ε)
1/3, where ∆ur = u(x + r)u(x) and u is the velocity along x

(longitudinal direction). A similar expression can be written for velocity increments

with the separation distance transverse to the direction of the velocity component u (see

Pope (2000)). The function for the longitudinal eddy structures can be defined as,

〈∆unr 〉 = Cn(rε)n/3, (3.22)

where the integer n is the moment of velocity increments and Cn are universal constants.

The SGS tensor τR in Eq.3.17 is also scaled with the velocity increment ∆ur as,

τR ∼ 〈∆u2
r〉. (3.23)

Using Eqs.3.22 and 3.23, the moment of velocity increments for the SGS stress contri-

bution is determined, i.e. n = 2 (Sreenivasan and Antonia (1997)). The SGS stress

contribution can therefore be scaled as τR(r) ∼ (rε)2/3. The scale invariant property of

τR(r) implies that γ−2/3τR(γr) is unchanged with the scale transform r → γr, with γ

as a positive constant (Meneveau and Katz (2000)) Thus, as r → ∆ (filter length scale)

τR(∆) ∼ O(∆ε)2/3. Eqs.3.22 and 3.23 are the most important properties of scale invari-

ance for SGS modelling. Some models which are based on these properties differ in what

feature of the stress is assumed to remain unchanged, such as whether the invariance

holds locally or on average. Some of these models are summarised below.

The Smagorinsky closure

Under Newton’s law, viscous stresses within the flow are linearly proportional to the local

strain rate of velocity. Boussinesq (1877) extended this relation to model the turbulence

stresses. This is denoted as the turbulent viscosity hypothesis, which is applied in many

RANS approaches.
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One of the more popular models in the field of LES, the Smagorinsky model (Smagorin-

sky (1963)), applies the turbulent viscosity hypothesis to the deviatoric part of the SGS

stress, described

τRij = −2νSGSSij +
1

3
τRkkδij , Sij =

1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
, (3.24)

where δ is the Kronecker delta (δij = 1 for i = j, δij = 0 otherwise). The SGS viscosity

νSGS is local and instantaneous. The Smagorinsky model is similar to Prandtl’s mixing

length model, but instead utilises ∆ as the characteristic length scale. Typically, the

grid size, ∆, is estimated from the cube root relation ∆ = (∆1∆2∆3)1/3. Following the

scale invariance property of turbulence, the Smagorinsky model approximates the eddy

viscosity νSGS to the length scale ∆ and velocity scale ∆|S|. The Smagorinsky model

is therefore defined,

νSGS = (Cs∆)2|S|, |S| = (2Sij Sij)
1/2. (3.25)

The coefficient Cs is dependent on the type of flow being considered; for instance, ho-

mogeneous turbulence Cs ≈ 0.17, bluff body flows Cs ≈ 0.1, and for channel flow Cs ≈
0.065 (Ferziger and Peric (2002)). In OpenFOAM, Cs is not calculated directly, but can

is deduced using the relation proposed by Sullivan et al. (1994),

Cs =

(
C3
k

Cε

)1/4

. (3.26)

This expression introduces two further coefficients to specify, which need to be calculated

to maintain the value of Cs. Though the Smagorinsky model is simple and does not

produce any numerical instability, it is not without its limitations. For instance, the

model is unable to predict the transfer of kinetic energy from small scales to the larger

ones, denoted backscatter in the literature. The Smagorinsky model therefore has a

purely dissipative effect on the energy cascade. Increasing the value of Cs would only

increase the rate of dissipation. Consequently, the Smagorinsky closure imposes a further

problem close to the wall. It can be deduced from Eq.3.25 that νSGS will not vanish as

long as the strain rate Sij is non-zero. Therefore, a wall damping function is required to

reduce the eddy viscosity (νSGS) in the viscous sublayer (see §3.2.3). The most popular

wall damping function is that of Van Driest. In terms of the Smagorinsky model, the

damping function acts on the Cs parameter as described,

Cs = Cso

(
1− e

−y+

A+

)2

, (3.27)
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where A+ is a constant usually considered to be approximately 26, and y+ is the nor-

malised wall distance, defined in Eq.3.39. The value of Cso is usually taken as 0.16

(Sagaut (2004)).

Dynamic Smagorinsky model

One drawback with the Smagorinsky model is that the coefficient Cs is not universal and

should be known a priori for different types of flow. To overcome this, Germano et al.

(1991) suggested that the coefficient be determined by introducing a test-filter
(

∆̃
)

,

which is assumed to be larger than the filter length (∆). The SGS stresses at these two

filters are compared. The SGS stress tensor at the test-filter is defined as

Tij = ũiuj − ũi ũj , (3.28)

which has a similar appearance to the filter length stress tensor (Eq.3.18). Using Eqs.3.28

and 3.18, Germano (1992) determined the resolved turbulence stress Lij by

Lij = Tij − τ̃Rij = ũi uj − ũi ũj . (3.29)

The reader may have noticed that the resulting term Lij is similar to that of the Leonard

component in Eq.3.19, but with the additional test filter - which is also resolved. The

deviatoric part of the SGS stresses are modelled using Eqs.3.30 and 3.31 which are based

on the Smagorinsky model (Eqs.3.24 and 3.25),

τRij = −2Cdyn∆
2
Sij |S|+

1

3
τRkkδij , (3.30)

TRij = −2Cdyn∆̃
2
S̃ij |S̃|+

1

3
TRkkδij , (3.31)

where Cdyn is the model constant which is continually updated using the deviatoric part

of the resolved turbulent stress, described as

Lij = 2Cdyn

(
∆

2
S̃ij |S|+ ∆̃

2
S̃ij |S̃|

)
+

1

3
Lkkδij , (3.32)

where Lkk = Tkk−τRkk. The dynamic coefficient is calculated for each grid point and time

step. According to Ferziger and Peric (2002), this approach improves on the original

Smagorinsky model in the following ways:
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• The Smagorinsky coefficient needs to be reduced for near-wall regions. The dy-

namic model automatically alters this coefficient accordingly.

• The definition of the length scale ∆ for anisotropic grids and filters is unclear but

the issue disappears with the dynamic model because the model compensates for

the errors in length scale by changing Cdyn.

Although this is an improvement on the Smagorinsky model, it is not without issues.

As the solution is dependent on the flow, a negative value of Cdyn is possible, presenting

as backscatter. A large negative coefficient can induce instability of the calculation.

Existing solutions to this include prescribing limits to Cdyn (denoted as clipping in the

literature), or by applying an averaging operation (Ferziger and Peric (2002)).

Mixed time-scale model

The scale similarity models are designed to mimic the energy transfer between the

filtered-SGS transition point, accounting for backscatter in a physical way. Using the

hypothesis by Bardina et al. (1983), the model assumes that the statistical structure

of a tensor based on the SGS is similar to that based on the smallest resolved scale.

The most popular of these was proposed by Inagaki et al. (2005). Previous models (e.g.

Smagorinsky) equate the SGS viscosity by a velocity gradient and length scale. Inagaki

et al. (2005) proposed that the eddy viscosity be proportional to a velocity-squared and

a time component,

νSGS = CMq
2
SGSTs, (3.33)

where the estimated SGS kinetic energy q2
SGS is defined as

q2
SGS =

(
ui − ũi

)2
, (3.34)

where (˜) is the explicit filter operator. q2
SGS is determined from the explicitly filtered

scale, ∆̃ which, like the dynamic Smagorinsky model, is assumed to be larger than the

cut-off filter width ∆. The ratio between the explicit and cut-off filter sizes is typically

∆̃/∆ = 2. The estimation of the SGS kinetic energy (Eq.3.34) guarantees that νSGS

approaches zero as the flow become laminar (ũi = ui). The time scale Ts is defined as

Ts =

(√
q2
es

∆

)
+

(∣∣S∣∣
CT

)
. (3.35)

Ts is a harmonic average of the characteristic time scales between the cut-off (∆/
√
q2
es)

and large (1/|S|) scales. Inagaki et al. (2005) optimised the coefficients CM and CT
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for flows around bluff bodies and separating flows, finding these to be 0.05 and 10

respectively. Unlike the Smagorinsky model, The mixed scale models do not require a

wall damping function or any averaging procedures to stabilise the calculation, making

this model more appealing for bluff body flows.

Transport equation models

The turbulent kinetic energy transport model itself was developed independently by

a number of authors. The Smagorinsky based models mentioned previously construct

the SGS viscosity using a length scale and velocity gradient. In this approach, the

velocity scale is estimated from the SGS kinetic energy q2
SGS , which is calculated using

a transport equation. The SGS viscosity is subsequently determined using the following

relation

νSGS = Cν∆
√
q2
SGS . (3.36)

The transport equation for the kinetic energy is defined,

∂q2
SGS

∂t
+
∂ujq

2
SGS

∂xj
=

∂

∂xj

[
νSGS
σk

q2
SGS

∂xj

]
+ 2νSGSSijSij − εSGS , (3.37)

where

εSGS = Cε

√
q

3/2
SGS

∆̃
. (3.38)

The constants Cε and Cν are taken as 0.7 and 0.1 respectively (Pope (2000)). There

are aspects of this method which are parallel to the RANS one equation model for

near wall regions, such as the one used in the two-layer k − ε model (Versteeg and

Malalasekera (2007)). There have been many improvements of the transport equation

for LES, many of these have focused on the dissipation term (Eq.3.38) as the coefficient

Cε and can produce significant errors. Overall, the transport equation model has been

shown to be effective for homogeneous isotropic turbulence (Schmidt and Schumann

(1989)) and meteorological applications, as demonstrated in the early simulations of

Deardorff (1977).

The SGS models reviewed in this section are, or have been implemented in OpenFOAM.

One aspect of LES that has not been addressed in this section is its poor performance

for near wall regions. The next section addresses the approaches for LES in estimating

the wall shear stress.
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3.2.3 Near-wall treatment

As a considerable amount of the analysis presented in this thesis focuses on the near wall

surfaces, it is important to consider the treatment of LES in these regions. A key effect

of walls is to introduce anisotropy into the flow. This is due to the no-slip condition

(u, v, w = 0) which transfers energy into the wall-tangential directions, and leads to

smaller scales close to the wall, that would not otherwise exist. A universal behaviour

is considered to describe this process, denoted the law of the wall. From this several

regions are identified in the wall-normal direction (typically y). A normalised wall-unit

and velocity unit are defined,

y+ =
uτy

ν
, u+ =

u

uτ
, (3.39)

where uτ =
√
τw/ρ is the shear (or friction) velocity, τw is the wall shear stress (τw/ρ =

ν(∂u/∂y)). A summary of the boundary layer regions is shown in Table 3.2.3.

Region location characteristics

Viscous sub-layer y+ < 5 The Reynolds shear stress is negligible

compared to viscous shear stress

with linear law u+ = y+.

Buffer layer 5 < y+ < 30 Region where neither the linear or

log laws describe the profile.

Log-law region y+ > 30 Mean velocity profile follows

the log profile: u+ = 1
κ ln y+ +A.

Table 3.1: Outline of the boundary layer regions. κ (≈ 0.41) and A are constants.

The common issue for LES is ‘resolving’ the small scales generated in the near-wall

regions. There are two approaches to resolving the issue of near wall flow for LES (Pope

(2000)):

1. LES with near wall modelling: the filter and grid are sufficiently fine to resolve

80% of the energy remote from the wall, but not in the near-wall region. Following

this, a wall function is applied to model the transition between the wall to the free

stream flow.

2. LES with near wall resolution: the filter and grid are sufficiently fine to resolve

80% of the energy everywhere.
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When considering the application of LES to flows with high Reynolds numbers, the

range of spatial and temporal scales becomes larger, making the application of a fine

resolution in near wall regions unrealistic for an efficient calculation. For its application

for LES, further advances in wall models have included the calculation of the wall shear

stress. For this purpose, the velocity gradient is prescribed within the first wall-normal

grid point via modelling and the near wall shear stress is subsequently calculated; this

is demonstrated in Fig.3.6.

u1

y1
+    =1

u1

y1y+ ≈ 11.6

turbulent

laminar

(a) wall resolved 
      approach

(b) wall modelled 
      approach

Figure 3.6: Schematic of near-wall grid resolution and modelling.

.

In the wall region, the SGS viscosity is modified to include an additional contribution

from the wall, νw. Based on the definition of the wall shear stress, τw = ρu2
τ , the ‘wall

viscosity’ is defined,

νw =
u2
τ

∂u1/∂y
− ν (3.40)

The subscript ‘1’ denotes values at the first grid point away from the wall, as defined in

Fig.3.6. Some wall functions use different equations for u+ depending on the value of y+.

This value is typically taken as y+ = 11.6, which is within intersection of the linear and

log-law profiles (Versteeg and Malalasekera (2007)). The flow is assumed to be laminar

for this range, in which case u1 can be obtained from u+ = y+. Various models have

been proposed, the analysis of square cylinder and cube cases typically employ the wall

model by Werner and Wengle (1991) (Georgiadis et al. (2010)). It should be mentioned

that all wall models were developed for attached flows and their application in separated

flow regions is somewhat questionable. The geometries in this thesis are characterised

by separating shear flows. Hence, no wall models are employed in the present work, but

instead aim for a wall-resolved approach. Therefore, outlining the various wall models in

this section would seem excessive. For the reader’s interest, discussions of wall functions

within LES are provided by Piomelli and Balaras (2002) and Villiers (2006).

Generally, a wall-resolved grid requires y+
1 = 1, with a further four grid points inside

the viscous sublayer (y+ < 5). Fine grids and small time steps are required to resolve

turbulent boundary layers, which is important for wake-leading edge interaction studies
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(Lloyd (2013)). Piomelli and Balaras (2002) recommends that the resolution for the flow

over a flat plate should not exceed:

∆x+ ≤ 150, (3.41)

∆y+
1 ≤ 1, (3.42)

∆z+ ≤ 40, (3.43)

where x and z are the streamwise and spanwise directions, normalised in the same way

as Eq.3.39. Piomelli and Balaras (2002) defines a mesh criteria based upon the number

of grid points used to represent a distance equivalent to a boundary-layer thickness. This

would typically be about 20 - 40 points. The criterion works well for simple flows. When

complex geometries contain bluff regions with separating shear layers and/or massive

separation, the concept again becomes ambiguous.

3.2.4 Turbulent Inflow Conditions

Including some form of inflow generation is necessary for the correct spatial evolution

of turbulence in LES. This is also essential when studying unsteady wind loading due

to freestream turbulence. The inflow should be turbulent-like and stochastically vary-

ing, representing turbulence scales down to the filter (grid) size. In addition, it should

be compatible with the Navier-Stokes equations, such that the fluctuations satisfy con-

tinuity. This is particularly important for wind loading, where a divergence-free field

is required in order to efficiently attain the peak loading, and avoid spurious pressure

fluctuations. Ideally, the technique would allow specification of properties characterising

the field, such as turbulence intensities and length scales. A review of various methods

for generating appropriate inlet conditions for LES and its derivatives is provided by Ta-

bor and Baba-Ahmadi (2010). The authors divide these into two categories, precursor

(recycling) and synthetic, each containing several approaches. The focus of this section

will be on the latter.

Synthetic methods consist of mathematical representations of turbulence; These include:

Fourier series techniques, proper orthogonal decomposition methods, digital filtering,

and vortex/synthetic eddy methods. It is widely accepted that using generating the

fluctuations based on white noise is not sufficient to simulate realistic turbulence, and

such non-physical perturbations will be damped by the solver (Tabor and Baba-Ahmadi

(2010)). An effective synthetic method should display the capability of representing the

desired energy spectra, as well as velocity correlations and anisotropy.

One of the popular synthetic approaches is the spectral method. One of the first of

these methods was proposed by Kraichnan (1970). In this method an energy spectrum

is prescribed which produces the amplitude of the fluctuations as a function of wave
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number. This method has been modified extensively for modelling non-isotropic fluc-

tuations. Smirnov et al. (2001) suggested a more advanced technique - generating an

isotropic field based on a modelled energy spectrum. The required input data (length

and time scales, as well as Reynolds stress tensor) may be obtained from a RANS cal-

culation or experiments. The technique is divergence free for homogeneous turbulence,

and almost divergence free in the inhomogeneous case. An improvement of this method,

made by Huang et al. (2010), shows better prediction of force spectra on an standard

tall building. This is due to the specification of anisotropic spatial correlations at the

inlet. Huang et al. (2010) also investigated the performance of the Smirnov turbulent

inlet condition and concluded that the method has one major disadvantage: the turbu-

lent energy decays rapidly in the inertial sub-range of the energy spectrum. This implies

that for flows with high Reynolds numbers (such as atmospheric flow), the Smirnov inlet

condition may cause an early cut-off wave-number in the LES calculation. Unfortunately

the turbulent eddies in the inertial sub-range have a non-negligible effect on fluctuating

forces, such as the wind-induced forces exerted on the surface of a standard tall building

building.

Digital filter-based methods (e.g. di Mare et al. (2006), Klein et al. (2003), Xie and

Castro (2008)) differ from Fourier methods in that the velocity components are generated

using random numbers, and filtered to achieve the desired turbulence statistics. The

required filter coefficients are derived from a relationship involving the desired first and

second-order statistics. A simple approach, based on prescribing a single length scale and

Reynolds stresses, has been shown to be suitable for free flows or turbulent jets (di Mare

et al. (2006)); this is based on the assumption that the specified parameters should be

derived from a RANS calculation or from heuristic estimates. For wall-bounded flows,

a desirable method would involve the specification of the Reynolds-stress tensor, as well

as spatial and temporal correlations. Xie and Castro (2008) suggested a method of

specifying two-dimensional profiles of the Reynolds stresses and integral length scales.

They observed a satisfactory prediction for the turbulence intensities compared to a

periodic inlet-outlet for the flow over a staggered cube arrangement. It is concluded that

a three-dimensional profile (variation across the span) for the inlet data is preferable,

but not always achievable. Kim et al. (2013) improved the method of Xie and Castro

(2008) to ensure divergence-free turbulence. It was found that this feature delays the

streamwise development of the correct wall shear stress. The methodology of Xie and

Castro (2008)’s and Kim et al. (2013)’s method is outlined in §3.4.6.
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3.3 Application of the numerical methods

The filtering concepts, SGS modelling, and wall treatment for LES have been reviewed

in this chapter. The specific methods which are employed in the later chapters are listed.

The Smagorinsky SGS model in §3.2.2 is used for the flow over the CAARC building in

Ch.4, as the Smagorinsky coefficient has been optimised for such a geometry (Ferziger

and Peric (2002)). While it has been shown that there is little difference between the

Smagorinsky and MTS models for the turbulent statistics within a channel flow (Kim

(2014)), for bluff bodies, the MTS model has been shown to be an improvement for

capturing the velocities profiles for reattaching flows (Inagaki et al. (2005)). Thus,

the Mixed-Time Scale SGS model in §3.2.2 is employed in Chs.5 and 6 for the bridge

section where the reattachment is an important part of the analysis. An explicit filtering

operation is needed for the mixed-time scale SGS model, so the box filter (Eq.3.6) in

§3.2.1 is adopted for this purpose. As the bluff bodies considered in this thesis have

sharp corners, and as such do not have an attached flow over their surface, the majority

of the wall models available are not employed. However, the van Driest wall damping

model is employed in the thesis in cases where the Smagorinsky SGS model is used. The

synthetic inflow method by Xie and Castro (2008) and the modification by Kim et al.

(2013) has been adopted in the present work to simulate dynamic loads on a model

building and bridge section. Thus, these methods are outlined in §3.4.6 of this chapter.

3.4 Finite Volume Discretisation

Analytical solutions to partial differential equations provide continuously varying values

for dependent variables within the domain as long as they exist explicitly. Apart from

some specific cases, most of the solutions to partial differential equations are unknown,

such as for the Navier-Stokes equations, and they can be approximated numerically

through discretisation methods, thereby transforming the equations into an algebraic

form. This form can then be approximated onto a discrete number of points within a

domain. Each control volume is bounded by flat faces, which are shared with neighbour-

ing volumes. Literature on this method is rife, considering topics such as the numerical

schemes and velocity-pressure coupling algorithms. The relevant (applied) discretisation

methods for this research will by reviewed in this section. A description of how the gov-

erning equations presented in §3.2 are discretised, constrained and solved are outlined

below.

The open-source numerical solver OpenFOAM (2010) is used for the present research.

The solver is finite-volume based - where the physical domain is divided into multiple

control volumes (or cells). These do not overlap and completely fill the fluid domain. The

code is based on a set of dynamically-linked object-oriented C libraries, and executed
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through applications, which consist of solvers and pre- and post-processing utilities. Top-

level code syntax is designed to closely resemble the equations to be solved (Weller et al.

(1998)). The code is fully open-source, which allows significant user modification and

massive parallelisation, which is achieved using the OpenMPI message passing interface.

Here grids are decomposed using the Metis method.

3.4.1 Generic transport equation

Tkey key feature of the Finite Volume Method (FVM) is the discretisation of the gov-

erning equations (Navier-Stokes) in integral form, thereby enforcing conservation of the

basic properties of the fluid such as mass. The transport equation for a scalar property

(φ) integrated within each of the control volumes (VC) is described,

∂ρφ

∂t
+∇ · (ρuφ) = ∇ · (ρΓ∇φ) = sφ, (3.44)

where sφ is the source term, and Γ is the diffusivity coefficient. It is assumed that

all velocity fields and fluid properties are known. For the finite-volume method, the

transport equation in Eq.3.44 is integrated over the control volume VC and the integral

form of the conservation equation,

∂

∂t

∫
VC

ρφdVC +

∫
VC

∇ · (ρuφ)dVC −
∫
VC

∇ · (ρΓφ∇φ)dVC =

∫
VC

sφ(φ)dVC , (3.45)

The integral conservation equation is valid on an individual control volume and so it is

on the entire domain (Ferziger and Peric (2002)). The divergence of a variable, a, from

the control volume is determined using Gauss’ theorem, described,

(∇ · a)VC =
∑
f

Saf , (3.46)

where f is the value at the face center, and S is the outward the outward pointing

surface area vector of a control volume. This theorem is applied to Eq. 3.44, turning

the volume integrals for the convection and diffusion terms into surface integrals,

∫
VC

∇ · (ρuφ)dVC =
∑
f

S(ρuφ)f (3.47)

and ∫
VC

∇ · (ρΓφ∇φ)dVC =
∑
f

S(ρΓ∇φ)f . (3.48)
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Gauss divergence theorem is used to transform a few of the volume integrals in Eq.3.49 to

the surface integrals (Villiers (2006)). The transport equation can therefore be rewritten,

∂

∂t

∫
VC

ρφdVC︸ ︷︷ ︸
I

+

∫
S
dS · (ρuφ)dVC︸ ︷︷ ︸

II

−
∫
S
dS · (ρΓφ∇φ)dVC︸ ︷︷ ︸

III

=

∫
VC

sφ(φ)dVC︸ ︷︷ ︸
IV

, (3.49)

Each term in Eq.3.45 has its own physical meaning as explained in Versteeg and Malalasek-

era (2007):

I Temporal derivative : rate of change of the total amount of φ in the control volume.

II Convection : net rate of decrease (outward flux) of φ due to convection.

III Diffusion : net rate of increase (negative outward flux) of φ due to diffusion.

IV Source : rate of creation of φ due to sources.

The surface and volume integrals in Eq.3.49 require a certain level of approximations in

actual calculations. These are explained in the proceeding sections.

S
A

P

N

Figure 3.7: Finite volume discretisation schematic.

3.4.2 Surface integration of control volume

Fig.3.7 shows a sketch of two cell-volumes adjacent to each other where the point P

is the cell-centre for the cell and the point N is the cell-centre for the neighbour. The

surface integrations over the cell-volume (e.g. convection and diffusion terms in Eq.3.50)

are the sum of each cell-face value which leads to,
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∫
A
dA · S =

∑
k

[∫
A
dA · S

]
k

=
∑

[A · 〈S〉]k , (3.50)

where S is the face flux vector, which can be (uφ) for the convection term or (Γ∇φ)

for the diffusion term, see Eq.3.50. Note that k is the cell-face index. To calculate the

surface integration, the face flux vector, S, should be known everywhere on the surface

area, A, so that the mean face flux at the kth face, 〈S〉, can be calculated. However,

the face flux value is generally not known for the finite-volume method as the solution

is stored only at the cell-centroid. Therefore an approximation must be introduced for

the integration in Eq.3.50. The simplest way is the mid-point rule: the mean face flux

is approximated as the face-centre flux, Se.∑
k

[A · 〈S〉]k ≈
∑
k

[A · Se]k . (3.51)

This approximation becomes exact as |A| → 0, i.e. infinite grid points. A higher order of

approximation is possible but this would be difficult to be implemented in 3-D domains

(Ferziger and Peric (2002)). The face flux at the cell-face centre, Se, in Eq.3.51 needs

to be interpolated from cell-centre values around the cell-face. Different interpolation

schemes are desirable for the convection and diffusion terms, depending on the flow

conditions. Some interpolation schemes which are particularly useful for the current

study are introduced in §3.4.3. Using Eq.3.51, the convection and diffusion terms in

Eq.3.45 are written, respectively,∫
A
dA · (uφ) =

∑
k

[A · (uφ)]k , (3.52)

∫
A
dA · (Γ∇φ) =

∑
k

[A · (Γ∇φ)]k . (3.53)

3.4.3 Convection and convection differencing

Our focus for this section is on the former (convection term). This can also be written

in the following forms∫
VC

∇ · (ρuφ)dVC =
∑
f

S(ρuφ)f =
∑
f

S(ρu)fφf =
∑
f

Fφf (3.54)

where F is the mass flux through the face. Eq. 3.54 requires the values from the cell

centres in order to calculate the face value of φ, which is obtained from the convection

differencing scheme. The differencing schemes presented hereafter discuss the transport

of a variable between two neighbouring control volumes. Specifically, the integrands in

the convection term A ·(uφ) and the diffusion term A ·(Γ∇φ) are the focus of the current
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section. The linear interpolation between these two cells can therefore be visually be

demonstrated in Fig.3.8; with P being the centre of the first control volume, and N

being the centre of the neighbouring cell; f is therefore the centre of the shared face.

Figure 3.8: Diagram indicating face interpolation. Source: Jasak (1996).

Based on the linear interpolation between the two cell centres, presented in Fig.3.8, the

resulting face value can be calculated by

φf = fxφP + (1− fx)φN (3.55)

where fx is the interpolation factor. As this is linear interpolation, fx can be calculated

as the ratio between the distances of the first cell, and shared face to the centre of the

second volume i.e.

fx =
fN

fP
(3.56)

The scheme presented in Eq.3.55 is known as the Central Differencing (CD) scheme.

Ferziger and Peric (2002) has previously shown that this is second order accurate, even

for unstructured meshes. This scheme is a popular choice with LES. However, the

literature also records that CD causes non-physical fluctuations for the solution for

convection dominated cases (Versteeg and Malalasekera (2007)), thus compromising the

boundedness of the solution.

An alternative to the CD that maintains boundedness is the Linear Upwind Differencing

(LU) scheme. The value of φ at the shared face is equated to the centre of the volume

upwind of the neighbouring volume. Of course, this is dependent on the direction of the

flow. In terms of the mass flux at the shared face:

φf =

{
φP for A · u ≥ 0

φN for A · u < 0
(3.57)

In the case of LES, LU is prevalent in industrial CFD applications. Boundedness of

the solution is assured, but this is at the cost of accuracy. A diffusive scheme in LES

can increase the SGS model contribution, reducing the precision (Villiers (2006)). The
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inherent numerical dissipation, even with high order LU schemes, can lead to dissipation

of the turbulent structures (Mittal and Moin (1997)).

Neither of the previously mentioned numerical schemes can produce a solution which is

bounded and accurate at the same time. There have been many improvements to this

problem, such as the higher-order scheme ‘QUICK’ (Leonard (1979)), or Normalised

Variable Differencing (NVD) (Leonard (1988)). In the case of NVD, the variable φ is

normalised as

φ̂ =
φ− φU
φD − φU

. (3.58)

The reference of the subscripts are indicated in Fig.3.10. Similarly the remaining vari-

ables are normalised accordingly

φ̂C =
φC − φU
φD − φU

(3.59)

φ̂f =
φf − φU
φD − φU

(3.60)

The relation between φf and φC depends on the applied differencing scheme (Fig.3.9).

In this scheme, the LU and CD scheme are alternated to maintain the boundedness of

the result. How the scheme known which differencing to use depends on the value of

φ̂C . The criterion based on this variable is subject of many papers relating to NVD.

Figure 3.9: Differencing schemes in the normalised variable diagram. Source: Jasak
(1996).

One of the more popular NVD models is the Gamma differencing scheme (Jasak (1996)).

Here a blending function is proposed to smooth the transition between the CD and LU

schemes. This method proposes that CD is used for the bulk of the domain, but applies

the following criterion to ensure a CD ↔ LU smooth transition check the direction of
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Figure 3.10: Diagram indicating the variation of φ around the shared face. C is
the cell-centre, U and D are the cell-centres of the upstream and downstream volumes

respectively. Source: Jasak (1996).

the flux and calculate φ̂C

φ̂C =
φC − φU
φD − φU

= 1−
(∇φ)fd

2(∇φ)Cd
(3.61)

for φ̂C < 0 and φ̂C > 1, apply LU

φ̂f = φ̂C (3.62)

for 0 < φ̂C < βm apply the blending function

φ̂f = −
φ̂2
C

βm
+

(
1 +

1

2βm

)
φ̂C (3.63)

for βm ≤ φ̂C < 1, apply CD

φ̂f =
1

2
+

1

2
φ̂C (3.64)

where βm is a constant, often referred to as a ‘limiter’. It has been suggested by the

proposing paper (Jasak (1996)) that the value should be in the range of 1/10 ≤ βm ≤ 1/2,

with another source suggesting the value to be 1/6 (Gaskell and Lau (1988)). It can

be deduced that the greater the βm value, the more blending is introduced. Thus

increasing this value would result in a quicker convergence - Jasak (1996) does point

out that the face value for φ is unaffected by the Courant number. The Gamma scheme

maintains the central differencing scheme predominantly throughout the domain and the

upwind differencing scheme is partially applied to avoid numerical oscillations. There

is a smooth transition between central differencing and upwind differencing schemes

through the blending function.
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3.4.4 Evaluation of convection schemes using a rectangular cylinder

case

Further investigation of convection schemes has been carried out using another test case:

smooth flow around a rectangular cylinder at a Reynolds number 40, 000 (based on the

cylinder thickness and freestream velocity). The domain dimensions, mesh distribution

and boundary conditions correspond to the ‘smooth0(2)’ case in Ch.5. For this flow,

the convection scheme is expected to be important, due to the complex shear layer be-

haviour exhibited, which includes separation and reattachment along the cylinder. This

is compounded by the difficulty in designing a priori a grid which adequately resolves

enough turbulence kinetic energy for LES. A grid study had previously been carried out

(described in §5.2.1) using the Gamma scheme, with βm set to 0.1 as recommended by

Jasak (1996). The effects of varying this parameter are of interest to ensure a satisfactory

result.

The effect of the three schemes are on the flowfield are visualised in Fig.3.11. The grid

distribution for these cases correspond to the ‘smooth0(2)’ case described in Ch.5, which

was common to all cases. To visualise the near wall structures, the second invariant of

the velocity gradient tensor can be used often referred to as the Q-criterion (e.g. Dubief

and Delcayre (2000)), which is written as

Q =
1

2
(ΩijΩij − SijSij), (3.65)

where Ωij =
(
∂ui
∂xj
− ∂uj

∂xi

)
/2, and Sij =

(
∂ui
∂xj

+
∂uj
∂xi

)
/2. Essentially Q is the balance

between the rotation (Ωij) and strain (Sij) rates. Thus a positive value of Q indicates

that the strength of rotation overcomes that of the strain. The positive values of Q are

plotted in Fig.3.11 for comparison of the convection schemes. For the case of central

differencing (Fig.3.11a), small patches of unphysical oscillations are observed around the

leading edges as well as above and below the cylinder. Increasing the contribution of

the upwinding scheme reduces the impact of the artificial wiggles in the solution. The

data presented in Table 3.4.4 for these cases shows that the chosen schemes have a large

effect on aerodynamic force prediction. It can be seen the fluctuating forces decrease

with increasing contribution of the upwind scheme. The Strouhal number is also seen

to converge as the dominant frequency of the vortex shedding shows little deviation due

to the artificial fluctuations. On the other hand, for the central differencing scheme, the

mean drag and fluctuating lift are much lower than the comparative values, while the

Strouhal number has increased significantly. The presence of the artificial oscillations

causes the vortex shedding from the leading edge of the cylinder (discussed in more

detail in §5.2.4) to break down causing an earlier reattachment of the shear layer. This

characteristic of the central differencing scheme for bluff bodies with sharp corners has

been recorded in many review papers (e.g. Ferziger and Peric (2002)). The author(s) of

these papers often recommend a blended scheme in such cases.
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(a) Central-Differencing scheme.

(b) Gamma scheme, βm = 0.1.

(c) Gamma scheme, βm = 0.2.

(d) Linear-upwind scheme

Figure 3.11: Comparison of convection schemes for the flow around a rectangular
cylinder with aspect ratio 4. Contours of the Q criterion with range 0 - 40,000 with the

plane slices at domain centreline.
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Convection scheme 〈CD〉 C ′D C ′L C ′M Str

Central-differencing 0.26 0.0562 0.0438 0.009 0.162

Gamma, βm = 0.1 0.301 0.022 0.1325 0.05 0.136

Gamma, βm = 0.2 0.297 0.018 0.1223 0.044 0.136

Linear-upwind 0.29 0.015 0.082 0.04 0.138

Table 3.2: Comparison of the mean and rms statistics of the aerodynamic coefficients

and Strouhal number (Str) for different convection schemes. All aerodynamic coeffi-

cients are normalised by the bridge deck width B. The Strouhal number is normalised

by the bridge thickness D. Equivalent values from the literature, and mesh convergence

study in the present work can be seen in Tables 5.3 and 5.4.

Fig.3.11b shows the flowfield in the case of the Gamma scheme with a value of βm to

of 0.2. This scheme serves to remove the unphysical fluctuations observed for the case

of central differencing. The prediction of mean aerodynamic forces using the gamma

scheme shows a closer match with the literature, along with the prediction of the Strouhal

number. An increase of upwind differencing contribution in the Gamma scheme can be

achieved by increasing the value of βm. The effects of this are shown in Fig.3.11c where

βm has been increased to a value of 0.4. The small turbulent structures that are observed

in the wake of Fig.3.11b are not only been ‘smoothed out’, but it can also be seen that

the wake has decayed much quicker in Fig.3.11c. Fig.3.11d shows the flowfield in the case

of a linear-upwind scheme. Like Fig.3.11c, it can be seen from that there is a lack of fine

scale turbulence in the wake region. The dissipative nature of the linear-upwind scheme

can be seen for the upper and lower surfaces of the cylinder in Fig.3.11. For the linear-

upwind scheme, the Strouhal number is still within the values of the literature as the

von Karman shedding is still left undisturbed by the unphysical oscillations. However,

the aerodynamic forces (particularly the lift) are shown to be considerably lower than

those presented in the literature.

3.4.5 Temporal and source components

The source terms in the transport equation require integrations of the cell volume. The

simplest approximation of this is to replace the volume integral by the product of the

value at the cell centre point P and the volume VC , resulting in∫
VC

sφdVC = 〈sφ〉VC ≈ sφ,PVC . (3.66)

The same approximation can be applied to the temporal derivative:

∂

∂t

∫
VC

φdVC =
∂

∂t
〈φ〉VC ≈

∂

∂t
φPVC . (3.67)
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As the variables are available at the cell centres, for the finite volume method, and

interpolation within the volume is no longer required. Furthermore, the approximation

becomes exact if sφ is constant or varies linearly within the volume, otherwise it is second

order accurate (Ferziger and Peric (2002)). The temporal derivative is discretised in a

way that the data propagates forward in time in a marching manner. Using the cell

centre approximation of the temporal terms and by moving the discretised spatial and

source terms to the right hand side of the transport equation (Eq.3.44), the expression

becomes similar to the initial value problem for an ordinary differential equation,

dφP (t)

dt
= f(t, φ(t)), (3.68)

where

f(t, φ(t)) =
1

VC

[
−
∑

A · (uφ) +
∑

A · (Γ∇φ) + sφ,PVC

]
. (3.69)

Eq. 3.69 contains the dependent quantity, φ, which can be chosen from the current or

previous time level. For the left hand side of Eq. 3.68, the simplest time integration

approach is the implicit Euler method, described as(
∂φP
∂t

)
VC ≈

φnP − φ
n−1
P

∆t
VC = f(φn). (3.70)

The flux and source terms are expressed as unknown variables of a new time level n. This

is a first order accurate method, but unlike explicit methods, arbitrary larger time steps

can be used. For a second order accurate method, the backward differencing method can

be employed by expanding the Taylor series in such a way that the first expansion of φ

is considered in a new time level φ(t+ ∆t) = φn:

φ(t) = φn−1 = φn − ∂φ

∂t
∆t+

1

2

∂2φ

∂t2
∆t2 +O(∆t3). (3.71)

Thus, the time derivative can be expressed as

∂φ

∂t
=
φn − φn−1

∆t
+

1

2

∂2φ

∂t2
∆t+O(∆t2). (3.72)

Additionally, the Taylor expansion for the second time level can be expressed as

φ(t−∆t) = φn−2 = φn − 2
∂φ

∂t
∆t+ 2

∂2φ

∂t2
∆t2 +O(∆t3). (3.73)

Combining Eqs.3.72 and 3.73, and eliminating the truncation error for O∆t2 in Eq.3.72,

leaves
∂φ

∂t
=

3
2φ

n − 2φn−1 + 1
2φ

n−2

∆t
. (3.74)

It should be noted that in Jasak (1996) the backward differencing methods has a larger

truncation error in comparison to the Crank-Nicolson method, but is still computation-

ally cheaper. The error presents itself as additional diffusion, in a similar way to the
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linear upwind method discussed in §3.4.3. This should be avoided in LES cases. In prac-

tice however, the CFL number (= u∆t/∆x) should preferably be below one, in order to

promote stability when using the Central Differencing scheme. Adjusting the time-step

would maintain this stability, as well as reducing the numerical errors of the Backward

Differencing scheme, and by extension the numerical diffusion (Villiers (2006)).

3.4.6 Boundary conditions

In CFD, the computational grid includes a number of faces which coincide with the

boundaries of the physical domain. For these faces, the flow characteristics are pre-

scribed as boundary conditions. These may generally be categorised as either fixed

value (Dirichlet), fixed gradient (Neumann), or mixed (e.g. convective) types. The ma-

jority of the boundary conditions employed in this work can be considered to be physical

boundary conditions, whereby the characteristics of the variables are constrained at these

regions (Jasak (1996)); this is in contrast to being implemented algebraically into the

system before the solution (or numerical boundary conditions). Table 3.3 summarises

the boundary conditions employed in this work, OpenFOAM (2010)’s nomenclature is

also included for clarity.

Boundary condition OpenFOAM description definition

Inlet fixedValue velocity - fixedValue; u = U ; ∂p
∂n = 0

pressure - zeroGradient

Outlet inletOutlet velocity - zeroGradient,

fixedValue for backflow;

pressure - fixedValue p = 0

Wall fixedValue velocity - fixedValue; u = v = w = 0;

pressure - zeroGradient ∂p
∂n = 0

symmetryPlane symmetryPlane no flow across boundary

Cyclic (periodic) cyclic variables passed between

conformal linked faces

Grid interface cyclicAMI interpolation between

non-conformal linked faces

Table 3.3: Summary of boundary conditions used in simulations, in terms of velocity

and pressure. UC is the convection velocity; ug is grid velocity.

It can be seen in Table 3.3 that most of the listed boundary conditions are common-

place in CFD. The exceptions to this include the inletOutlet and cyclicAMI boundary

conditions, which are specific to OpenFOAM. As the latter is a fairly recent addition to

CFD, the literature on this boundary condition is scarce, it is best to describe some of

its key aspects. Ch.6 investigates the characteristics of a moving rigid body within the
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computational domain. To achieve this, a dynamic mesh technique is adopted requiring

the cells within the domain to be stretched and squeezed to compensate to the position

of the body (see §3.4.7). Applying conventional periodic boundary conditions in such

cases is impractical, as the position of the cells between two patches in the domain not

always match. Thus, a more sophisticated method of interpolating the various quantities

between non-conformal patches is required in this research. The term ‘non-conformal’

is used to denote adjacent cells which do not share the same face topology. Several

approaches to this interpolation are possible. Referring to Fig.3.12, the task of the pro-

cedure is to estimate the face value, φf , using values from the two grid regions: donor

(D) and target (T ). McNaughton et al. (2013) proposed a ”simple” procedure, based

on the concept of an intermediate position between the two interfaces denoted the ‘halo’

point. The location of this halo point is estimated by linear extrapolation based on the

coordinates to the donor and target quantities, i.e. xD and xf . The value of the variable

φ at the halo point is then interpolated from the target grid, and φf calculated using lin-

ear interpolation. This is equivalent to treating the interface B as a Dirichlet boundary

condition, but does not guarantee conservativeness (Farrell and Maddison (2011)).

Figure 3.12: Schematic of sliding interface. The face value of the variable, φf , must
be calculated on the boundary B. Donor and target grid cells are denoted by D and T

. The halo value uses the subscript H. Diagram source: Lloyd (2013).

For the OpenFOAM implementation, termed cyclic arbitrary mesh interface (denoted

cyclicAMI ), conservativeness is assured by satisfying the condition∫
S
φDdS =

∫
S
φT dS (3.75)

where S is the total surface area between the two interfaces. To the best of the author’s

knowledge, this method has largely been applied to the unsteady simulations of wind

turbines (e.g. Lloyd (2013)), while its application to elastically mounted cylinders has

not been recorded in the literature (to the best of the author’s knowledge), let alone for

a cylinder situated in a turbulent freestream flow. The methodology for the synthetic

inflow conditions employed in this work are described below.
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Synthetic inflow condition - Xie and Castro (2008)

The inflow condition proposed by Xie and Castro (2008) will be addressed as XC here-

after. Typically, synthetic inlet conditions impose the decomposed relation:

ui = Ui + aiju∗,j , (3.76)

with ui instantaneous, Ui mean, and aiju∗,j fluctuating component of velocity. The

fluctuating component is the focus for discussion. u∗,j is an unscaled fluctuation with

a zero mean, and unit variance. aij is an amplitude tensor, Lund et al. (1998) derived

this using a Cholesky decomposition of the Reynolds stress tensor Rij , described,

aij =


√
R11 0 0

R21/a11

√
R22 − a2

21 0

R31/a11 (R32 − a21a31)/a22

√
R33 − a2

31 − a2
21

 . (3.77)

This decomposition provides the scaling and cross relation for the fluctuating component

u∗,j . Modelling this component is the focus for the XC method (Xie and Castro (2008)).

The XC method applies an exponential correlation function (derived from DNS data),

along with the proposed digital filter method of Klein et al. (2003) to generate two-point

correlations,

ϕ =
N∑

j=−N
bjrm+j , (3.78)

where N = 2n, n = L/∆x, ∆x is the grid size and L is the integral length scale. the

subscripts m and j are position indices. ϕ is the intermediate velocity and r is the

1D random number sequence. r has a zero mean and unit variance. The constant b is

estimated using Klein et al. (2003)’s function:

bj =
b′j(∑N

l=−N b
′2
l

) , (3.79)

with

b′j = exp

(
−π|j|

2n

)
. (3.80)

This model can be modified for a 2D spatial correlation using Eqs.3.78 and 3.79,

ϕm,l =
N∑

j=−N

N∑
k=−N

bjbkrm+j,l+k. (3.81)

The XC method generates a 2D slice in the computational domain. At each time step,

ϕm,l is generated and correlated with the velocity from the previous time-step. This
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correlation is also from an exponential function:

u∗,i(t+ ∆) = u∗,i(t) exp

(
−XCconst∆T

T

)
+ ϕi(t)

[
1− exp

(
−2XCconst∆T

T

)]0.5

.

(3.82)

The model constant XCconst is specified as π/4 and T is the lagrangian time scale

(T = L/U). The combination of Eqs. 3.76 and 3.82 are used to generate the synthetic

turbulence. The integral length scales Lij were defined as

Lij =

∫ rij,0.1

0
Ci(rêj)dr, (3.83)

where Ci(rêj) is the correlation function. The indices i and j indicate the velocity vector

and directions respectively. rij,0.1 is the separation distance for function, which is equal

to 0.1. The synthetic inflow condition outlined here has shown to be very efficient in

obtaining the mean pressure of bluff bodies. However, the method has shown to generate

unrealistic results for the pressure fluctuations. This limitation has been documented

by Kim et al. (2013), who subsequently applied a divergence-free condition to resolve

this problem.

Divergence-free condition - Kim et al. (2013)

Before outlining the divergence-free criterion (hereafter XCDF), a brief description of the

velocity-pressure coupling procedures used for incompressible flow solvers is presented

first to help the reader’s understanding of the divergence-free method. The equations

presented in this section are in the syntax of the OpenFOAM (2010) documentation.

Referring to the incompressible Navier-Stokes equations (Eqs.3.13, 3.14), one can rewrite

the momentum equation in a semi-discretised form at each cell centre (Ferziger and Peric

(2002))

APu
n+1
i,P +

∑
l

Alu
n+1
i,l = −

(
∂pn+1

∂xi

)
P

+Qi. (3.84)

Suffix P indicates the centre of the control volume, n is the time step and l indicates

the neighbouring cell centres around point P . AP is a centre coefficient, and Qi is the

sum of the boundary conditions and quantities at previous time steps. Eq.3.84 can also

re-written as,

un+1
i,P =

Qi −
∑

lAlu
n+1
i,l

AP
− 1

AP

(
∂pn+1

∂xi

)
P

. (3.85)

The first term on the right-hand can be described as the velocity without the contri-

butions of the pressure gradient (Ferziger and Peric (2002)). One can therefore rewrite

this term as

ũn+1
i,P =

Qi −
∑

lAlu
n+1
i,l

AP
. (3.86)



Chapter 3 Numerical methodology 81

Therefore, Eq.3.85 can be written as

un+1
i,P = ũn+1

i,P −
1

AP

(
∂pn+1

∂xi

)
P

. (3.87)

One can apply a divergence operator to Eq.3.87 (i.e. ∂/∂xi). After this, to satisfy the

continuity equation (3.13), the first term of the left hand side disappears resulting with

∂

∂xi

[
1

AP

∂pn+1

∂xi

]
P

=

[
∂ũn+1

i

∂xi

]
P

. (3.88)

It should be of interest that Eqs.3.88 and 3.87 are the discretised forms of the continuity

and momentum equations respectively. The pressure field can now be solved by using

the velocity field using the discretised continuity equation. However, both un+1 and

pn+1 are unknown, also they need to be solved simultaneously. There is a variety of

pressure-velocity coupling methods available. One of the more popular transient solvers

for this is the PISO algorithm (Issa (1985)). This method comprises of one predictor and

multiple corrector steps. For the predictor step, an intermediate velocity u∗i is calculated

based on the values of p, Al and AP at the previous time step. The momentum equation

for this calculation is

u∗i,P = ũ∗i,P −
1

AP

(
∂pn
∂xi

)
P

. (3.89)

The velocity component u∗i generally does not satisfy the divergence-free condition.

Therefore, further corrections are introduced for both velocity and pressure, u∗∗i = u∗i +

u′i, p
∗ = pn + p′. The first corrector step is,

u∗∗i,P = ũ∗i,P + ũ′i,P −
1

AP

(
∂p∗

∂xi

)
P

, (3.90)

with

ũ′i,P =

∑
lAlu

′
i,l

AP
. (3.91)

ũ′i is neglected at the first corrector step. Further to this, after applying a divergence

operator (∂/∂xi) to Eq.3.90, one can calculate p∗ using the resulting equation

∂

∂xi

[
1

AP

∂p∗∗

∂xi

]
P

=

[
∂ũ∗∗i
∂xi

]
P

. (3.92)

More corrector steps could be applied, but has been shown to be unnecessary (Issa

(1985)). u∗∗∗i and p∗∗ are considered to be accurate approximations of un+1
i and pn+1

which are applied for the next time step.

The aim of the divergence-free turbulence method is to generate ũ∗i on a two-dimensional

transverse plane near the inlet contain turbulence, and then correct them with appropri-

ate pressure contributions to satisfy the divergence-free condition. The velocity fluctu-

ations generated from the XC model are imposed appropriately on the two-dimensional
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plane at x = x0, rather than at the inlet boundary as in the XC method. After the

predictor step, Eqs. 3.90 and 3.92 at x = x0 are modified as,

u∗∗i,P = ũg∗i,P −
1

AP

(
∂p∗

∂xi

)
P

, (3.93)

∂

∂xi

[
1

AP

∂p∗

∂xi

]
P

=

[
∂ũg∗i
∂xi

]
P

, (3.94)

where ũg∗i is the generated velocity from the XC method which is equated in the same

way as in Eqs. 3.91; Eqs.3.90, and 3.92 remain unchanged for the rest of the domain.

The first corrected velocity u∗i in equation 3.93 satisfies the divergence-free condition

and contains turbulence motions. A similar modification is introduced in the second

corrector step. For this Eqs.3.91 and 3.92 at x = x0 becomes

u∗∗∗i,P = ˜ug∗∗i,P −
1

AP

(
∂p∗∗

∂xi

)
P

, (3.95)

∂

∂xi

[
1

AP

∂p∗∗

∂xi

]
P

=

[
∂ũi

g∗∗

∂xi

]
P

. (3.96)

The same generated velocities as in Eq.3.93 are imposed at x = x0, i.e. ũg∗∗i (x0) =

ũg∗i (x0). Like the PISO coupling, further correction steps are possible but this showed

little improvement for the pressure results (Kim et al. (2013)). Thus, u∗∗∗i and p∗∗ are

considered to be the solution for the next time level. Note that the corrected velocities

u∗∗∗i , in Eq.3.95 are not used to calculate u∗,i(t + ∆t) in Eq.3.82, so that the velocity

correction in Eq.3.95: would not affect the correlations which are imposed in Eqs.3.78 -

3.82.

U/UH
Inflow
plane

Figure 3.13: Application of the XCDF synthetic inflow condition to the ‘empty-box’

case in Ch.4. UH is the freestream velocity at a reference height (height of a tall

building). The position of the inflow condition is indicated by a thick black line.
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Fig.3.13 demonstrates the application of the XCDF inflow condition for the ‘empty-

box’ case in Ch.4. The XCDF inflow condition was tested in a channel flow case while

focusing on the skin friction coefficient in the original publication. This inlet condition

is also applied in §4.1 for verification and validation for the flow around a standard tall

building. A brief comparison of the XCDF method with other divergence free inflow

approaches is presented in the same section.

3.4.7 Moving boundaries

In many application areas the solution domain changes with time due to the movement

of the boundaries. In such cases, the computational grid has to accommodate for this.

The available techniques for modifying the grid can be separated in two groups: fixed

group methods (such as the immersed boundary method) and moving grid method with

the Arbitrary Lagrangian-Eulerian (ALE) method as a representative. In Tezduyar et al.

(2008), the advantages of the ALE approach over the fixed-mesh alternatives is described

This analysis is based on the procedure’s ability to maintain high-quality grid near the

moving body, resulting in a better representation of the fluid in this region. In an ALE

approach, the grid is moved to allow the distortion of the boundary’s shape. The main

difficulty in this case is to preserve mesh validity and quality. A review by Tukovic

(2005) presents several grid distortion procedures, including:

• Spring Analogy: Here, all edges in the mesh are replaced by elastic springs. The

point motion is obtained by applying the loading in a form of the prescribed

boundary motion. The linear system of equations of motion is obtained from the

force balance in all points. Unfortunately, by using this method, certain types

of failure modes can occur, such as degeneration of the cell vertices to a single

line or pushing a point through the opposing vertex. Remedies for this include

applying a non-linear spring approach, or introducing torsional springs at the

points. Consequently, a reliable spring based motion system comes with a very

high computational price (see Jasak and Tuković (2004) for this analysis).

• Pseudo-Solid Approach: In this procedure, the fluid grid is treated as a linear

elastic body. Again the loading is imposed by a prescribed boundary motion and

the motion of the points is obtained by solving static equilibrium equation for

small deformations. Compared to the spring approach, the pseudo solid approach

allows for easier control of the distortion of the grid by introducing pseudo material

quantities, such as Lamé coefficients. In order to control the mesh distortion, the

coefficients can be assigned based on the size of the element, or by the relative

distance from the boundary. Examples of such analysis include Kupzok (2008),

and Tukovic (2005).
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• Laplace Method: This approach has similar qualities of the pseudo-solid approach.

However, in this procedure the local rotation are omitted, and the Lamé coeffi-

cients are replaced by a diffusivity coefficient. In this way the Laplace equation

can be obtained. Compared to the pseudo-solid approach, the system of equa-

tions in the Laplacian approach are decoupled and easier to solve, with the vector

motion components being unknowns. Similarly, as assigning the grid dependent

Lamé coefficients in the pseudo-solid approach, here the mesh deformation can be

influenced by assigning a non-uniform distribution of diffusion.

• Bi-harmonic Approach: Similar to the Laplacian approach (second order differen-

tial equation), but instead requires the solution of a fourth order equation. The

bi-harmonic method generally provides a much better mesh quality and is more

stable in cases of large deformations of the movable boundaries. However, the

solution to a higher order equation requires a greater cost in computational effort

compared to the Laplacian approach (Tukovic (2005)).

Figure 3.14: The surface area vector A and boundary velocity vector ub on the

control volume for the dynamic mesh. Dots indicate the cell vertices. Diagram source:

OpenFOAM (2010).

In this work, the moving boundaries are imposed using the ALE formulation. Fluid

problems typically employ an Eulerian formulation where the computational mesh is

fixed in space and the fluid particles move relative to the mesh. In contrast, structural

problems often employ a Lagrangian formulation where the computational mesh moves

with the associated material particle. An appealing aspect of the ALE formulation

is that the motion of the computational mesh is allowed through the formulation of

integral conservation laws of an arbitrary fixed volume. In Ferziger and Peric (2002)

a brief derivation of equations for a moving grid system is given, starting with a one

dimensional continuity equation:

∂ρ

∂t
+
∂ρu

∂x
= 0. (3.97)
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Integrating Eq.3.97 over a control volume whose boundaries move with time gives∫ x2(t)

x1(t)

∂ρ

∂t
dx+

∫ x2(t)

x1(t)

∂(ρu)

∂x
dx = 0. (3.98)

With the aid of Leibniz’s rule, the first term can be rewritten as

d

dx

∫ x2(t)

x1(t)
ρdx−

[
ρ2
dx2

dt
− ρ1

dx1

dt

]
+ ρ2u2 − ρ1u1 = 0. (3.99)

dx/dt represents the velocity of the grid boundaries; denoted as ub (see Fig.3.14) in

OpenFOAM’s terminology. The term in the square brackets have a similar form to the

terms involving the fluid velocity. Eq. 3.99 can therefore be rewritten as

d

dx

∫ x2(t)

x1(t)
ρdx+

∫ x2(t)

x1(t)

∂

∂x
[ρ(u− ub)]dx = 0. (3.100)

Hence, when the boundary moves at the fluid velocity (i.e. u = ub) the mass flux within

the control volume will be zero. Using the Leibniz rule, an expansion to a 3-dimensional

form of Eq.3.100 leads to a mass conservation or in general to any conservation equation.

For the finite volume method, the conservation equation of property, φ, over an arbitrary

moving control volume, VC , in integral form is

d

dt

∫
VC

φdVC +

∫
A
dA · ~u−

∫
A
dA · ~ubφ︸ ︷︷ ︸

Convective mesh motion term

=

∫
VC

∇ · (Γ∇φ)dVC , (3.101)

The transport equation can be assessed for the case:

φ = 1,

∫
A
dA · ~u = 0, sφ = 0. (3.102)

Under these conditions, Eq. 3.101 becomes

d

dt

∫
VC

dVC −
∫
A
dA · ~ubφ = 0. (3.103)

Eq.3.103 presents as a continuity equation for zero fluid velocity. This equation states

that the change in volume of each control volume between two adjacent time steps is

equal to the volume swept by the cell boundary during the time step. When discre-

tised, Eq.3.103 becomes difficult to satisfy. This equation manifests as an additional

constraint on the ALE approach, denoted Space Conservation Law (SCL) in the litera-

ture. Violation of the SCL results in artificial mass sources, which may accumulate with

time. To overcome this, the mesh motion fluxes are obtained from the discretised SCL

where the temporal discretisation scheme used for SCL should be the same as that for

the other conservation equations in the considered mathematical model (Demirdzic and

Peric (1988)).
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3.5 Application of the finite volume method

The finite-volume method and some approximations for the discretisation on the generic

transport equation have been briefly reviewed. The specific schemes which are employed

in the later chapters are listed. The second-order backward differencing scheme for the

temporal discretisation, Eq.3.74, is used for all turbulent flow simulations in Chs.4-6.

For the convection term, the second-order central differencing interpolation scheme in

§3.4.3 is adopted for the CAARC building in Ch.4. To avoid numerical oscillations for

he cases of shear layer reattachment, the second-order bounded (Gamma) interpolation

scheme in §3.4.3 is adopted for the fixed and dynamic rectangular cylinder simulations

in Chs.5 and 6. For the turbulent inflow condition, the efficacy of Kim et al. (2013)’s

method in §3.2.4 is assessed in Ch.4. The influence of the user-defined integral length

scales and turbulence intensities on the pressure results are subsequently tested for the

case of a tall building model (Ch.4), and a long-span bridge section (Ch.6). The inflow

generation technique improves on many of the existing techniques as the temporal and

spatial length scales can be defined by the user; this aspect is investigated in Ch.6.
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Figure 3.15: Application of methods, and additional coding required for this work.

*Note: although dynamic probes were implemented into OpenFOAM for the purpose

of this work, the author has been made aware that the recent version of OpenFOAM

(2.3.1) has this utility in its library.
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Aeroelastic tests on a bridge section are systematically carried out in Ch.6. A pre-

existing dynamic mesh approach in OpenFOAM (concepts in §3.4.7) has allowed the

community to assess the cases of a dynamic rigid body within the domain. However,

the solvers associated with these dynamic mesh approaches are solely dedicated to the

one-way coupling, or forced vibration. To analyse the interaction between the bridge

and the surrounding fluid in a more realistic approach, a method of coupling the two

mediums is required. Thus, a two-way coupling method between the bridge and the

surrounding fluid was implemented in OpenFOAM for the purposes of this research.

Further to this, a number of postprocessing tools have also been implemented to extract

the data from the dynamic body, such as dynamic probes (probes that maintain their

position along the cylinder regardless of its position), phase averaging of the flowfield,

and spatial averaging to calculate the flowfield data along the span of the bridge section.

For the visualisation of the flowfield, Paraview and Tecplot are used in this work. As

an alternative to already existing OpenFOAM utilities for extracting the data, ”Python

scripting” is also used to save the manual postprocessing. Besides numerical simulations,

this project involves the validation of the numerical results with experimental data.

The data output requires manipulation of large data files. To overcome this, many

routines have been implemented in Matlab, such as correlation processing, integration,

and averaging of the pressure measurements. In summary, Fig.3.15 shows the additional

programming required for this research.





Chapter 4

Peak loading and surface pressure

fluctuations of a tall model

building

4.1 Introduction

At present, the wind engineering toolbox consists of wind tunnel testing of scaled models,

field measurements, and mechanical load testing. With the continuing advances in

CPU performance (see §3.2), the application of Computational Fluid Dynamics (CFD),

specifically Large-Eddy Simulation (LES), has become a feasible approach to simulate

flows with Reynolds numbers observed in the field of wind engineering.

For the assessment of wind flows around civil engineering structures, more recent re-

search involving CFD has focused on an inflow technique which provides an accurate

simulation of turbulence observed in natural wind. Generating such turbulent char-

acteristics at a realistic computational expense, such as to be used within the design

cycle, is a consistent aim in the literature (e.g. Tamura et al., 2008a). The present

research applies a recently proposed inflow condition specifically tailored for wind engi-

neering applications (Kim et al., 2013). The methodology of this synthetic inflow, and

the additional divergence-free procedure, are outlined in §3.4.6. The efficiency of this

method in obtaining surface pressure statistics over a NACA0012 airfoil has previously

been demonstrated (and validated) by Kim (2014). At present, a demonstration of this

inflow condition over civil engineering structures has not been performed. Thus, the ef-

ficacy of this inflow generator for flows around a rectangular bluff body (i.e. simulating

a tall model building) is one of the aims of this chapter.

In the literature, flows over isolated square or rectangular buildings have been exten-

sively studied, with the majority of these being conducted in the wind tunnel. One of

89
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the more popular test cases for use of validation (or verification) is of a high rise build-

ing model proposed by the Commonwealth Advisory Aeronautical Council (CAARC)

(Moss and Wardlaw, 1970) (see Melbourne (1980) for details of this report). For the

early wind tunnel publications, the CAARC standard tall building model was largely

used to deduce the sources of wind tunnel errors, and development of newly proposed

surface pressure sampling techniques - of which the literature now provides an extensive

database. Some of the more recent experimental studies have employed the CAARC

building for other topics within wind engineering, such as pedestrian comfort of wake

interference effects (e.g. Dagnew and Bitsuamlak (2009), and Dagnew and Bitsuamlak

(2010)). Meanwhile, analysis using CFD still remain within the calibration stages of

various numerical methods (e.g. (Huang et al., 2007)).

One of the appealing aspects of using CFD is the visualisation of flowfield, enabling

the engineer to identify flow patterns around the bluff body. At the same time, ex-

traction of the flowfield statistics, namely the standard deviation (r.m.s.) of pressure

around the building perimeter (e.g. Huang et al., 2007; Dagnew and Bitsuamlak, 2010)

is also conveniently available in CFD. Obtaining an accurate estimation for the fluctu-

ating pressures is critical when considering structural vibrations and incurring fatigue

concerns. However, for CFD, the limitations on computational expense can make this

a challenging endeavour, such as generating (and maintaining) the statistics of the tur-

bulent inflow (e.g. turbulence intensity and integral length scales) across the domain.

Simultaneously, for cases of complicated geometry (e.g. sharp corners) may significantly

increase the uncertainties of the prediction. These aspects are also discussed in the

present chapter.

Figure 4.1: Identified flow structures around a wall-mounted square prism. Diagram

source: Wang et al. (2004).
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(a) Left view (b) Right view

Figure 4.2: Iso-surfaces of the Q-criterion (Eq.3.65) for the flow over the tall building

model in smooth flow from the present work.

The flows around a tall building model (prism) is considerably complicated as the geom-

etry consists of both fixed and open ends. These ‘end-effects’ encourage the flow to have

a more three-dimensional characteristic; for example, towards the bottom of a tall build-

ing the flows are influenced by the no-slip condition (zero velocity) at the ground causing

a greater mixing of the flow, and on the other end, the over the roof causes a downsweep

along the leeward side of the building, which coalesces with the wake. Between the two

ends, the flows around the mid-height can be considered homogeneous along the vertical

direction, as this region (to a certain degree) shows independence to the end-effects and

demonstrates the characteristics of a two-dimensional cylinder. Overall, the interest in

studying the flow around a wall-mounted prism can be considered to be two-fold: firstly,

the rectangular prism represents a schematic of a tall building whereby the understand-

ing the wind loading on the design provides an extreme case study for industry, secondly,

from a more academic point of view, the interaction of the flows between the end-effects

and the homogeneous region emits a wide range of coherent or complex structures which

characterise bluff body flow. Fig.4.1 summarises the identified flow structures around

a tall model building (rectangular prism); for comparison, Fig.4.2 shows the iso-surface

plots of the Q-criterion (Eq.3.65) around the building model in the present work. The

flow structures The key characteristics of the wind loading on a tall building are now

summarised.

The windward wall is defined as the surface of the building to which the wind direction

is normal. By Bernoulli’s principle, a stagnation point is located on this face, and can

be found approximately two-thirds of the building height, depending on the aspect ratio

of the wall and the pitch of the roof (Bi (2006)). Above the stagnation point, the flow is

drawn over the roof of the building and into the wake, creating a significant mixing of the
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flow. The literature also proposes that for certain cases, ‘tip vortices’ are formed at the

leading edge of the roof (e.g. Bi (2006)), as illustrated in Fig.4.1. Below the stagnation

point, along the centreline of the windward wall, a downsweep of the flow is created;

it is speculated that increasing the height of the building increases the acceleration of

this flow (Wang and Zhou (2009)). Towards the bottom of the building, this flow rolls

up into a vortex, denoted as the horseshoe vortex, and convects around the lateral

sides. This vortex induces a high shear region around the windward wall and has a

significant effect on the distribution of windward wall pressures (Martinuzzi and Havel

(2000)), while only having a weak influence on the wake (Sau et al. (2003)). The mean

pressures on windward walls are positive (acting on the model) with a peak pressure

value at the stagnation point. The formation of vortices at the windward edges creates a

high suction pressure. At present, to the best of the author’s knowledge, quantification

of these peak pressures at the immediate leading edge has not been performed in the

literature. Such analysis is therefore also considered in this chapter. The leading edge

vortices subsequently convect along the lateral sides of the building and into the wake,

as demonstrated in Figs.4.1 and 4.2.

From Fig.4.2, it can be seen in the present work that for the flow around the lateral sides

of the model the vortex is convecting faster near the roof of the model than for the bot-

tom. The lateral sides experience a separated flow in a similar manner discussed in Ch.2.

However, due to the short aspect ratio (B/D = 0.67, where B is the streamwise length,

and D is the spanwise length), the shear-layer from the leading edge does not reattach

along the body and subsequently convects into the wake (see Ch.2). It should be noted

that due the presence of freestream turbulence, the separating shear-layer rolls up into a

vortex creating a high-suction peak pressure. These vortices subsequently convect into

the wake, generating a von Karman vortex street. This process suggests that the surface

pressure on one lateral face of the tall building must be in some (anti-phase) correlation

with that on the opposing side. In the literature, analysis of this flow has largely been

conducted in the wind tunnel. Using conditional sampling, Surry and Djakovich (1995)

attempted to identify a correlation of pressure peaks on the centres of the two lateral

faces of a tall building. They found that the pressure peaks at corresponding taps on

the opposite lateral faces were in anti-phase (i.e. shifted by 180o). More recently, Bar-

toli and Ricciardelli (2010) investigate the correlations of surface pressure and forces

on windward, leeward and two lateral faces of a medium-rise, rectangular plan building

in wind tunnel scale, and thus to quantify the errors associated with the quasi-steady

assumption for wind load evaluation. To the best of the author’s knowledge, quanti-

tative analysis of the correlations of the pressure fluctuations on the two lateral faces

of the CAARC building, situated in an atmospheric (turbulent) boundary layer, have

not been reported in the literature. The present chapter takes account of the effect of

various inflow parameters and focuses on a systematic analysis of these correlations, as

well as those between local wall normal forces on the lateral faces, and of the cross-wind

velocity fluctuations in the wake.
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4.2 Outline of CFD modelling

The calculations in this chapter were performed using the open-source code OpenFOAM

1.7.1, (OpenFOAM, 2010). For the proceeding sections, the coordinates x, y, and z

represent the streamwise, vertical and spanwise (lateral) directions respectively. The

origin was specified to be at the corner of the inlet boundary of the computational

domain for all simulations. The domain shape and a schematic of the mesh topology

around the building model for the baseline simulations are shown in Figs.4.3 and 4.4

respectively.

The chosen geometry for the CAARC building is of the classical model, having a flat-

topped prismatic shape, a rectangular cross-section and lateral flat walls with no para-

pets or other geometric details; the dimensions are: length (D, streamwise) = 30m,

width (B, spanwise) = 45m, and height (H, vertical) = 180m. For this analysis, the

model was scaled down 1:400. The Reynolds number based on the free stream velocity at

y = 4H and the height of the building was Re = 3× 105, which is within the range used

in several papers for the validation of wind-tunnel testing. With the extensive literature

associated with the CAARC building, of particular interest for comparison between the

wind tunnel tests are the effects of the domain size on the pressure statistics. To in-

vestigate this aspect, a large domain was tested in accordance to the dimensions of the

wind tunnel tests of Dagnew and Bitsuamlak (2010) (i.e. ‘CAARC1’ in Table4.2), with

the dimensions 20H × 4H × 10H. For comparison, a smaller domain (i.e. ‘CAARC(2-7’

in Table4.2), Fig.4.3a) was also designed with dimensions 10H × 4H × 8H. The cor-

responding boundary conditions around the domain are summarised in Table 4.1, with

labels corresponding to Fig.4.4. A no-slip boundary condition were applied to the walls

of the CAARC building, with u1 = 0 and ∂p/∂n = 0. Large-Eddy Simulation was

performed in this chapter with the classic Smagorinsky Sub-Grid Scale (SGS) model.

In accordance to bluff body flows (Ferziger and Peric (2002)), the coefficient associated

with the Smagorinsky SGS model, Cs, was set to 0.1. This SGS model suffers from

its excessive dissipation in high shear regions. So the Cs constant must be reduced in

these regions by using a damping factor. The Van-Driest damping function, Eq.3.27,

was applied to the floor of the domain and the surfaces of the CAARC building.

Although the CAARC building is a rather simple geometry, the computational mesh

generation is not straightforward because of the requirement for a good quality mesh in

the near wall regions. A block-structured hexagonal mesh was generated in the domain

using Gambit 2.4.6 to generate all the meshes. The first grid point was placed at D/200

away from the model surface to ensure that y+
1 < 5, for the cases ‘CAARC(1-4)’. The

effects of the y+
1 value around the model was subsequently evaluated in this work, varying

this value for mesh distributions ‘CAARC(5-7)’, while maintaining the grid distribution

in the far field (corresponding to ‘CAARC2’). To maintain an efficient calculation, an
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exponential scheme was specified for the grid distribution around the domain. A bi-

exponent grid distribution was prescribed along the streamwise and spanwise surfaces

of the model, maintaining an aspect ratio of 1 at the corners. The cell growth was also

proportional to the distance away from the CAARC building, with a growth ratio set to

1.05. A uniform distribution of cells was prescribed along the height (vertical direction)

of the model, with the cell size δ = H/180. Above the building height, the cells were

exponentially increased with growth ratio 1.05. Details of the domain size and number

of grid points for the mesh convergence tests are tabulated in Table 5.1, corresponding

to Fig.4.4. The domain dimensions in the streamwise and vertical directions for the

large and small domains resulted in a blockage of 0.625% and 0.781% respectively.

Figure 4.3: (a) Overall grid distribution, with coordinates x, y, z corresponding to
streamwise, vertical and lateral respectively. (b) A sketch of section partitions on the

lateral faces.

The XCDF synthetic inflow condition requires the profiles of the integral length scales

(ILS), turbulence intensity (TI), Reynolds stress components and mean velocity to be

defined. The velocity profile and streamwise turbulence intensity (Iu = u′/U) were calcu-

lated empirically from the mean velocity and turbulence intensity derived from the wind

tunnel tests of Dagnew and Bitsuamlak (2010). The mean velocity was modelled using

a wind power law exponent of 0.12 (see Eq.1.3) with reference velocity UH = 11.7m/s,

where UH is the velocity of the building height; this power law exponent corresponds

to the surface roughness of “Open grassland without trees” (Davenport (1960)). In later

sections of this chapter, an exponent value of 0.3 is used for comparison, corresponding

to “Level country uniformly covered in scrub oak and pine” (Davenport (1960)). The



Chapter 4 Peak loading and surface pressure fluctuations of a tall model building 95

remaining Reynolds stress components (e.g. Iv, and Iw) were deduced using appro-

priate relations suggested by Xie et al. (2009). The streamwise integral length scale

of turbulence was deduced from the collected wind tunnel data from Obasaju (1992).

Furthermore, following Xie et al. (2009), the integral length scales in the streamwise,

vertical and lateral directions were set 4D, D and D respectively. The combination of

inflow settings described above (with α = 0.12) are denoted the ‘base’ settings hereafter.
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Figure 4.4: Sketch of the domain for the CAARC building.

E1 E2/E3 E4 E5 E6 x0/B

ui = U , symmetryPlane, ∂ui/∂n = 0, symmetryPlane, ui = 0, XCDF

∂p/∂n = 0, p = p∞, ∂p/∂n = 0,

Table 4.1: Summary of the boundary conditions for the CAARC building study. U is

the freestream velocity and ∂/∂n is normal derivative to the boundary. The transverse

plane is placed at x0 = 3D where the XCDF inlet condition (see §3.2.4) is imposed.
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CAARC1 CAARC2 CAARC3 CAARC4

US [D] 28 22 22 22

R [D] 26.25 20.25 20.25 20.25

C [D] 18 21 21 21

N [D] 3 3 3 3

M [D] 2 2 2 2

W [D] 57 39 39 39

y+
1 y+

1 < 5 y+
1 < 5 y+

1 < 5 y+
1 < 5

NUS 50 45 80 100

NR 100 39 75 35

NC 50 75 75 30

NB 30 30 30 75

ND 45 45 45 113

NN 45 45 45 45

NM 30 30 30 30

NW 100 75 75 35

NTotal 9419500 7258950 8645000 10030500

Table 4.2: Summary of the computational domain size in unit D, and number of

grid points along the vertices of the domain (corresponding to Fig.4.4) for the far-field

mesh resolution study. The labels correspond to Fig. 4.4. Note that NB and ND

correspond to the grid points along the model’s thickness and width. y+1 corresponds

to the maximum value of the wall-normal resolution over the model building.

CAARC5 CAARC6 CAARC7

y+
1 5 < y+

1 < 10 10 < y+
1 < 20 y+

1 > 20

Table 4.3: Summary of the local grid resolutions investigated over the tall building

model for the mesh dependency study. y+1 corresponds to the maximum value of the

wall-normal resolution over the model building. The grid distribution over the rest of

the domain corresponds to the case ‘CAARC2’, corresponding to Table4.2 and Fig.4.4

The time duration for initialising the calculation was set to 50,000 time steps with

∆t = 10−4secs. This step size was chosen in order to keep the CFL number (u∆t/∆x)

less than 1 (∆x is the smallest grid size in the computational domain). This is equivalent

to 500t∗, where t∗ = UHt/D. This initial duration was adequate to obtain the converged

statistics for the aerodynamic forces, and unsteady pressure distributions. The subse-

quent averaging durations were approximately 500t∗ to obtain converged statistics and

were used for further analysis, e.g. conditional sampling. As the flow in this chapter is

considered turbulent, the calculations for this employ the central differencing scheme for

the discretised convective and diffusive terms, rather than the more diffusive TVD or

upwind schemes (see §3.11 for a demonstration of this aspect). The PIMPLE algorithm
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Figure 4.5: Mean and root-mean-squared pressure fluctuations around the perimeter

of the CAARC building at y = 2/3H for different mesh resolutions corresponding to

Fig.4.4, and Tables 4.2 and 4.3.
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was adopted for the velocity-pressure coupling, combining the SIMPLE and PISO (Issa

(1985)) algorithms. The momentum equation are solved repeatedly as outer iterations

(SIMPLE), while pressure corrections are performed using the PISO algorithm. The

number of outer corrections was set to 1, and the number of pressure correctors was set

to 3 in this chapter.

The distributions of the time-averaged values and of the standard deviation of the fluc-

tuating pressure around the perimeter at y = 2H/3 are plotted in Figs.4.5(a) and 4.5(b).

The mean pressure was normalised by

Cp =
(〈p〉 − 〈pref 〉)

0.5ρU2
, (4.1)

where UH is the undisturbed velocity at the CAARC building height at the inlet, pref

was sampled at (x,y) coordinates (H, 3H) upstream of the cylinder from the centreline,

and ρ is the air density. The r.m.s. pressure is normalised as

Cp‘r.m.s. =
p′r.m.s.
0.5ρU2

. (4.2)

The distributions for Fig.4.5(a) show that the windward and leeward faces shows little

sensitivity to the grid resolution. However, the lateral sides (parallel to the flow) shows

the greatest disparity for both mean and fluctuating pressures; thus the focus of the

grid dependence study is of this region. The combined results of Figs.4.5(a) and 4.5(b)

between ‘CAARC1’ and ‘CAARC2’ shows that the pressure statistics show very little

sensitivity to the domain size. Based on this, the smaller domain was subsequently

chosen for remaining mesh dependency cases. Increasing the mesh resolution (‘CAARC3’

and ‘CAARC4’) from 7.2mil to 8.4mil cells in the upstream region and the spanwise

direction makes only a small change to the fluctuating pressure over the four sides.

Furthermore, it can be seen that the peak pressures toward the leading and trailing

edges remain largely unperturbed by the grid resolution in the far-field.

For cases ‘CAARC1-4’ the maximum wall-normal grid resolution y+
1 (= y1uτ/ν) was set

to 4.3. Dependency of the local grid resolution over the building model was subsequently

investigated for cases ‘CAARC5-7’. Increasing the local grid resolution allows for an

increase in the time-step by the requirements of the CFL number (u∆t/∆x) to be less

than 1. It can be seen for both Figs.4.5(a) and 4.5(b) that a y+
1 distribution greater than

20 is too coarse to capture the separation bubble over the lateral sides, while for y+
1 < 20,

the pressure statistics are fairly forgiving, showing little indifference to the results with

resolution y+
1 < 5. Based on these observations, and for an efficient calculation (i.e. a

larger time-step), the calculations for the remainder of this chapter were performed using

the local mesh resolution of 10 < y+
1 < 20 with the small domain (i.e. ‘CAARC2,6’).

The author notes that the y+
1 values are in the range used in the comparative papers of

Huang et al. (2007), and Dagnew and Bitsuamlak (2010)-(case ‘1A’), with y+
1 < 15.
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4.2.1 Performance of the inflow methods on the CAARC building

model

For the numerical (LES) studies of the flows over the CAARC building, both Huang

et al. (2007) and Dagnew and Bitsuamlak (2010) used a spectral synthesiser by Smirnov

et al. (2001), available in ANSYS Fluent, to generate the synthetic turbulent inflow.

In this method, the fluctuating velocity components are computed by synthesising a

divergence-free velocity vector field from the summation of the Fourier harmonics on

the basis of the input turbulence boundary conditions. However, this method leads

to a rapid decay in the inertial-subrange of the energy cascade, creating an early cut-

off frequency between the resolved and modelled turbulence (see Huang et al. (2010)).

To overcome this limitation, Huang et al. (2010) applied a Dirac delta function to the

Smirnov et al. (2001) method to construct velocity spectra with appropriately defined

shapes (e.g. von Karman spectrum). The Huang et al. (2010) method pays a high price

on CPU time for the turbulence generation. With the default settings, it can be deduced

that the calculation is 250 times more expensive than the original Smirnov et al. (2001)

method. Huang et al. (2010) comment that this method is, however, more suitable

than the earlier ones for parallel computations. It is to be noted that the major feature

of this method is its flexibility for generating the inflow profiles. The XCDF method,

employed in the present work, shows a similar performance as the Huang et al. (2010)

method in this respect. To demonstrate this aspect, Fig.4.6 shows a power spectral

density of velocity fluctuations, generated by the XCDF method, at a station (i.e. at

x = 3.17D, y = D on the central plane) immediately downstream of the x0 plane where

the synthetic turbulence is imposed. The data to generate these spectra derives from the

grid resolution study ‘CAARC6’. The von Karman wind spectra (Eurocode, 2001) are

also included in Fig.4.6 for comparison. In this model, the spectra for the three velocity

components are described,

PSD(u′)

σ2
u

=
4nu

f(1 + 70.8nu2)5/6
; nu = fLu/Uavg (4.3)

PSD(ξ′)

σ2
ξ

=
4nξ(1 + 755.2nξ

2)

f(1 + 283.2nξ2)11/6
; nξ = fLξ/Uavg; ξ = v or w (4.4)

where L is the integral length scale, f is the frequency, σ2 is the variance, and Uavg is

the local average velocity. The LES spectra show an evident slope −5/3. However, at

very high frequencies the LES spectra show a slightly steeper slope, which might be due

to the limited resolution. It is crucial to check the flow development from the inlet to

immediately upstream of the CAARC building, which might be affected by the coarse

resolution in the near inlet region. The development of the turbulence intensity and the

mean velocity from the inflow condition to the building are shown in Fig. 4.7. From

this it can be deduced that the velocity statistics have converged very quickly at the

location of the building.
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(c) spanwise velocity component w′.

Figure 4.6: Power spectral density of velocity fluctuations at x = 3.17D, y = D on

the central plane.

To characterise the convergence of the upstream inflow, a new mesh was generated

omitting the presence of the model building - denoted the ‘empty box case’. The mesh

distribution around the domain corresponds to ‘CAARC6’ case in Table 4.2 and 4.3.

Fig.4.7(a) shows the progression of the mean velocity profile upstream of the position

of the model. It can be seen that the mean velocity converges to the target profile

(see Fig.4.8) around x = 1.5H. The corresponding turbulence intensity development

(Fig.4.7(b), Iu = u′/U) shows considerable sensitivity to the region of the virtual plane

x0. This profile also converges around same position as the mean velocity profile, x =

1.5H. Finally, Fig.4.8 shows the resulting mean velocity and turbulence intensity profiles

at the vicinity of the tall building model in the empty-box case. It can be seen that the

mean velocity shows excellent agreement with the target wind tunnel profile by Dagnew

and Bitsuamlak (2010) and the associated wind power law (Eq.1.3). On the other hand,

the turbulence intensity is in agreement with the target profile for y > 0.167H, with

some slight discrepancy closer to the ground.
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Figure 4.7: Development of the inflow characteristics from the virtual plane x0.
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Figure 4.8: Comparison of the velocity and streamwise TI profiles at the location of

the CAARC building to the wind tunnel profiles at the position of the CAARC building

(Dagnew and Bitsuamlak (2010)).
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4.3 Mean and fluctuating surface pressure statistics

The mean and fluctuating pressure statistics around the CAARC building perimeter at

y = 2H/3 are plotted in Figs.4.9(a) and 4.9(b) respectively. These include the pressure

results for cases in which the inflow turbulence intensity was altered by either doubling

the base value, or reducing the intensity to simulate a smooth flow; in these cases, the

integral length scales (L11, L22, and L33) remained the same (base). Furthermore, the

effect of the integral length scales were investigated by halving the base values while

maintaining the same (base) turbulence intensity. In the literature there is an extensive

amount wind tunnel data available to validate the present results, such data has to

be chosen carefully. Early experimental testing, such as the data collected from five

institutions by Melbourne (1980), generally show considerable disparity for the pressure

measurements. For the purpose of validation, wind tunnel data of (Huang and Gu,

2005) and (Dagnew and Bitsuamlak, 2010) was chosen, as these have similar inflow

characteristics to those employed herein for the base case. Furthermore, data from

LES (Huang et al. (2007)), and Unsteady Reynolds Averaging Navier-Stokes (URANS)

RNG k-ε ((Dagnew and Bitsuamlak, 2010)) calculations were all used to evaluate the

present work. For the mean pressure (Fig.4.9(a)), it can be seen that the LES cases

are in agreement with the wind tunnel results. The present results, in particular, are in

excellent agreement with the equivalent wind tunnel data from Dagnew and Bitsuamlak

(2010). Most notably in this figure are the results for the URANS calculation; for this

case the averaging technique has failed to capture the vortex formation on the corners

of the CAARC building resulting in a large vortex over the sides of the model.

For the statistics of the fluctuating pressures (Fig.4.9(b)), it can be seen that the present

results for the ’halved integral length scale’ show a very close agreement to Dagnew and

Bitsuamlak (2010) for the lateral and leeward faces. However, when comparing all the

plotted data, it can be seen that the data is significantly scattered over the lateral

sides. The author suggests this can be attributed to the small differences in the inflow

characteristics. It can be seen in Fig.4.9(b) that the biggest disparity between the results

is the calculation of the peak pressures at the leading and trailing edges - often showing

a larger disparity for the former. Although the mean velocity and turbulence intensity

for the base settings were derived from Dagnew and Bitsuamlak (2010), the differences

of fluctuating pressures at the leading edge can be attributed to the approximations for

the turbulent length scales, which were deduced for the present work. Li and Melbourne

(1999) had previously demonstrated that for the flow over a flat plate, increasing the

turbulent length scales in the freestream flow increases the coherence of the turbulent

structures formed at the side surface, which consequently increases the peak pressure.

It can be deduced from this that the disagreement between the fluctuating pressures

around the sides can be attributed to the present work generating larger scales in the

freestream than those in Dagnew and Bitsuamlak (2010). For small-scale turbulence,

i.e. halving the base integral length scales, results in a smaller fluctuating pressure along
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Figure 4.9: Mean and root-mean-squared pressure fluctuations around the perimeter

of the CAARC building at y = 2/3H for different turbulent inflow characteristics.



104 Chapter 4 Peak loading and surface pressure fluctuations of a tall model building

x/D

y/
D

0 0.5 1
0

1

2

3

4

5

6
Cp

-0.57
-0.65
-0.72
-0.80
-0.88
-0.95
-1.02
-1.10
-1.18
-1.25

(a) CP .

x/D

y/
D

0 0.5 1
0

1

2

3

4

5

6

C’p

0.44
0.41
0.38
0.35
0.32
0.29
0.26
0.23
0.20

(b) c′
p(rms)

.

Figure 4.10: α = 0.12, base Iu and L11 .

x/D

y/
D

0 0.5 1
0

1

2

3

4

5

6

Cp

-0.58
-0.69
-0.80
-0.91
-1.02
-1.14
-1.25

(a) CP .

x/D

y/
D

0 0.5 1
0

1

2

3

4

5

6

C’p

0.45
0.41
0.36
0.32
0.28
0.24
0.20

(b) c′
p(rms)

.

Figure 4.11: α = 0.3, base Iu and L11.
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Figure 4.13: Mean pressure distributions over the lateral sides of a tall model building.

Diagram source: Baines (1963), see Simiu and Scanlan (1978).
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the lateral sides, in agreement with the data from the literature. Furthermore, the peak

pressure towards the trailing edge can be attributed to a separation bubble formed in

this region, as can be seen in Fig.4.14.

Figure 4.14: Mean velocity contour and streamlines over the cross-section of the tall

building model at y = 2H/3.

For Fig.4.9(b), along with the peak pressures at the corners, another inconsistency can

be seen in the results, concerning whether the pressure fluctuations on the front face

are at a maximum of minimum along the centre. Goliger and Milford (1988) suggested

that the wide range of turbulence intensities and experimental errors presented by many

wind tunnel tests may be the reason for the variations in the pressure fluctuations on

the front face of the CAARC building. Nevertheless, the distribution of fluctuating

pressure on a square-section cylinder (Bearman and Obasaju, 1982), which has the

lowest pressure fluctuation at the centre of the windward face, provides some evidence

to support the present results. Research on the effects of turbulent length scale on

the pressure fluctuations over bluff bodies have dealt almost exclusively with low-rise

buildings (e.g. Holdø et al. (1982)). Xie and Castro (2008) investigated numerically

the effects of the integral length scales of the flow over an array of staggered cubes of

uniform height. Their results show that the integral length scale has a small effect on the

flow statistics (i.e. the Reynolds stress components), as long as the estimated integral

length scales are within an appropriate range. Figs.4.9(a) and 4.9(b) show the changes

of the pressure statistics by halving the base turbulent length scales. The effects of this

are small for both quantities (apart from the corners, discussed above), especially when

compared with the effects of the turbulence intensity in Fig.4.9(b). The small variation

of mean and fluctuating pressures from the changes of the integral length scales in

Figs.4.9(a) and 4.9(b) seems within the numerical uncertainties, e.g. averaging error.

Despite the extensive literature on the subject of wind loading on tall buildings, the

author has noticed that an aspect that has not been considered in enough detail are the

effects of the inflow conditions on the pressure formation over the lateral faces. Figs.4.10-

4.12 show the pressure contours over the lateral (left) side of the model for various inflow

conditions. On the left-hand side of the figures, the mean pressure contour is plotted, and

on the right, the r.m.s. fluctuating pressure. Regardless of the inflow condition, it can be

seen for the mean pressure contours, that there are two polarising regions at the top-left

and bottom-right corners of the face. This is observed for both the mean and r.m.s.
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fluctuating pressure statistics. Another consistent characteristic of the mean pressure

is the peak suction at the windward corner (left-side of the face), indicating a roll-up

of the shear layer from the leading edge. For the smooth flow case, Fig.4.12, the mean

suction pressure can be seen to gradually increase towards the top of the model. For

comparison to the present LES results, Fig.4.13 shows one the few experimental attempts

in the literature at plotting the mean pressure distribution over the side face of a tall

building model. In this figure, despite the tall building having a different aspect ratio

to the present model, and having a slightly different inflow, some characteristic regions

over the face can be identified when compared to the present results. Firstly, it can be

seen that the constant (uniform) velocity profile has a similar ‘layered’ distribution of

pressure to that of the present results with the velocity exponent α = 0.12. It can also

be seen that the values of mean pressure increase towards the top of the model. This

is characteristic is unsurprising, considering that in the present work an exponent of

α = 0.12 corresponds to a steep profile, which would be expected to have a similar effect

on the tall building to that of a uniform flow. Secondly, when the power law exponent is

modified to α = 0.3, introducing a shallower velocity gradient, the characteristic shapes

show a similar profile to the boundary-layer inflow contour in Baines (1963).

4.4 Correlations between aerodynamic forces and surface

pressure fluctuations

The lateral sides of the CAARC building was partitioned into six sections along the

vertical direction, as indicated in Fig.4.3b. The total wall-normal force on each section

was also sampled. At the same time, probes were placed around the sides to obtain

the fluctuating pressure coefficients. It can be seen in Figs.4.15a and b that the surface

pressure fluctuations on the two sections at y = 3D of the two lateral faces are in

anti-phase (i.e. shifted by 1800). The fluctuating wall-normal forces on the left lateral

section at y = 2.5D (Fig.4.15c) can also be observed to be in anti-phase with those on

the right lateral section, shown in Fig.4.15d. The lateral (spanwise) velocity fluctuations

in the wake at various distances from the leeward face of the building model (Figs.4.15e

and f) are almost in phase. Figs.4.15a-f collectively show the same dominant frequency,

with the Strouhal number fsD/UH ∼ 0.076, where fs is the vortex shedding frequency.

This result is consistent with the dominant frequency of the total lateral force (lift) on

the CAARC building recorded in the literature, e.g. Huang et al. (2007). These again

confirm that the vortex shedding from the lateral faces is the genuine mechanism in

driving the oscillation of the aerodynamic forces. The author notes that the total wall-

normal forces on sections at y = 2.5D were highly correlated (i.e. correlation coefficients

exceeding 0.9) with the surface pressures on the section on the same side. This is clearly

shown in Figs.4.15a and c, and may not be surprising as the total wall normal force is

the integration of the surface pressure. The wake velocities in Figs.4.15e and f also show

a high correlation with the surface pressures (when comparing Figs.4.15a and b with
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Figure 4.15: (a) A time series of the pressure coefficients on left lateral face at y = 3D
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of the coefficient of the wall-normal force fluctuation on the left lateral face section at
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y = 3D on the central plane, (f) as for (e) but at 0.5D from the leeward side.
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Figs.4.15e and f). Finally, a phase lag between the wake velocities and the surface

pressures is evident; this aspect is discussed further in §4.5.
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(c) Spanwise velocity fluctuations at y = 3D, at the

centre face of the lateral side (Fig.4.15f).

Figure 4.16: Power spectral densities of the pressures and forces around the model.

Fig.4.16a shows the power spectral density of the pressure fluctuation coefficient on

the left lateral face at y = 3D, and at a distance 0.5D from the leading corner (the

corresponding time series is Fig.4.15a). This spectra shows an evident peak at fsD/UH

∼ 0.076, confirming the dominant vortex shedding frequency stated earlier. The spectra

of the time series in Fig.4.15b, sampled at the right lateral face, is almost identical to

that of the left lateral face in Fig.4.16a. Fig.4.16b shows the power spectral density

of the wall-normal force fluctuation coefficient (the time series is Fig.4.15c) on the left

lateral face section at height y = 2.5D, which also shows a dominant frequency (fsD/UH

∼ 0.076). This is expected as the section wall-normal force is highly correlated with

the local surface pressure. Fig.4.16c shows the power spectral density of the spanwise

velocity fluctuations (Fig.4.15f) at y = 3D and at a distance 0.5D from the leeward side

on the central plane. This again confirms the dominant shedding frequency in the wake.

An inertial sub-region is evident in Fig.4.16c in the wake region.
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Figure 4.17: Probability Density Functions (PDFs) of surface pressure fluctuation

coefficient on the left lateral face at a distance 0.5D from the leading corner.
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Figure 4.18: Probability Density Functions (PDFs) of surface pressure fluctuation

coefficient at the leading corner.
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Figure 4.19: Probability Density Functions (PDFs) of surface pressure fluctuation

coefficient on the leeward corner.

It has been reported in the literature (eg. Gioffre et al., 2001) that the Probability

Density Function (PDF) of surface pressure fluctuations are non-Gaussian. Figs.4.17-

4.19 the PDF distributions of the fluctuating pressures, C ′p (= (p − 〈p〉)/(0.5ρU2
H)),

over the lateral (left) face of the building model at the leading corner, centre-face, and

leeward corner at various heights. The inflow characteristics for this data corresponds

to the ‘base’ settings. Fig.4.17b shows the corresponding PDF to the time series in

Fig.4.15a. For the centre-face, the LES data shows a long negative tail consistently

reaching a peak value of approximately C ′p = −1.5 regardless of height. Figs.4.17a and

4.17c shows a PDF of the pressure fluctuation at y = D and 4D at the same position on

the lateral face; this is quite similar profile to that at the mid-height (Fig.4.17b). For the

leading edge, Fig.4.18, the peak suction pressures are considerably increased to that of

the centre-face, with a value of C ′p = −3.8 at the top of the building model. The PDFs

at the leading edge show similar characteristics (such as skewness) to the centre-face.

Finally, the leeward edge (Fig.4.19) shows a symmetrical distribution around the axis,

with a peak pressure value of approximately C ′p = (−1.5,+1.5) regardless of the height.

Along with the LES data, Figs.4.17 and 4.19 show the corresponding of a fitted Gaussian

distribution with the data. The Gaussian model is defined,

f(Cp′ |〈Cp〉, σ2) =
1

σ
√

2π
exp−

(Cp′ − 〈Cp〉)2

2σ2
, (4.5)
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where σ is the standard deviation of the pressure time series, 〈Cp〉 is the mean of the

distribution, and Cp′ is the fluctuation around the mean. It can be clearly seen in

these figures that the PDF of the raw data does not follow a Gaussian profile and

consistently shows a positive skewness for the distribution, regardless of the position on

the lateral face. In the literature, various PDF models have been proposed to describe

the characteristics of surface pressure on a tall model building, a few of these models

are selected for discussion below.
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Figure 4.20: Probability Density Functions (PDFs) of surface pressure fluctuation

coefficient on the centres of the windward, lateral and leeward faces at height y = 3D.

Fig.4.20 shows the PDF for the pressure at the centre-face for each of the four sides

of the model at height y = 3D. For a deeper understanding of the distribution fitting,

a lognormal, Gamma and Generalised Extreme Value (GEV or Gumbel) distribution

have been plotted alongside the Gaussian fitting of the fluctuating pressure data. The

maximum-likelihood method was used to estimate parameters of the lognormal, Gamma,

and GEV distributions using Matlab’s fitting tool, while the Gaussian is as described in

Eq.4.5. The fitting quality of the distribution patterns varies depending on the side of

the tall building. It can be seen that the windward face has a slightly negative skewness

with a positive tail, while the lateral face has an opposite characteristic; as a result
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of the skewness, the Gaussian distribution shows a very poor fitting, while the GEV,

Gamma, and lognormal distributions are able to model this attribute. The PDF for

the leeward face shows a closer agreement to the typical Gaussian fitting, due to the

symmetrical forcing from the von Karman vortices, while a poor fitting of the remaining

PDF models can be seen in this case. The profiles generated by the models generally do

not show a good fit with the tail of the LES data, which is the key to estimating extreme

values. It should be noted from above discussion that the surface pressure at various

heights around the building has poor fit with any pattern of the PDF, and the pressure

coefficients of the different probes are not consistent, which has also been observed in the

literature (e.g. Gioffre et al. (2001)). In summary, the probability distributions for the

surface pressures on a tall building cannot be confidently fitted to a single mathematical

model, as the effectiveness of the fitting depends on the probe position.

y/D Variance σ2 Skewness Kurtosis

1 0.127 -0.832 3.821

3 0.11 -0.869 4.594

4 0.116 -0.932 4.49

6 0.085 -0.803 4.843

Table 4.4: Variance, skewness and kurtosis values of the Probability Density Functions

(PDFs) of pressure on the mid-face of the lateral side at various heights of the building

model (see Fig.4.17 for corresponding PDFs).

y/D Variance σ2 Skewness Kurtosis

1 0.155 -0.559 3.507

3 0.145 -0.8 4.551

4 0.133 -0.548 3.819

6 0.334 -1.346 7.09

Table 4.5: Variance, skewness and kurtosis values of the Probability Density Functions

(PDFs) of pressure at the leading edge of the lateral side at various heights of the

building model (see Fig.4.18 for corresponding PDFs).

y/D Variance σ2 Skewness Kurtosis

1 0.081 -0.331 2.82

3 0.077 -0.479 3.537

4 0.076 -0.48 3.303

6 0.051 -0.296 2.908

Table 4.6: Variance, skewness and kurtosis values of the Probability Density Functions

(PDFs) of pressure at the trailing edge of the lateral side at various heights of the

building model (see Fig.4.19 for corresponding PDFs).
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For completeness, the skewness and kurtosis values from the PDFs above have been

collected in Tables 4.4 - 4.7. These values have been derived using the ‘skewness’ and

‘kurtosis’ functions available in Matlab. For the values on the lateral side, Tables 4.4 -

4.4, the skewness of the PDF show a consistent negative value regardless of the sampled

position. The kurtosis of the PDFs (indicating the ‘flatness’ or ‘sharpness’ of the curve)

are consistently showing values ranging between 3 − 4. For Table 4.7, is can be seen

that very similar magnitudes of kurtosis and skewness for between the windward and

leeward faces, with positive and negative of skewness for the windward and leeward faces

respectively.

Position Variance σ2 Skewness Kurtosis

Windward 0.057 0.316 3.305

Lateral 0.11 -0.869 4.594

Leeward 0.033 -0.274 3.427

Table 4.7: Skewness and Kurtosis values of the Probability Density Functions (PDFs)

of pressure at various locations on the windward, lateral, and leeward faces at height

y = 3D (see Fig.4.20 for corresponding PDFs).
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(a) Correlations between the corresponding surface

pressures at 0.5D from the leading corner on the two

lateral faces.
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(b) Correlations between the corresponding total wall-

normal forces of the two lateral face sections (see

Fig.4.3b).

Figure 4.21: Correlations of the pressures and wall-normal forces on the lateral faces

under various freestream characteristics.

Fig.4.21a shows the correlations between the corresponding surface pressure fluctuations

at the centre-face on the two lateral faces, and Fig.4.21b shows the correlations between

the corresponding total wall-normal force fluctuations of the two lateral face sections

(see Fig.4.3b), where subscripts 1 and 2 refer to left and right lateral faces respectively.

It can be seen that Figs.4.21a and 4.21b show similar but oppositely signed correlation

values, regardless of the inflow characteristics. Consistently, for the correlation values
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below y < 4.5D, it can be seen that the correlation value reduces with the increase in

turbulence intensity. The author notes that it is not possible to distinguish between a

change in coherence of the fluctuations and a shift in phase using simple correlations

only at zero lag, instead, the issue of phase is addressed in §4.5.

In Fig.4.21a, it can be seen for all inflow cases, the correlation increases to zero at

y ∼ 4.5D and then approaches +0.4 at the top of building. This can be attributed to

the vortices shed from the roof, which generate an in-phase pressure fluctuation on the

roof and the two lateral faces near the top. The author has also checked the time series

of pressure fluctuations on the windward and leeward faces near the roof. These all had

a clear in-phase tendency with the pressure fluctuations on the two lateral faces near

the roof (the author notes that there might be other mechanisms to be investigated, but

this has not been pursued in the present work). Again, it is not possible to distinguish

between a change in coherence of the fluctuations and a shift in phase using such simple

correlations. Near the ground, the correlations both seem to approach zero. This can

be attributed to the very small scale eddies in the near surface region.

4.5 Deductions from conditional sampling: peak surface

pressure, aerodynamic forces and wake velocities

Conditional sampling and averaging has been widely used for quantitative analysis in

various problems, e.g. identifying coherent structures in quasi-periodic and periodic

flows (Antonia, 1981) and determining peak surface pressure fluctuations (Surry and

Djakovich, 1995; Lam and Zhao, 2002). Usually a number of simultaneous time histories

of quantities at various stations are considered. Only one time history of one quantity at

a single station is chosen as the triggering signal. If the value of this variable at a certain

time (i.e. triggering time) exceeds the threshold, then all the simultaneous time histories

before and after the triggering time within a small constant duration are sampled. This

corresponds to one event. The triggering time for every event is translated to zero.

Finally, all the time histories of the events are averaged. This technique significantly

reduces the size of the massive dataset and identifies the extreme events more clearly.

In the context of wind loading, problems the technique is particularly useful for investi-

gating the correlation of the peak pressures at different locations on a building surface,

as well as the correlation of the peak pressure and the velocity components. It is also

very useful for studying the correlation of the peak surface pressure and the peak loading

on the buildings. As in §4.4, each lateral face of the building was evenly partitioned into

six sections in the vertical direction (Fig.4.3b). Surface pressure fluctuation coefficients

at stations on the lateral faces, at various heights, at a distance 0.5D from the windward

face of the building model, were recorded for every time step for a duration 426t∗ (i.e.

1162s), where t∗ = tUH/D. The wall normal force coefficients on all the sections were
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Figure 4.22: Conditionally averaged (n = 21) time series of pressure fluctuation
coefficients at various heights for a freestream velocity profile with the wind power law
exponent α = 0.12. Columns correspond to the sides of the tall building, with (left)

left lateral face, and (right) right lateral face.
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Figure 4.23: Conditionally averaged (n = 21) time series of pressure fluctuation
coefficients at various heights for a freestream velocity profile with the wind power law
exponent α = 0.3. Columns correspond to the sides of the tall building, with (left) left

lateral face, and (right) right lateral face.
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(a) Lift coefficients at heights y = 5.5D, 4.5D, 3.5D, 2.5D, 1.5D and 0.5D.
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(b) Lateral velocity in the wake; distance to the leeward face xw = 0.5D; y = 6D, 4D, 3D and

2D.
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(c) Lateral velocity in the wake; distance to the leeward face xw = 0.5D, 0.33D and 0.17D;

y = 3D.

Figure 4.24: Conditionally averaged (n = 21) time series.
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recorded for every time step for a duration 426t∗ (i.e. 1162s), where t∗ = tUH/D. The

wall normal force coefficients on all the sections were recorded simultaneously for the

same duration. Lateral velocity components at stations on the central plane in the

wake region were also recorded simultaneously. The pressure fluctuation coefficient, c′p

(= (p−〈p〉)/(0.5ρU2
H)), sampled at y = 3D and a distance 0.5D from the leading corner

on the left lateral face (Fig.4.3b) was chosen as the triggering signal. Alternatively, it

would be straightforward to use the local force as the trigger signal (Lam and Zhao,

2002).

In order to get sufficient number of events for averaging, the triggering threshold was

set to be −0.53 (or −2.5σu). It is to be noted that the period of the vortex shedding

was approximately 13t∗. Combined with the triggering threshold, within the time series

a total number of 21 events were extracted for the conditional sampling technique.

The conditionally averaged time histories of the pressure fluctuation coefficients at vari-

ous height positions on the both lateral faces are shown in Fig.4.5. The peak c′p shows an

evident anti-phase correlation with that at the same height on the opposing lateral face.

This was also observed by Surry and Djakovich (1995), whereas on the same lateral face

all the peaks at various height were in an excellent correlation. Surry and Djakovich

(1995) also observed that the peaks first occurred at upper levels then sequentially to-

wards the bottom of the building. Fig.4.5 shows that the high peaks at y = D occur

approximately 2t∗ (i.e. 6s) later than those at y = 5D. For the velocity exponent of 0.3,

the period of vortex shedding increased to 3.5t∗ (i.e. 9s). From this it can be deduced

that the time delay of the peaks from the top to the bottom of the model building is

directly related to the mean velocity profile in the freestream flow.

Fig.4.5(a) shows the sum of the conditionally averaged time histories of the wall-normal

force coefficients on the two opposite lateral face sections. These values are equivalent

to the aerodynamic lift CL = L/(0.5ρU2
HA), where L is the total lateral force on the

two sections at the same height, and A is the surface area. Fig.4.5(a) shows the same

pattern as that in Fig.4.5. The lift coefficients at all heights are highly correlated. The

high peak at y = 0.5D occurs approximately 2t∗ (i.e. 6s) later than those at y = 5.5D.

This is consistent with the same observation shown in Fig.4.5. Fig.4.5(a) also shows

that the peaks of lift coefficients are in excellent correlation with the peaks of pressure

fluctuations at the same positions on the left lateral face shown in Fig.4.5.

Fig.4.5(b) shows the conditionally averaged time histories of lateral velocity fluctuations

in the wake, at a distance from the leeward face xw = 0.5D at various heights. Fig.4.5(c)

shows the equivalent results at y = 3D for various distances away from the leeward face.

It can be seen in these figures that all the time histories are in-phase. Nevertheless, the

pattern of the high peaks in Fig.4.5 (b,c) are different from that in Figs.4.5 and 4.5(a).

Fig.4.5 (b,c) shows that w′ reduces to zero at t∗=0. The author notes that the extreme

events of the surface pressures and lift coefficients occur at around the triggering time
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t∗=0 and that the mean lateral velocity 〈w〉 = 0. The negative peak of w′ occurs at

approximately t∗=3, with an equivalent phase angle of 90◦, taking t∗=0 as the time for

the phase angle 0◦. Surry and Djakovich (1995) placed monitors at various distances

from the windward side of the building to sample the spanwise velocity. From this

they observed a time delay between the peak velocity and the peak surface pressure

on the lateral faces. They commented that this delay was consistent with a convected

disturbance travelling at a certain speed. They also speculated that the peak velocity was

associated with the previous vortex shedding from the opposite leading corner. Similarly,

the time delay between the negative peak surface pressure and the peak lateral velocity

in the wake is probably associated with the vortex formation at the leading edge of the

left lateral face (see Fig.4.25a-c) and its convection to the leeward corner.

Figure 4.25: Typical instantaneous velocity vectors and contours of pressure fluc-

tuation coefficients at y = 3D. (a) at phase −90◦. (b) at phase 0◦. (c) at phase

90◦.

Fig.4.25 shows the instantaneous velocity vectors and contours of pressure fluctuation co-

efficients at phases -90◦, 0◦ and 90◦, again assuming that t∗=0 is corresponding to phase

angle 0◦. While attached to the left lateral faces (Fig.4.25b), the vortex enhances the

velocity magnitude at the outside edge of the separation bubble, and subsequently forms

a peak negative pressure. When the surface pressure exceeds the prescribed threshold,

the conditional sampling is triggered. The dimensionless apparent travel time is consis-

tent with the time delay t∗=2.5, given that the travelling velocity is less than UH and

the travelling distance is approximately 2D - the length from the centre of the vortex at

the left lateral face in Fig.4.25b to the centre (not shown due to space) of vortex in the

wake in Fig.4.25c. Figs.4.25a, b and c respectively show a positive peak, a very small

value and a negative peak of the spanwise (w) velocity in the near-leeward-face region

on the central plane. The surface pressures on both lateral sides in Figs.4.25a and 4.25c

are small and of the same order (also see Fig.4.5). These results also confirm that the

surface pressures are correlated to the wake velocities, as noted in §4.4.
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Finally, the effects of the inflow characteristics on the peak pressures on the lateral sides

is also of interest. It has already been demonstrated in §4.3 that the effects of turbulence

length scale and intensity on the magnitude of the surface pressure fluctuations becomes

greater as the turbulence components increase. The peak recorded pressure, C∗p′ , is also

expected to increase accordingly, defined as

C∗p′ =
(p
′∗ − 〈p〉)
0.5ρU2

, (4.6)

where p
′∗ is the peak pressure in a time series of length t∗ = 136. The experimental

investigations of Saathoff and Melbourne (1997) and Li and Melbourne (1999) have

already demonstrated this aspect for the surface pressures along a flat plate, particularly

near the leading edge. From these observations, Saathoff and Melbourne (1997) proposed

that C∗p′ correlates well with the function,

η∗ = Iu

(
L11

B

)0.15

, (4.7)

where B is the thickness of the plate. Due to limitations of the experimental set-up,

only a small range of 0.08 ≤ η∗ ≤ 0.21 was investigated in their work with suitable

agreement. Thus applying this function to the present results, extending this range

towards η∗ = 0.39, would be beneficial in demonstrating the consistency of this function.

Furthermore, while this function was originally suggested for the peak pressure towards

the leading edge (x > 0.2D from the leading edge), the present work would apply this

function to the probe data at the leading edge of the model building. The peak obtained

pressure, C∗p′ from the times series data obtained in the present work was normalised by

the freestream velocity at the corresponding height of the probe.
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Figure 4.26: Maximum recorded value of the peak pressure coefficient at the leading

edge as a function of the turbulence parameter, η∗ = Iu
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Fig.4.26 shows peak pressure data from Saathoff and Melbourne (1997) and the present

data to the function η∗. The probe data at the leading edge of the model was sampled

within the homogeneous range along the height of the model, i.e. D ≤ y ≤ 5D. Combin-

ing the results for the various inflow settings, is can be seen that despite the interference

of the end-effects, and a slight scatter of results for some cases, a linear progression can

be identified with consistent gradient to the data of Saathoff and Melbourne (1997). The

smooth flow data in the present work indicates an interception of this trend with the

y-axis at approximately C∗p′ ∼ 0.6, indicating that even in the case of the smooth flow, a

peak suction pressure can be attained at the leading corner. Furthermore, for the case

of doubling the turbulence intensity, the present results show that the function proposed

by Saathoff and Melbourne (1997) works well for cases of large-scale turbulence.

4.6 Summary

A recently proposed synthetic turbulent inlet condition for Large-Eddy Simulation (LES)

has been utilised to predict the mean pressure and root-mean-squared (r.m.s.) of the

pressure fluctuation over a CAARC building model. The new inlet condition has proven

to be very successful in modelling the mean pressure. As for the r.m.s. pressure statistics,

the synthetic inflow has simulated the fluctuating wind loading in the freestream and the

corresponding suction pressures on the corners of the CAARC building. A sensitivity

study of the inflow parameters show that the inflow turbulence intensity has a significant

effect on the surface pressure fluctuations, whereas the inflow turbulence integral length

scales has only a small contribution to this effect, within the tested range.

Probability Density Functions (PDFs) were plotted for the fluctuating pressures around

the building model. Various mathematical models were fitted to the data, showing that

the surface pressures generally have a non-Gaussian characteristics apart from those

sampled down the leeward face. It was noted however that at various heights, the PDFs

showed considerable disparity making a universal mathematical PDF model somewhat

doubtful. Furthermore, the peak pressures at the windward corner of the model were

compared to the function proposed by Saathoff and Melbourne (1997) based on the

turbulent inflow characteristics, showing a good agreement.

High correlations were observed between the surface pressures and the local wall-normal

forces on the two lateral faces of the building. The dominant frequencies of the sur-

face pressures, the local-wall normal forces and the wake lateral velocity are essentially

identical, and in good agreement with that of the total lateral force. A conditional

sampling and averaging technique was employed to investigate the correlations of peak

surface pressure on the two lateral faces and the spanwise velocity component in the

wake region. The peak surface pressure fluctuations were found (as expected) to be in

anti-phase with those at the same height on the opposing lateral face, no doubt because
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of the antisymmetric nature of vortex shedding from the lateral faces. It was also found

that there was a phase delay (of approximately 90◦) between the peak suction of the

triggering surface pressure and the negative peak lateral velocity (towards the triggering

location) in the wake region near-the leeward face. This was associated with the travel

time towards the wake region of the current vortex shed from the leading corner. A

comparison of two mean velocity profiles at the inflow indicated that convection of the

vortex over the lateral sides of the model building was directly related to the freestream

mean velocity.





Chapter 5

Analysis of a fixed rectangular

bridge section

5.1 Introduction

The aerodynamic behaviour of rectangular cylinders has attracted much interest from

the scientific community since the pioneering experimental works of Okajima (1982) and

Norberg (1993). Many of these early works focused on identifying the two-dimensional

and three-dimensional flow features around the cylinder at a low Reynolds number in

the wind tunnel (e.g. Nakamura et al. (1996), and Hourigan et al. (2001)). Studies

of high Reynolds number flow (e.g. Re > 104) has only been a recent objective, by

means of both experimental and numerical approaches. The emphasis of these works

usually surround the effects of the chord-to-depth ratio (B/D) (e.g. Yu and Kareem

(1996, 1997), and Shimada and Ishihara (2002)). Despite the simple geometry, the flow

over an elongated rectangular cylinder at high Reynolds numbers is highly complex -

being three dimensional, turbulent and characterised by an unsteady flow separation

and reattachment.

Compared to the flows over elongated bodies, the high Reynolds number flow around a

square cylinder has had much more attention in the literature since the 1990s, on the

basis of some detailed experiments (e.g. Lyn et al. (1995)), and in the benchmark studies

promoted in the numerical community (e.g. Rodi (1997)). Like the mid-height cross

section of the CAARC building (Ch.4 of this thesis), the shear layer around a cylinder of

B/D ≤ 3 does not reattach along the cross-flow surfaces. The focus of analysis for the

peak pressure can therefore be concentrated towards the vortex shedding at the leading

corners of the body. However, for the elongated body, the reattachment of the shear layer

can incur many complications for the aerodynamics of the cylinder. To provide a deeper

insight into the mechanisms behind this, a few benchmark studies have been proposed
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in the numerical community, such as the BARC1 project. Thus, the results obtained in

this chapter can provide useful background knowledge for the study of the aerodynamic

behaviour of an elongated bluff body. The chosen geometry for this research is of a

rectangular cylinder with aspect ratio B/D = 4. This ratio is far enough from those

at which discontinuities in the aerodynamic regimes arise, i.e. the 3 and 6 ratios (see

Shimada and Ishihara (2002)), in order to avoid the introduction of any ambiguity in this

study. This geometry used in this work can be interpreted as a simplified cross-section

of a long-span bridge, in essence of the study in Ch.6.

Numerous wind tunnel studies have been carried out to investigate the effects of tur-

bulence intensity and length scale on the surface pressures on elongated bodies, such

as Saathoff and Melbourne (1997), and Li and Melbourne (1999). The latter publi-

cation has greatly increased the understanding of the flowfield around a ‘blunt plate’

(B/D > 5) and the freestream turbulence effects on the shear layer formation. However,

most of the contribution to the literature has involved the extensive measurements of

near wakes or the location of the shear layer reattachment. The length scales in the

literature typically are of the dimensions of the cylinder (L11 ∼ OB), with a maximum

turbulence intensity Iu ∼ 15%. Wind engineering applications typically have a very

much higher values for turbulent flows. The occurrence of a low suction pressure near

the leading edge has hardly been addressed in such works. This chapter describes the

numerical investigation of the effects of freestream turbulence on surface pressure statis-

tics along the streamwise, and spanwise directions over the cylinder. It has previously

been established in Ch.4 of this thesis that the turbulence intensity has an enhancing

effect on the peak pressure on the leading edge. As the effects of length scale has largely

been left to speculation on this subject (largely due to the difficulty in controlling this

parameter in the wind tunnel), particular attention is made in this chapter on the length

scale for cases of small-scale (L11 ∼ OB), and large-scale (L11 ∼ O5B) turbulence.

5.2 Baseline simulations - static cylinder in smooth flow

In order to save CPU time, a systematic mesh convergence test were carried out for

the rectangular cylinder B/D = 4 for the use of the remainder of this chapter, and

Ch.6. The height of the cylinder’s cross section (D) was specified as 0.075m, and width

(chord, B) 0.3m. For this test, the incoming flow was specified to be an ideal smooth

flow (Iu < 0.001%). The first mesh convergence test focused on the streamwise and

vertical (x − y) distributions and dimensions of the domain (§5.2.2 and 5.2.3), while

maintaining on constant resolution across the span. The sensitivity of the results to the

spanwise resolution and domain size is later described in this chapter (§5.2.4).

1http://www.aniv-iawe.org/barc/
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5.2.1 Outline of CFD modelling

The calculations in this work were performed using the open-source code OpenFOAM

2.2.1, which has previously shown to be effective for simulating bluff body flows and ob-

taining force coefficients for bridge decks (Sarkic and Hoffer (2013)). For the proceeding

sections, the coordinates x, y, and z represent the streamwise, vertical and spanwise (lat-

eral) directions respectively. The origin was specified to be corner of the inlet boundary

of the computational domain for all simulations. The domain shape and a schematic of

the mesh topology around the cylinder for the baseline (smooth flow) simulations are

shown in Fig.5.1, 5.3a and 5.3b.

R

R

W

E1

E2

E3

US

E4

Figure 5.1: A sketch of the domain.

smooth0(1) smooth0(2) smooth0(3) smooth0(4) smooth0(5)

US [B] 6 6 6 6 6

R [B] 4.75 4.75 4.75 4.75 3.33

W [B] 9 9 9 9 9

NUS 60 60 60 60 60

NR 35 80 100 100 70

NW 60 60 60 60 60

NB 100 100 100 125 100

ND 25 40 40 70 30

NTotal 2673000 4440000 4604000 4644000 2679000

Table 5.1: The computational domain size in unit D, and number of grid points in

the x − y directions of the domain. The labels correspond to Fig. 5.1. Note that NB

and ND correspond to the grid points along the cylinder width and thickness.
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A block-structured hexagonal mesh was generated in the domain. The first grid point

was placed at D/200 away from the cylinder surface to ensure that y+
1 < 5. Gambit 2.4.6

was used to generate all meshes. To maintain an efficient calculation, an exponential

scheme was specified for the grid distribution around the domain. A bi-exponent grid

distribution was prescribed along the surfaces of the cylinder, maintaining an aspect ratio

of 1 at the corners. The cell growth was also proportional to the distance away from

the cylinder, with a growth ratio set to 1.05. Mesh convergence tests were conducted

on the cylinder at a zero angle of attack (denoted smooth0). Details of the domain size

and number of grid points for the mesh convergence tests are tabulated in Table 5.1.

The domain dimensions for the majority of the smooth0 cases in the streamwise and

vertical directions were specified in accordance to the wind tunnel tests of Marra et al.

(2011), resulting in a blockage of 5%. To examine the effects of the domain dimensions,

smooth0(5) has a smaller domain in the vertical direction, resulting in a blockage ratio

of 7.5%. The grid points around the cylinder were increased in the streamwise and

vertical direction for smooth0(1-4) until the aerodynamic coefficients converged leaving

the other conditions and the mesh unchanged.

Tests for the mesh convergence and domain size in the streamwise and vertical direc-

tion were conducted with a constant domain length (streamwise) and resolution in the

spanwise direction. In order to save CPU time, the spanwise dimension of the domain

was halved to the desired length of analysis. The domain size in the spanwise direc-

tion (Lz) was therefore prescribed as 3B/2. This domain size still fulfils the minimum

requirement for spanwise length of Lz/B ≥ 1 by Tamura et al. (2008a). The parame-

ter, δz/D, has widely been used for cylinder flows, with δz being the grid size in the

spanwise direction. Bruno et al. (2012) varied this parameter between 0.05 to 0.21 for

a cylinder B/D = 5, while plotting the spanwise correlation. Their results show that a

value of 0.21 produced a larger correlation of pressure around the leading edge, when

compared to the equivalent experimental result. Bruno et al. (2012) found that the

spanwise correlation for the δz/D = 0.1 and 0.05, resolution showed little difference to

the flows over cylinders with B/D = 5. Therefore, while also maintaining an efficient

calculation, the resolution δz/D = 0.1 was adopted for the first mesh convergence tests.

This value is also consistent with the minimum requirement specified by Tamura et al.

(2008b) of δz/D ≤ 0.1. The effect of the domain size and grid resolution in the span-

wise direction are further studied in §5.2.4. The resulting spanwise-averaged values of

the dimensionless wall units along the upper side surface are plotted in Fig.5.2. Each

wall-unit component was calculated by

∆x+
i =

∆xi
√
|τw|

ν
, (5.1)
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where xi = x, y, z representing the streamwise, vertical and spanwise components re-

spectively. The wall shear stress, τw, is defined as,

τw = ρu2
τ . (5.2)

From Fig.5.2, the averaged values of the dimensionless wall units along the chord of

the cylinder were 〈y+
1 〉 = 1.5, 〈x+〉 = 8.6, and 〈z+〉 = 4.5. It is worth noting that

the spanwise value for this initial mesh convergence study is within the bounds of a

wall-resolved LES (∆z+ ≤ 40) as specified by Bruno et al. (2012). The adopted grid

distribution allows a suitable spatial resolution with an overall number of cells (approx-

imately 4 × 106); this number is lower than the one required for fully structured grids,

such as the Cartesian or O-type ones (Bruno et al. (2010)).
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Figure 5.2: Wall-unit resolutions over the cylinder normalised by the skin-friction

from case smooth0(2). x, y, and z are the streamwise, vertical, and spanwise direction

components respectively.

For validation of the fluid-structure coupling method for the heaving motion in the next

chapter (§6.2.3), the settings of the numerical model were in accordance with those of the

wind tunnel of Marra et al. (2011). The incoming flow was characterised by the Reynolds

number 40, 000 (based on freestream velocity U and D). A no-slip boundary condition

was applied to the surfaces of the cylinder. Periodic conditions were imposed to the

lateral sides of the domain by use of OpenFOAM’s cyclicAMI boundary condition; the

match tolerance of the variables between the two lateral sides was set toe 10−3. Other

boundary conditions for the smooth flow cases (baseline) with the flow at a zero angle of

attack (smooth0) and angle of attacks greater than zero (smoothAoA) are summarised

in Table 5.2.1. For the smoothAoA cases, the freestream velocity at the top and bottom

boundaries of the domain were determined by the angle of attack, α, calculated using
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the relation u = U cos(α) and v = U sin(α). Boundary conditions for the turbulent cases

(Turbulent1) were the same as the smooth0 cases, except for the specified inflow, which

is explained in 5.4.

Case E1 E2 E3 E4 x0/B

Smooth0 ui = U , symmetryPlane, ∂ui/∂n = 0, symmetryPlane, n/a

∂p/∂n = 0, p = p∞,

SmoothAoA ui = U , symmetryPlane, ∂ui/∂n = 0, symmetryPlane, n/a

∂p/∂n = 0, p = p∞,

Turbulent1 ui = U , symmetryPlane, ∂ui/∂n = 0, symmetryPlane, XCDF

∂p/∂n = 0, p = p∞,

Table 5.2: Summary of the boundary conditions for different cases. U is the freestream

velocity and ∂/∂n is normal derivative to the boundary. The transverse plane is placed

at x0 = B/2 where the XCDF inlet condition (see §3.2.4) is imposed.

Large-Eddy Simulation was performed throughout this work. The role of the SGS model

is important for the baseline simulations because of the presence an after-body for this

particular cylinder. This aspect is poorly captured by the Smagorinsky model (Moinat

(2000)) due to the requirement of a wall damping model, as well as its inadequate

dissipation. The Mixed Time Scale (MTS) SGS model (See §3.2.2) proposed by Inagaki

et al. (2005) overcomes these deficiencies. For this model, the SGS contribution becomes

zero at the wall and therefore requires no wall damping function. This model was

adopted for the present work. The constants associated with the MTS model, CM and

CT , were specified as 0.05 and 10 respectively; this is in accordance with Inagaki et al.

(2005), who optimised these values for bluff body flows. A simple top-hat filter was

adopted for the explicit filter in the MTS SGS model.

The time duration for initialising the calculation was set to 600,000 time steps with

∆t = 10−5secs. This step size was chosen in order to keep the CFL number (u∆t/∆x)

less than 1 (∆x is the smallest grid size in the computational domain). This is equiv-

alent to 660t∗, where t∗ = Ut/D. This initial duration was adequate to obtain the

converged statistics for the aerodynamic forces, and unsteady pressure distributions. A

second order implicit scheme was used for the temporal discretisation and the bounded

Gamma scheme (Jasak (1996)) was used for the convection term. For this scheme, the

chosen value of β determines the blending between Central differencing and Upwind

differencing (see §3.4.4). In this work, β was set as 0.1, as suggested by Jasak (1996).

The PIMPLE algorithm was adopted for the velocity-pressure coupling, combining the

SIMPLE and PISO (Issa (1985)) algorithms. The momentum equation are solved re-

peatedly as outer iterations (SIMPLE), while pressure corrections are performed using

the PISO algorithm. The number of outer corrections was set to 1, and the number of

pressure correctors was set to 3 in this chapter.
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Figure 5.3: Mesh topology for (a) the whole domain and (b) around the section.



132 Chapter 5 Analysis of a fixed rectangular bridge section

5.2.2 Aerodynamic coefficients

A mesh convergence test for the cylinder was carried out with a zero Angle Of At-

tack (AoA). It should be noted that the characteristic length scale associated with the

aerodynamic forces varies within the literature for rectangular cylinders. While some

contributions decide to normalise the aerodynamic coefficients with characteristic length

D (thickness) (e.g. Marra et al. (2011)), the present work has chosen to normalise in

the classical sense by the bridge width B (chord). A comparison of the aerodynamic

coefficients available in the literature using this definition are shown in Table 5.2.2.

Authors Approach Re (103) 〈CD〉 C ′D C ′L Str

Sarkic (2014) 2D k − ω SST 20 0.307 0.005 0.137 0.131

Expt. 20 0.231 0.035 0.136 0.1295

Marra (2011) Expt. 40 0.325 (-) (-) 0.136

Sun et al. (2009) 2D & 3D k − ω 25 0.333 0.0245 0.351 0.15

Liaw (2005) 3D LES 42.2 0.32 (-) 0.283 0.12

Yu and Kareem (1998) 3D LES 100 0.325 0.035 0.248 0.156

Yu and Kareem (1996) 2D LES 100 0.3575 0.04 (-) 0.15

Table 5.3: Comparisons of mean and rms statistics of the aerodynamic coefficients

and Strouhal number (Str) for a B/D = 4 rectangular bridge section at 0AoA. All

aerodynamic coefficients are normalized by the bridge deck width B. The Reynolds and

Strouhal numbers are normalised by the bridge thickness D. Experimental results were

obtained using force balances. Entries of (-) have not been provided by the respected

author.

Table 5.3 shows a selection of the aerodynamic coefficients reported in the literature.

The mean drag coefficient has consistently been reported to be approximately 0.32,

despite the range of Reynolds number, save for the experimental result of Sarkic (2014),

who attributed this to the high blockage effect of the wind tunnel. It is usually observed

in the literature that the calculated aerodynamic forces are overestimated in cases of

URANS turbulence modelling. A possible reason for this is the use of 2D modelling

of the flow in these particular studies. While this would save on computational cost,

such an approach omits the inherent 3D nature of the separating and reattaching shear

layer around the cylinder; such characteristics are discussed in Shur et al. (2005). The

LES calculations of Yu and Kareem (1996, 1998) also display this trend between the

two-dimensional and three-dimensional cases. For the investigations using URANS, the

results between the two-dimensional and three-dimensional domains are claimed to be

identical (Sun et al. (2009)), though it should be noted that an overestimation of drag

and Strouhal numbers are present in both calculations (by their admission) due to a

high blockage effect (6.25%).
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The aerodynamic forces and Strouhal numbers for the mesh convergence test are pre-

sented in Table 5.2.2. The Strouhal frequency was determined from the fluctuating lift

coefficient. Bruno et al. (2010) suggests that this is the most effective way of obtaining

the Strouhal number despite the indeterminacy of the signal (e.g. Fig.5.4). The case

smooth0(1) shows the largest difference in for aerodynamic forces and Strouhal number

to the remaining four cases. The author suggests that the limited resolution around the

cylinder can be attributed to the under prediction of the remaining aerodynamic forces,

having only approximately 15 cells within the shear layer (∼ D/2) in the wall-normal

direction (smooth0(2-5) having 35 cells). As indicated above, increasing the blockage of

the domain has been argued to increase the prediction of the drag coefficient, this trend

is shown for the case for smooth0(5).

Case 〈CD〉 C ′D C ′L C ′M Str

smooth0(1) 0.298 0.023 0.103 0.012 0.127

smooth0(2) 0.301 0.022 0.1325 0.05 0.135

smooth0(3) 0.299 0.02 0.1333 0.043 0.14

smooth0(4) 0.28 0.021 0.132 0.04 0.138

smooth0(5) 0.36 0.008 0.115 0.008 0.151

Table 5.4: Comparison of the mean and rms statistics of the aerodynamic coefficients

and Strouhal number (Str) for the mesh convergent tests at 0AoA. All aerodynamic

coefficients are normalized by the bridge deck width B. The Strouhal number is nor-

malised by the bridge thickness D.

The obtained aerodynamic coefficients and Strouhal number for the mesh convergence

tests (Table 5.4) are generally in good agreement with the literature. Some results in the

literature concerning the standard deviation of the lift coefficient show a significant scat-

ter. Mannini et al. (2011) suggested that the disparity of the Strouhal number and lift co-

efficient are due to the set up of the resolution and boundary conditions of the span. The

results from the current mesh convergence study show that the wall-normal resolution

also has a significant impact on the lift. Varying the resolution of the mesh in thickness

of the cylinder had little effect on the coefficients (comparing smooth0(2) to smooth0(3))

as is the case along the cylinder’s chord (comparing smooth0(3) to smooth0(4)). Re-

gardless of this, the reasons for the above mentioned scatter are not completely clear.

The expected parameter sensitivity to the incoming flow conditions (e.g. Reynolds num-

ber, turbulence intensity and turbulent length scale), experimental, or numerical set up

(e.g. turbulence modelling, numerical approaches) could be systematically addressed in

a future research topic. As increasing the resolution from smooth0(2) to smooth(4) (see

Table 5.2) has made very little difference to the integral parameters, smooth0(2) was

chosen for subsequent analysis in the current chapter and Ch.6.
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Figure 5.4: Time series of the drag and lift coefficients for the case smooth0(2).
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Figure 5.5: Comparison of the aerodynamic coefficients from smooth0(2) with in-

creasing angle of attack to experimental literature.

As Ch.6 of this thesis focuses on the pitching motion of the cylinder, an accurate predic-

tion of the aerodynamic coefficients under various angles of attack are also of interest.

The boundary conditions for these cases were changed as described in Table 5.2 for

smoothAoA. Fig.5.5 shows the variation of the aerodynamic coefficients with increasing

angle of attack. The disparity of the mean drag coefficient has been a recurring topic

in the literature, and has often been attributed to the blockage effects with increasing

angle of attack (e.g. Sarkic (2014)). Finally, a mean lift coefficient is expected to be zero

at a zero angle of attack. For the experimental results this is quite common. Although
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values of mean lift close to zero are obtained in most of the numerical simulations in the

literature, there are a few cases in which its absolute value is significant (e.g. Bruno et al.

(2012)). This may be due to the fact that the time averaging used to compute the quan-

tities is not large enough to obtain statistical convergence. Nonetheless, in Bruno et al.

(2012), a careful check of the convergence of the averaged quantities is made, and, hence,

at least in their case, the statistical sample can be considered adequate. Therefore, it

may be argued that a mean lift value significantly different from zero is an indication of

an asymmetry of the mean flow which may be triggered by very small perturbations of a

different nature. Bruno et al. (2012) suggests that attribute is particularly found when

the spanwise resolution is considerably smaller than that the streamwise and vertical

distributions in a Detached-Eddy Simulation. The results in this current work shows a

symmetric flowfield between the upper and lower surfaces (e.g. Fig.5.7)- a non zero lift

is therefore attributed to the errors in the averaging process.

5.2.3 Unsteady pressure distribution

The distributions of the time-averaged values and of the standard deviation of the fluc-

tuating pressure (both averaged across the span) are plotted in Figs.5.6a and b. The

mean pressure for Fig.5.6a was normalised by

Cp =
(〈p〉 − 〈pref 〉)

0.5ρU2
, (5.3)

where pref was sampled at (x,y) coordinates (8D, 5D) upstream of the cylinder from the

centreline. The r.m.s. pressure for Fig.5.6b is normalised as

Cp‘rms =
p′rms

0.5ρU2
. (5.4)

The pressure statistics from the mesh study are compared to the numerical results of

Ying et al. (2012) (Re = 20, 000) and Yu et al. (2013) (Re = 105). The reattachment of

the shear layer can be approximated by the peak r.m.s pressure along the chord. The

disparity of Reynolds numbers between the literature and the current study is expected

to generate inconsistencies of the reattachment region. This can be seen in Fig.5.6b when

comparing the results of smooth0(1-4) (Re = 40, 000) to the literature, the reattachment

length is increased with Reynolds number. The disparity of the distributions shows very

little relation with increasing resolution of the mesh. In the literature, it is notoriously

difficult to maintain a consistent measurement for the standard deviation of pressure,

as shown for a B/D = 5 cylinder by Mannini et al. (2011); this is due to the severe

sensitivity of the shear layer to the experimental and numerical set up. Consequently,

the peak value of pressure at the reattachment point often shows considerable disparity

in the literature. Nevertheless, the present work shows the majority of results for the

fluctuating pressure to be sufficient consistent with one another.
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Figure 5.6: (a) mean and (b) r.m.s. pressure statistics over the side surface of the

cylinder under different mesh distributions (described in Table 5.1).
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Figure 5.7: (Top) Spanwise and time averaged velocity contour with streamlines

around the bridge section with the smooth0(1) mesh distribution, and (Bottom)

schematic of the recognised flow structures.
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A contour of the mean flow around the cylinder is shown in Fig.5.7. The streamlines

obtained from the velocity field, averaged in time and along the span, are plotted in

the upper part of the figure, while a schematic of the identified mean flow structures is

shown in the lower part. It can be seen that the mean flow separates at the leading edge

and reattaches just upstream the trailing edge (approximately Xr = 0.8B), while the

reversed flow in the wake approximatively extends D/2 from the cylinder. The primary

vortex shows a slight inclination towards the leading edge, while a thin recirculation

region underneath this vortex can be seen attached to the cylinder’s upper surface, just

after the leading edge. In the flow region between the main vortex and the recirculation

region, denoted the inner region hereafter, no discernible structures can be identified.

In Fig.5.8(a) and (b), the instantaneous flow pattern from the ‘smooth0(2)’ case is

compared with one of the flow visualisations proposed by Pullin and Perry (1980). The

Pullin and Perry visualisation is rotated with respect to the original one in order to make

the comparison easier to follow. Despite the differences between the inflow conditions,

the similarities of this figures seems to confirm the observations of Buresti (1998) (see

Bruno et al. (2010)) - “it is reasonable to infer that many of the features observed in the

transient flow field around the wedge (Pullin and Perry figure), induced by increasing

the upstream velocity, may be qualitative similar to those occurring near a bluff body

separation point during the roll up of a forming vortex”. The pseudo-triangular region

seems to be a case-insensitive, a characteristic flow structure for bluff bodies with sharp

corners, even if its characteristics are a function of the geometry, and in particular

containing an after-body (Buresti (1998)). In the present work, the pseudo-triangular

region spans over approximately D/2 from the leading edge of the cylinder. For a

cylinder of B/D = 5, Bruno et al. (2010) identifies this region to span to 5/8D using

Detached-Eddy Simulation, though a later work (Bruno et al. (2012)) shows that the

grid distribution used in the previous publication may have been too coarse - resulting

in an overestimation the length of this structure. Finally, it can be seen from the smoke

visualisation by Saathoff and Melbourne (1997) for an elongated plate (B/D = 20), the

pseudo-triangular region spans approximately D/2 along the chord. It can be deduced

from this that the pseudo-triangular region is indeed case insensitive, and covers the

same space over the cylinder chord for an elongated cylinder (B/D ≥ 4) at a zero angle

of attack in smooth flow. The flow structures identified in Fig.5.8(c) have also been

reported by Bruno et al. (2010) for a rectangular cylinder B/D = 5; the author notes

that in their work, the vortex-coalescing length (vc) and the pressure recovery length

(pr) spans approximately 3D/2 along the chord, as opposed to D in the present work.

Fig.5.8(c) shows that the impinging leading edge vortices are not shed directly from the

leading edge. It can be seen that this is shed from the pinnacle of a pseudo-triangular

region, just downstream from an elongated clockwise vortex (formed from the leading

edge), together with and a second counter-clockwise vortex (blue arrow) close to the

cylinder’s surface. The second vortex (or ‘bubble’ according to Pullin and Perry (1980))
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is induced by the growing vortex of the leading edge. The characteristic shape of the

pseudo-triangular region remains relatively constant, and attached to the surface for

each shedding cycle, even though the counter-clockwise vortex does occasionally deviate

from its position. During each shedding cycle, the clockwise vortex slightly fluctuates,

attaining its maximum and minimum elongation just before and after the vortex shed-

ding. These structures characterise the flow immediately downstream of the leading

edge, such as the ones first identified by Pullin and Perry (1980) for the flow over a 900

edge (Fig.5.8a). Thus, the same nomenclature as in Pullin and Perry (1980) is adopted

in the present work.

Time averaging of the quasi-triangular region can hide the characteristic structures,

which are formed during the vortex formation and shedding. To demonstrate the vortex

shedding process, snapshots of the flowfield are shown in Fig.5.9. The interval between

these snapshots correspond to the non-dimensional time step approximately equal to

t∗ = tU/D = 0.4, the total period corresponds to 3.6 non-dimensional time units - this

is approximately equal to half a period of the Strouhal frequency (deduced earlier in this

chapter). Some clockwise and anti-clockwise vortices are highlighted in these diagrams

(Fig.5.9). Dashed lines indicate the convection of these vortices in successive snapshots.

Three vortices are chosen for close examination in the vortex shedding process. The

primary vortex shedding period is equal to approximately 0.5 non-dimensional time

units (tU/D) as it convects along the cylinder’s surface with a velocity approximately

UC ∼ 0.5U (UC is the convection velocity). At tU/D = 520 − 523.2, three primary

vortices (Uc1, Uc2, Uc3) successively shed from the leading edge and convect along the

lateral surface. At non-dimensional time tU/D = 521.2−521.6, the vortices Uc1 and Uc2

successively coalesce in a single vortex. This vortex induces a counter-clockwise vortex

Uc4 close to the surface. Unlike the counter-clockwise vortex in the pseudo-triangular

region, the vortex Uc4 is induced by the primary vortices (clockwise) shed from the

leading edge, and convects upstream with a velocity approximately UC = 0.15U .

As stated earlier, the averaging of the flowfield removes the instantaneous structures

during the shedding period, thus Fig.5.8 makes an attempt to relate the mean structures

to an instantaneous snapshot of the whole flowfield from Fig.5.9. The instantaneous

pathlines refer to the sampled time at which the maximum number of primary vortices

(Uc1, Uc2, Uc3) are present at the same time past the pseudo-triangular region (tU/D =

520−522); the recognised instantaneous structures in the mean inner-region are plotted

with continuous lines below the streamline diagram, while the mean structures are drawn

with dashed lines. It follows that the mean inner-region can be viewed as the one

which contains the pseudo-triangular flow structure, the clockwise vortices shed from

it and the resulting counter-clockwise vortices Uc4 induced by the large vortex from

the coalescence of the clockwise vortices (Uc1, Uc2) discussed above. In particular, the

mean recirculation region is the result the contribution of several instantaneous vortices,
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Figure 5.8: (a) current study instantaneous streamlines at the leading edge for
smooth0(2). (b) instantaneous streamlines produced by a starting vortex past a 90deg
wedge, after Pullin and Perry (1980) (redrawn by Bruno et al. (2010)). (c) Instan-
taneous streamlines, flow structures and lateral surface mapping for the smooth0(2)

case.
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namely the constant counter-clockwise vortex formed in the pseudo-triangular region,

and the ones convected upstream.

tU/D = 520

tU/D = 520.4

tU/D = 520.8

tU/D = 521.2

UC1

UC2

tU/D = 521.6

tU/D = 522

tU/D = 522.4

tU/D = 522.8

tU/D = 523.2

tU/D = 523.6
DD D D

UC4

UC3

Figure 5.9: Shedding and coalescence of the vortices shed from the leading edge in

smooth flow.

The “vortex shedding” (vs) region is defined as the streamwise distance from the sep-

aration point to the pinnacle of the mean inner region (Bruno et al. (2010)). The vs

region contains the instantaneous primary vortices shed by the pseudo-triangular struc-

ture and is characterised by a plateau of the mean pressure, Cp, and low Cp′rms values

(see Fig.5.6). The streamwise length of the clockwise (denoted ‘primary’ by Pullin and

Perry) vortex in Fig.5.7 is split into two regions in order to distinguish the part of the

surface where the coalescence of the clockwise vortices takes place, and the one where

the instantaneous reattachment occurs. The point between these regions is distinguished
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Figure 5.10: Instantaneous streamlines and pressure distributions along the cylinder

during one vortex-shedding period. (left) schematic diagram of the vortex locations over

a vortex-shedding period. (right) instantaneous pressure distribution over the cylinder

(Cp = (p− 〈pref 〉)/0.5ρU2).
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not only by looking for the point where the vortex-induced reversed flow close to the

surface has a zero vertical component, but also recalling the critical aspect ratio B/D = 3

that distinguishes the presence of an after-body. The “vortex-coalescing” (vc) region

shows the peak value of the mean suction pressure (Fig.5.6(a)) and a steep increase of

the fluctuating component (0.4 ≤ x/B ≤ 0.7 of Fig.5.6(b)), while the mean “pressure

recovery” gives the name to the region pr, where the maximum r.m.s. of the fluctuating

pressure value also occurs. The “mean reattachment flow” (rf) region is characterised

by another Cp plateau (see Fig.5.6(a)). It is worth noting that the mean pressure

distribution in this region (Cp ∼ −0.4) is generally reached in the rf region, regardless

of the reattachment location (see Fig.5.6(a)).

Using coherence analysis on a cylinder B/D = 5, Matsumoto et al. (2003a) suggested

that the greatest contribution to the lift force is within the pr region. In order to verify

this observation, Fig.5.10 shows an example of the instantaneous pressure distribution

and flowfield contour at various instants where the lift coefficient at its maximum and

neutral (zero) values. The flowfield and pressure distribution data for this diagram

was also averaged across the span. The suction peaks in the Cp distributions clearly

correspond to the travelling vortices alternatively shed from the leading edge, which sub-

sequently convected along the lateral surfaces. Despite of their magnitude, the pressure

distributions over the upper and lower surfaces approximately cancel each other out for

Fig.5.10(i) and (iii). The surface pressure is recovered in the pr regions, either by form-

ing a maximum or minimum value. The pressure recovery takes place at the instance in

which a new vortex is shed from the vs region, and the one from the previous shedding

cycle has already convected in the wake. The instantaneous pressure in the pr region

grows during the time period in which two succeeding vortices shed from the leading

edge. At the same time, the pr region on the opposite surface is subjected to a deep

pressure suction due to the vortex travelling over it. Hence, the pressure distribution

along the upper and lower pr lengths do not cancel each other out. Overall, the net lift

force acting on the pr regions dominates the contribution of the other identified regions,

as Fig.5.10 demonstrates. However, the author notes that the described mechanism for

lift is not the solely responsible for the aerodynamic behaviour of the cylinder, as the

irregular lift time history suggests (Fig.5.4), nevertheless, it is clear that the pr region

certainly has a dominating role in this process.

A sketch of the vortex formation at the various instances is shown in Fig.5.10(left col-

umn). The capital letters A and B refer to the vortices shed from the leading edge at

the upper and lower surfaces respectively. The hat accent (ˆ) indicates vortices shed

from the trailing edges. The instantaneous streamlines in Fig. 5.10(middle) show that,

in correspondence to zero lift, the vortices are shed from the trailing edges towards the

centreline of the wake. These vortices can travel across the whole wake to the opposite

trailing edge: this happens when the vertical component of their convection velocity is

enhanced by the coalescence of the vortices shed from the leading edge. In other words,
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if a trailing vortex can form between two successive vortices convecting along the sur-

face on the opposite side, it can reach the trailing edge of the latter, slowing down the

incoming upstream vortex and induce a more extended instantaneous reattachment of

the shear layer and a stronger pressure recovery, as seen in Fig.5.10(iv).

5.2.4 Spanwise discretisation effects - correlation of pressure

The effects of the domain size (Lz) and resolution in the spanwise direction are the

main focus of the present section. The details of mesh information for this study are

presented in Table 5.5. The effects of the resolution in the spanwise direction were tested

to investigate a minimum requirement of the grid points (increments of δz) across the

span. The grid distribution and dimensions of the domain in the streamwise and vertical

(x and y) direction were chosen from case smooth0(2) as described in §5.2.1.

SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8

δz/D 0.21 0.13 0.1 0.05 0.21 0.13 0.21 0.13

L/D 13.33 13.33 13.33 13.33 9.33 9.33 6.66 6.66

Table 5.5: Table outlining the investigation of the effects of domain size (Lz), and

the grid resolution (δz/D) on the spanwise correlation of pressure.

The effects of the grid resolution and the domain size in the spanwise direction can be

demonstrated though analysis of the correlations of surface pressure along the cylinder.

Analysis of the spanwise correlation of pressure is of great interest for the evaluation

of wind loading on structures. A high correlation between two points of measurement

along a structure would imply a greater risk of fluctuating wind loads and dynamic

response. The correlation is dependent on the cross-section of the cylinder, and the

characteristics of the incoming flow (smooth, turbulent, homogeneous, inhomogeneous

etc.). Such aspects are considered within this thesis. The effects of freestream turbulence

on the spanwise correlations for the case of fixed cylinder is discussed in §5.4.2. The

influence of the vibrating cylinder on the spanwise correlation for both smooth and

turbulent flows is discussed in Ch.6. The current section focuses on the correlation for

the static cylinder in smooth flow. The spanwise correlation of static pressure along the

cylinder at two different measurement points of distance ∆z is defined,

Rzp(∆z) =
p(z, t).p(z + ∆z, t)√
p(z, t)2

√
p(z + ∆z, t)2

. (5.5)

From Eq.5.5 is can be deduced that Rzp can be described by a correlation length,

Lz =

∫ ∞
0

Rzp(∆z)dz. (5.6)
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The correlation length gives an indication of the spanwise distance of which the particular

loading can be reasonably considered fully correlated. With increasing distances between

the two measuring points (∆z), the correlation is set to decay exponentially. Ricciardelli

(2010) suggest that the decay of the correlation can therefore be described,

Rzp(∆z) = (1−Υ) exp

(
−λ∆z

D

)
+ Υ, (5.7)

where Υ and λ are coefficients, denoted the asymptote and decay coefficients respectively.

The two coefficients need to be determined empirically from the signal data. Ricciardelli

(2010) suggest a further improvement to Eq.5.7 in cases where the spanwise length of

the section removes the use of an asymptote (Υ). As the spanwise length of analysis in

this chapter does not exceed 6D, as is their case, this modification was not required for

the present work.

Fig.5.11(top) shows the mean velocity contour with streamlines around the section for

case smooth0(2) from §5.2.1. Based on the regions identified earlier, six locations were

analysed for correlation analysis as indicated in Fig.5.11(middle). The locations of the

probes in terms of the identified flow regions are as follows:

• P1 was specified to be in the alignment of the vs region, more specifically the

pseudo-triangular region - identified in §5.2.3.

• P2 was aligned in region between the vs and vc regions, and is still situated in the

Cp′rms plateau region as shown in Fig.5.6.

• P3 was aligned in between the vc and the pr regions.

• P4 was aligned in the pr region where the Cp plateau is situated (see Fig.5.6).

• P5 was aligned in the rf region.

• P6 was aligned in the wake - approximately B/6 from the cylinder along the

centreline.

Fig.5.11(bottom) shows the skin friction distribution over the cylinder, defined

〈Cf 〉 =
〈τw〉

0.5ρU2
. (5.8)

The mean wall skin friction (〈Cf 〉) distribution allows a better insight into the ‘inner-

regions’ of the flow. The recirculation region (anti-clockwise rotation) shows a positive

value for 〈Cf 〉, while the negative regions are located downstream of the region of the

pseudo-triangular region. The changes in sign of 〈Cf 〉 permit the identification of the

locations of these flow structures. In particular, the mean shear layer reattachment point

can be located as the transition point between the clockwise primary vortex, along which
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〈Cf 〉 < 0, and the reattached flow, along which 〈Cf 〉 > 0. It follows that the distance

of the reattachment point from the leading edge can be estimated to be Xr ∼ 0.8. To

the best of the author’s knowledge, no records in the literature have taken note of the

reattachment length for this specific geometry (B/D = 4), but it has been reported

by Bruno et al. (2012) that the reattachment length is highly sensitive to the spanwise

resolution; the effects of this are addressed below.
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Figure 5.11: (Top) Spanwise and time averaged velocity contour with streamlines

around the bridge section with the smooth0(2) mesh distribution, (Middle) schematic

of the recognised flow structures, and (Bottom) the location of the probes (P1-6) along

the cylinder.
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Figure 5.12: Correlation coefficient of the pressure along the span of the static cylinder
for different spanwise resolution and domain size (see Table 5.5). Locations of P1-6 are

outlined in Fig.5.11.
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Fig.5.12 shows the correlation distributions under the different mesh and domain setting

described in Table 5.5. The correlation length, Lz, is recovered from Eq.5.7 by the rela-

tion Lz = 1/λ, after setting Υ = 0 to satisfy the physical assumption that the pressures

acting on a stationary cylinder cannot tend to a fully correlated fraction (Ricciardelli

(2010)). The value of λ was determined using a least-square method in Matlab’s curvefit

toolbox; the match tolerance was set to 10−8. The corresponding length scales for each

mesh distribution (and location along the cylinder’s chord) are recorded in Table 5.6.

Case P1 (D) P2 (D) P3 (D) P4 (D) P5 (D) P6 (D)

SP1 6.13 7.08 6.05 3.48 6.16 1.12

SP2 1.85 1.34 0.93 0.69 1.22 1.42

SP3 1.86 0.89 1.12 0.75 0.87 1.11

SP4 0.95 1.03 0.9 0.97 0.9 0.96

SP5 4.77 4.56 4.56 3.66 5.9 1.42

SP6 1.46 1.49 0.75 1.43 1.96 1.32

SP7 8.31 7.21 7.21 3.28 1.3 1.43

SP8 1.2 1.41 1.34 0.99 1.65 1.39

Table 5.6: Correlation lengths Lz for the fixed cylinder in smooth flow under different

spanwise resolutions and domain sizes.

Table 5.6 shows the calculated length scales from the data in Fig.5.11. The cases in

which the coarsest grid was used (δz/D = 0.21) created length scales that are generally

obtained from sectional (lift) correlations - for example Vickery (1996) report LL/D =

5.6. To the best of the author’s knowledge, analysis of the correlation lengths for a

cylinder B/D = 4 has not reported in the literature. However, reports of the correlation

length of Lz = D have been reported for a cylinder B/D = 5 by Bruno et al. (2012) for

the approximate alignment of P2 in this work.

Generally it can be seen from Fig.5.11 and Table 5.6 that the pressure correlation along

the side surface is very sensitive to the spanwise resolution. In particular, the grid

step δz/D has a significant effect regardless of the domain spanwise length Lz. The

coarsest grid (δz/D = 0.21) generally creates a large correlation length scale, particularly

towards the leading edge. Using Proper-Orthogonal Decomposition (POD), Bruno et al.

(2012) had previously shown that the flow in the quasi-triangular region to be two-

dimensional. The correlation analysis in this section does not show this characteristic as

vortex shedding process is located at a considerable distance from the surface probes in

this region. The correlation trends for δz/D = 0.13 and 0.05 converge to a similar decay

along the span (Fig.5.12). However, a noticeable scatter is still present for the leading

edge region. These results suggest that the characteristics of the oncoming flow have

a significant effect on the spanwise correlation in the vs region (towards the separation

point). The correlation lengths in Table 5.6 also indicate that the vs and pr regions
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along the chord have a higher value than the vs and rf regions. The correlations in

the wake region show a good agreement, regardless of mesh resolution or dimensions of

the domain. Overall, it is generally observed in the data that there is a reduction of

the correlation values with increasing resolution along the span - converging to a length

scale size of the cylinder’s thickness. The spanwise resolution of δz/D = 0.1 (as utilised

in §5.2.2 and 5.2.3) was chosen for the remaining simulations of this chapter and Ch.6.

The remainder of this chapter considers the freestream turbulence effects on the flow

characteristics, and statistics discussed above.

5.3 Synthetic turbulent inflow

In preparation for cases involving freestream turbulence over the rectangular cylinder,

an initial study of the dissipation of the turbulent statistics and length scales across the

domain was undertaken. The upstream turbulence was assessed with a similar approach

to §4.2.1. The effects of freestream turbulence were investigated using the divergence-

free turbulence inflow (XCDF model, see §3.2.4). The boundary conditions, numerical

schemes and domain size were the same as those for case smooth0(2) (outlined in §5.2.1).

The time step, normalised by L11 and U, was ∆tU/L11 = 3× 10−3. The integral length

scales were set to the size which is comparable with the chord length, which were specified

as Li1 = 3Li2 = 2Li3 = 2B/3 where i = 1, 2, 3, as modelled by Eq.3.83.

To characterise the upstream turbulence, a new mesh was generated omitting the pres-

ence of the cylinder - denoted as the ‘empty box case’. Two different turbulence intensi-

ties, Iu = 6%, 12%, were imposed on a two-dimensional transverse plane at x/B = 0.5B

from the inlet boundary condition. In this location, the grid size normalised by the

integral length scale was Lx = 0.23L11, Ly = 0.252L11 and Lz = 0.11L11. Pope (2000)

suggested that for an ‘satisfactory’ use of LES, 80% of the kinetic energy would need

to be resolved with the resolution ∆x ∼ L11/6 for Homogeneous Isotropic Turbulence

(HIT). Based on this, it is reasonable to assume that the current grid size in the upstream

region is satisfactory.

x/L11 Iu(%) L11/B ReL Reλ

0 6 0.8 12,000 283

11 12 0.67 10,000 258

Table 5.7: Upstream turbulence characteristics: turbulence intensity (Iu), integral

length scales and Reynolds number on the domain without the cylinder. The inflow

is generated at the origin (x/L11 = 0) and the cylinder will be placed at x/L11 = 11.

Note: that ReL = UL11

ν and Reλ =
(
20
3 ReI

)1/2
(Pope (2000)). L11 = L21 = L31 and

L11 = 3L22 = 2L33

.



Chapter 5 Analysis of a fixed rectangular bridge section 149

X

Y

Z

Figure 5.13: A box domain for the baseline turbulence case for the bridge.

Figure 5.14: A box domain for the baseline turbulence case for the bridge.
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Figure 5.15: The autocorrelations for the streamwise component of velocity at differ-

ent locations from the inlet boundary condition. r is the normalised separation, r = tU
L11

and CE(r) is the modelled correlation function, defined as CE(r) = exp
(

π
4L11

r
)

in the

XCDF model (see §3.4.6).

The equivalent position where the cylinder in the empty box case would be at x/L11 = 11

from the imposed synthetic turbulence (x/L11 = 0). A snapshot of the streamwise

component of the instantaneous velocity contour across the domain at the region of the

cylinder (x/L11 = 11) is shown in Fig. 5.14; the turbulent intensity generated at the

inflow place was Iu = 6%. The turbulent characteristics at these two points, x/L11 = 0

and 11, are summarised in Table.5.7. The integral length scale at x/L11 = 11 was not

known a-priori and was estimated by using autocorrelations after the calculations of the

empty box case were finished. Time series data of the streamwise component velocity

was used to calculate the autocorrelations at different downstream locations, as shown

in Fig.5.15. The autocorrelation data near the vicinity of the synthetic turbulence

imposition, i.e. x/Li1 = 3.5, agrees well with the target function, CE(r), for both

Iu = 6% and 12%. As the flow convects downstream, the autocorrelations adjust to

a Gaussian shape at r ≈ 0. Fig.5.15 also shows that the autocorrelation decay at the

location of the cylinder (x/Li1 = 11) is suitably maintained with the target value. The

calculated integral length scales at x/L11 = 11 from this data are shown in Table 5.7.

Fig.5.16(a) shows the (compensated) one-dimensional energy spectrum of the streamwise

velocity fluctuations at x/L11 = 11 for both tested turbulence intensities. The inertial

subrange (constant value) can be found for both cases. The highest wavenumber that

can be resolved by the current resolution (Nyquist limit) is κmaxL11 = 1
2

2π
∆xL11 = 16.65

but E11 starts to drop κL11 ≈ 10 . This phenomenon is associated with the SGS model,

filtering method and numerical scheme. Piomelli (1999) showed that the top-hat filter

smoothed the structures which was larger than the cut-off size in spectral space (see

Fig.3.5). Hence, the explicit filter in the MTS SGS model (§3.2.2) may have contributed
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Figure 5.16: (a) A one-dimensional energy spectrum, E11, of the streamwise velocity
component normalised by the local turbulent kinetic energy at x/L11 = 11 (see Table
5.7). (b) the turbulent kinetic energy normalized by the input value k0. The dot-dashed

line is from k
k0
∼
(

x
L11

)−n
; the suffix ‘0’ indicates the input variables.

to this early cut-off. Analysis of the suitability of the mesh resolution can be made by

comparing the grid size to the Kolmogorov length scale, η. Kolmogorov’s length scale

was calculated using η =
(
ν3/ε

)1/4
. The dissipation rate, ε, is estimated by comparing

the compensated energy spectrum in Fig.5.16(a) with the universal energy spectrum in

the inertial subrange,

E11(κ) = CKε
2/3κ−5/3, (5.9)

where CK = 0.49 is the Kolmogorov constant (Pope (2000)). Based on the estimated

ε, the ratios between the grid size and the Kolmogorov length scale were ∆x/η = 26.2

and 53.4 for Iu = 6% and 12% respectively. It is shown that the current grid size is

much larger than the Kolmogorov length scale, as is the nature of LES. Fig.5.16(b)

shows the changes of turbulent kinetic energy (normalised by the input value of the

inflow condition, k0) between the inflow generation plane and the equivalent location

of the cylinder. It can be seen that there is an initial over-shoot within the first cells

away from the inflow condition; after this, k/k0 generally decreases as x/L11 increases.

Thus it is concluded that the peaks are produced due to the changes in grid resolution

in the region of the inflow plane rather than the inflow generation technique. A small

increase of the turbulent kinetic energy is seen beyond x/L11 ≈ 6, due to the synthetic

turbulence adjusting to the governing equations and boundary conditions as soon as it

is introduced into the domain, resulting in a temporal increase of the turbulent kinetic

energy.
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Figure 5.17: Anisotropy of upstream turbulence. Samples taken along the centreline
of the domain.

In HIT, the turbulent kinetic energy decays with time or space. The rate of decay has

been studied extensively and it is known that the variance of turbulence follows 〈u′u′〉 ∼
x−n. Different values of the decay exponent n were reported from DNS calculations (e.g.

Rind and Castro (2012) varying from 1.02 to 1.2. The decay exponent for the empty box

case shown in Fig. 5.16(b) is around n = 0.7 which is much lower than that reported

in literature. This may be due to the limited resolution towards the inflow boundary,

making the kinetic energy decay much fast than natural. However, the focus here is

to generate an isotropic turbulence field in the upstream region of the cylinder and the

resolution will be much finer in the vicinity of the cylinder below.

The degree of isotropy is examined along the streamwise direction by comparing the

ratios of the velocity fluctuations between the streamwise and the other components as

shown in Fig.5.17. At x/L11 = 11, u′rms/v
′
rms = 1.3 − 1.4, u′rms/w

′
rms = 1.1 − 1.2 for

both turbulence intensities. It is concluded that a relatively good isotropy is achieved

with both turbulence levels considering the ratio of velocity variance differs by 10 ∼ 30%

in most wind tunnel measurements (e.g. Skrbek and Stalp (2000)). It should be noted

for the cylinder cases that the turbulent ratios u′rms/v
′
rms = 3, and u′rms/w

′
rms = 2 are

specified at the inflow plane. Based on this prediction of HIT in the present section, it

can be concluded that the freestream turbulence over the cylinder in the future sections

would be relatively accurate for the analysis of the freestream characteristics over the

cylinder.

Though some parts of the inertial subrange are resolved and reasonably good degree of

isotropy is achieved in the empty box case, upstream turbulence does not decay with the

rate for finely controlled HIT as in literature due to some constraints for the cylinder

simulations. The aim for the empty box cases, however, is to investigate the effect of the

given upstream turbulence characteristics on the flow over an cylinder rather than trying

to achieve a high degree of an accuracy for the turbulence decay rate. In the essence
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of the turbulent flows within an atmospheric boundary layer, all subsequent simulations

for the flows over the cylinder will be of an anisotropic flow.

5.4 Static bridge section in turbulent flow

The effects of freestream turbulence on the surface pressure statistics over the rectangular

cylinder B/D = 4 for a range of turbulent length scales and turbulence intensities is

discussed in the remaining sections of this chapter. The grid distribution and boundary

conditions correspond to the ‘smooth0(2)’ case outlined in §5.2.1. The turbulence length

scales in the atmospheric boundary layer ranges from 0.001 to 500m (Stull (1988)).

Typically in the literature, the length scales used in the wind tunnel are of the order of the

cylinder dimensions. The effects of this (with emphasis more on the large-scale) is a focus

of this section. The integral length scale L11 was chosen to be 2B/3; the components

of pairs (Iv = v′/U , L22) and (Iw = w′/U , L33) directions were taken as 1/3 and 1/2

respectively of the corresponding component of (Iu, L11). This combination of turbulence

parameters are denoted as the ‘Base Iu, Iv, Iw’ or ‘Base L11, L22, L33’ respectively for the

turbulence intensities and length scales.

(a) Smooth flow.

(b) Turbulent case with base settings.

Figure 5.18: Instantaneous z-component of vorticity at the mid-span for different

freestream cases. The contours are normalised by U and B.
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Fig.5.18 shows snapshots of the spanwise vorticity component for the smooth and tur-

bulent cases. Comparing the two cases, the vortical structure near the leading edge of

the turbulence inflow shows a clear difference compared to that for the smooth flow.

The free shear layer is disturbed by freestream turbulence as the shear layer begins to

roll-up closer towards the leading edge. The effects of this has significant effect on the

wake formation as no discernible wake pattern can be seen; a typical von Karman vortex

street can be seen for the smooth flow case.

5.4.1 Unsteady pressure distribution

The time duration for initialising the calculation was set to 400,000 time steps with

∆t = 10−5secs. This step size was chosen in order to keep the CFL number (u∆t/∆x)

less than one (∆x is the smallest grid size in the computational domain). This is

equivalent to 440t∗, where t∗ = Ut/D. This initial duration was adequate to obtain

the converged pressure statistics.
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Figure 5.19: Distributions of the mean and fluctuating (rms) pressure coefficient over

the cylinder in turbulent flow.

Distributions of the mean pressure, in turbulent flows with different turbulent intensities

and length scales are shown in Figs.5.19(a). The mean pressure was normalised to give

the coefficient Cp, defined as

Cp =
(〈p〉 − 〈pref 〉)

0.5ρU2
. (5.10)

The mean pressure in the undisturbed freestream, 〈pref 〉, was sampled at (x = 2B,y =

B/2) from the centreline upstream of the cylinder. The mean statistics have also been

averaged along the span of the cylinder. It can be seen in Fig.5.19(a)(a), for the range
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of length scales tested in this study, the magnitude of the mean pressure towards the

leading edge is highly sensitive to the length scale of the freestream turbulence. The

cases of small-scale turbulence, 2/3 ≤ L11/B ≤ 3/2, generally show a considerable

change of mean pressure, in agreement the study of Li and Melbourne (1999) - whose

length scale ranged approximately 1/4 ≤ L11/B ≤ 1.

It can also be seen in Fig.5.19(a)(a) that the main effect of large-scale turbulence (L11 ≥
3B) is to reduce the magnitude of the mean pressure towards the leading edge. With

increasing size of the length scales, the values of Cp approach the distribution for the

smooth flow case; this can be clearly seen when comparing the case of L11 = 5B to the

distribution in smooth flow. This trend is also in agreement with the speculation by Li

and Melbourne (1999), who suggested that large-scale turbulent flow can be considered

to be the equivalent to an inflow with a slowly fluctuating velocity, hence it can no

longer influence the mean flow around the cylinder. Increasing the turbulence intensity

(Fig.5.19(a)(b)) of the freestream moves the peak negative pressure towards the leading

edge. However, this does not change the magnitude of Cp in the separation region; this

trend was also observed in Ch.4 for the CAARC building.

The variation of the fluctuating pressures as given by the standard deviation of pressure

coefficient, Cp′rms, defined as

Cp′rms =
p′r.m.s.
0.5ρU2

. (5.11)

The distribution of Cp′rms along the chord of the cylinder is shown in Fig.5.19(b). Again,

the statistics have also been averaged along the span of the cylinder. The fluctuating

pressures calculated for each flow configuration all increase near the leading edge. The

location of the maximum fluctuating pressure moves even closer to the leading edge with

the turbulence intensity. An increase in the length scale causes the fluctuating pressures

to also increase progressively. The turbulence intensity (as established with the CAARC

building), increases the magnitude of the fluctuating pressure significantly.

The mechanism that causes the large pressure fluctuation towards the leading edge can

be determined by taking snapshots of the flowfield. Fig.5.20 shows the instantaneous

streamlines of velocity along the first half (2D) of the cylinder in freestream turbulence

under the base characteristics. It can be seen that there are clear differences of the shear

layer roll ups to that of the smooth flow case (Fig.5.9). Some perturbation (presumably

from the freestream flow) had forced the shear layer to move closer to the surface. The

region of the vortex shedding formation to the reattachment point agrees with the peak

region in Figs.5.19(a) and 5.19(b) for the pressure distributions.

A notable feature of the flowfield in Fig.5.20 is the reduction of the quasi-triangular

region near the leading edge. While a recirculation region is present, it has been con-

siderably reduced to a region of ∼ 0.05D. A larger (clockwise) vortex is formed at the

leading edge. This vortex convects along the upper surface of the cylinder in the similar
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manner as the smooth flow case (indicated by the red-dashed lines). It is noted that

the reattachment length of the shear layer is considerably shortened by the presence of

freestream turbulence. This is confirmed by the pressure statistics in Figs.5.19(a) and

5.19(b).

D D

tU/D = 424

tU/D = 424.4

tU/D = 424.8

Figure 5.20: Formation and convection of vortices from the leading edge of the cylin-

der in turbulent flow.

5.4.2 Spanwise discretisation effects - correlation of pressure

The pressure fluctuations discussed above are caused by the convection of vortices in

the separating shear layer. The values of the spanwise correlations provide an indication

of the extent of the vortices in the key regions (such as the separation -reattachment

region). The contour diagram of the mean velocity in Fig.5.21a shows that the mean

reattachment length of the shear layer from the leading edge is considerably shortened in

the presence of small-scale turbulent flow. The recirculation region is also considerably

shortened. Unlike the case of smooth flow, the formation of the clockwise vortices in

this region creates a large suction. The region between the leading edge and the primary

vortex centre coincides with the region of the peak r.m.s. of pressure (see Fig.5.19(b)).

The reattachment length is located at approximately Xr = 0.6B.



Chapter 5 Analysis of a fixed rectangular bridge section 157

Fig.5.21b shows the contour diagram and skin friction distribution for the large-scale

turbulence case. As already established, the flowfield for the cases of large scale turbu-

lence contains many of the attributes of smooth flow (e.g. Fig.5.7). The recirculation

region is now extended to approximately 0.3B; this is longer than the smooth flow case

of 0.2B. The resulting reattachment length is located at approximately Xr = 0.9B.

Overall, it can be deduced from this that the large scale turbulence (with moderately

low turbulence intensity) has a significant influence on the recirculation region, and the

resulting mean reattachment location of the shear layer.
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Figure 5.21: (Top) Spanwise and time averaged velocity contour with streamlines

around the bridge section with the smooth0(2) mesh distribution, (Middle) schematic

of the recognised flow structures, and (Bottom) the location of the probes (P1-6) along

the cylinder.

The probe locations were as specified as in the smooth flow case in §5.2.4. The variation

of the flowfield for the turbulent cases changes the flowfield region associated to the

probe - e.g. P4 can be in a reattached flow region for small scale, or engulfed in the

vortex-coalescence region in the case of large scale turbulence. Regardless of this, the

disparity of the data for these probes were hardly noticeable, as seen in Fig.5.4.2. Probe
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Figure 5.22: Correlation coefficient of the pressure along the span of the static cylin-
der. Locations of P1-6 are outlined in Fig.5.11.
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P1 is closest towards the leading edge and shows the greatest disparity out of the six

probes. Hence, it can be deduced that the turbulent length scale dominates the spanwise

correlations within the region of the separation region. An increase in the turbulence

length scale causes the correlation length to increase progressively. The correlation

lengths were calculated using Eq.5.7 in a similar approach to §5.2.4. The corresponding

length scales for each inflow cast (and location along the cylinder’s chord) are recorded

in Fig.5.23.
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Figure 5.23: Distribution of the spanwise correlations lengths across the chord of the

cylinder in different freestream flows.

The distribution of the correlation length scales along the chord of the cylinder are

shown in Fig.5.23. It is clear from this diagram that the turbulent length scale has a

significant effect on the correlation length towards the leading edge. The correlation

lengths generally converge to a value to the cylinder’s thickness for x/B > 0.6.

5.5 Summary

Large-Eddy Simulation was used to analyse the flow features around a fixed rectangular

cylinder (B/D = 4) in smooth a turbulent flows. An initial mesh resolution study

was performed in smooth flow. The sensitivity of the aerodynamic characteristics and

pressure distribution along the cylinder to the streamwise and vertical resolution of

the grid was studied. The location of the shear layer reattachment was identified by

both the skin-friction coefficient and the rms pressure distribution along the surface.

The associated aerodynamic forces generally agreed with the literature, and the grid

distribution ‘smooth0(2)’ was chosen for subsequent cases.
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From the mesh sensitivity study in the x-y directions, the various flow regions along the

cylinder’s upper surface were identified, following the works of Pullin and Perry (1980),

and Bruno et al. (2010). Snapshots of the flowfield aided in the identification of the

various regions. The vortex formation near the leading edge was shown to be formed from

the pinnacle of a ‘pseudo-triangular region’. The characteristics of the shedding process

in this region was shown through a sequence of snapshots of the flowfield. Following

this, the characteristics of the ‘pressure recovery’ region were identified by the same

method; this region was shown to have a major role in the fluctuating lift coefficient, as

in agreement with the hypothesis of Matsumoto et al. (2003a).

The sensitivity of grid resolution and domain size in the spanwise (z) direction was

subsequently studied. This was assessed by the spanwise correlation of the pressure

along the surface of the cylinder. Using the empirical formula by Ricciardelli (2010),

the resulting spanwise length scale was attained for each positions along the chord.

The chosen probe locations were based on the various characteristic regions identified

previously. The probes located near the leading edge of the cylinder (P1 and P2) were

shown to be very sensitive to the grid resolution. Towards the trailing edge, the length

scales for the probes P4 and P5 were shown to be approximately equal to the thickness

of the cylinder. Finally, the spanwise length scale was calculated to increase after the

reattachment point as this was largely governed by the undisturbed freestream flow.

The second part of this chapter focused on the turbulence effects on the flowfield and

pressure statistics around the cylinder. The XCDF inflow condition (Kim et al. (2012))

was utilised for this analysis. To quantify the characteristics of upstream turbulence,

an ‘empty box’ domain without the cylinder was set up and the turbulent inflow was

imposed on the two-dimensional transverse plane near the inlet. The inertial subrange of

the energy spectrum was analysed. From this, it was concluded that a reasonable amount

of the inflow turbulence is maintained at the point where the cylinder is placed. The

decay rate of turbulence was under-predicted compared to that reported in literature

due to a relatively coarse mesh in the far field. However, the focus was to provide

“reasonable turbulence” immediately upstream of the leading edge of the cylinder.

The XCDF inflow condition was subsequently applied to generate the turbulence around

the cylinder. The mean and fluctuating surface pressures were found to be dependent

on the turbulence intensity and length scale. The magnitude of the fluctuating pressures

increased with the turbulence intensity. Overall, the effect of the turbulent length scale

on peak pressures becomes greater as turbulence intensity increases, indicating that the

effects of turbulent length scale on the surface pressures are a function of turbulence

intensity. At low levels of turbulence intensity, the turbulent length scales does not in-

fluence the fluctuating pressures as much as it does at high turbulence intensity. With

further increase in length scale (with relatively low intensity), the mean pressure dis-

tribution approached that of smooth flow. The recirculation region near the leading
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edge, identified for smooth flow cases, was shown to diminish with the presence of small-

scale turbulence in the freestream. The clockwise vortices formed toward the leading

edge were shown to generate a high negative pressure around the leading edge. With

increasing length scale, the recirculation region increases along with the shear layer reat-

tachment length. Subsequent analysis of the spanwise correlation of pressure indicated

the sensitivity of the separating shear layer to the characteristics of the freestream flow.

After the reattachment of the shear layer, the correlations of the turbulent and smooth

flows converge resulting with a correlation length scale of the cylinder’s thickness.





Chapter 6

Analysis of an elastically-mounted

rectangular bridge section

6.1 Introduction

The increasing desire for slender designs of bridges have resulted in an increase of their

sensitivity to wind effects (Owen et al. (2013)). For wind tunnel tests of the stability and

serviceability of the design, rather than model the complete structure, the aerodynamics

of the bridge can be studied by constructing a model that represents the short, mid-

span, cross-section of the deck. This approach has shown to be just as effective in the

aeroelastic analysis of bridges to that of the full-span model (see Wardlaw (1980)). The

sectional model is simple in structure, hence it can reduce the wind tunnel test cost

accordingly, compared to the full-span model.

Tests of the elastically mounted bridge section may often focus on the heaving, and

torsional motions independently. For both of these Degrees-Of-Freedom (DOF), two

types of phenomena, namely resonant and divergent responses, occur at certain wind

velocities. The resonance of a body, denoted Vortex Induced Vibrations (VIV), usu-

ally appears within a range of wind velocities, causing severe fatigue concerns of the

structure. Divergence phenomena, such as galloping and flutter, occurs at a range of

wind velocities above a certain critical value, after which the amplitude of oscillation

increases substantially. Despite the widely publicised effects in the literature, many of

questions concerning the mechanisms of these phenomena remain unanswered. Recently,

a review paper by Wu and Kareem (2012) describes a series of previous investigations

on the VIV of bridge sections. A notable feature of this previous work is the enormous

effort in determining the effects of the structure’s geometry on the VIV response. For

instance, a considerable amount of research concerns the circular cylinder, where the

von Karman ‘vortex street’ is the main cause of the VIV. However, cross-sections typ-

ical of a bridge deck have a number of sources for a VIV response due to the presence

163
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of an after-body and the inherent asymmetric feature. While much of the literature

has focused on the amplitudes incurred by VIV, comparatively few measurements are

presented for the forces exerted on the body during lock-in. Therefore, further study on

a simplified geometry would give a deeper insight into the mechanisms of VIV.

Computational Fluid Dynamics (CFD) has become a powerful tool for complex fluid

modelling problems, particularly those which are difficult to analyse experimentally.

In the analysis of VIV, most of the literature at very large Reynolds numbers is lim-

ited to using a two-dimensional domain. Lee et al. (1997) applied such analysis to the

cross-sections of the Namehae and Seohae bridge using Unsteady Reynolds-Averaged

Navier-Stokes (URANS) turbulence modelling while subjecting the models to a forced

vibration. Their results showed a good agreement of the aerodynamic forces with the

equivalent wind tunnel tests for the Namehae bridge, and with the test of structural

response amplitudes for the Seohae bridge. More recently, Sarwar et al. (2008) investi-

gated the rectangular and box-girder cross-section, with and without fairings using Large

Eddy Simulation (LES) implemented in ANSYS Fluent. Their work applied a forced

vibration to the structure, focusing on the phase-angle changes, and lift force charac-

teristics around the lock-in region. Their later work (Sarwar and Ishihara (2010)) also

analyses the structural response for the free oscillations, though mainly focuses on the

flow-field and aerodynamic characteristics for the forced motion. The suitability of the

forced vibration technique, and its depiction of a bridge undergoing resonant responses

has largely been left to speculation; this is briefly addressed herein.

In the literature, numerical modelling of the torsional responses of a bridge section are

extremely scarce in comparison to the heaving motion. A notable contribution to the

understanding of torsional flutter is provided by Matsumoto (e.g. Matsumoto (2009)).

Matsumoto has clarified the effects of von Karman vortices on torsional flutter, such

as torsional mitigation (Matsumoto et al. (2003b)). However, it must be noted that

a large portion of this topic is still not yet understood, such as the characteristics of

the aerodynamic forces at this occurrence, let alone the mechanism of von Karman

vortices on the flutter stability. Hence, with the features associated with CFD, detailed

analysis of this motion becomes more feasible, and will be very useful for the further

understanding of this topic.

It is well known that flow-induced vibrations of bluff bodies are affected by a variety

of sources, such as instability-induced excitation, Movement-Induced Excitation (MIE),

and Extraneously-Induced Excitation (EIE) (Naudascher and Rockwell (2004)). One

form of EIE is the freestream turbulence in the incoming flow. Literature concerning

the effects of freestream turbulence on the VIV response is scarce. Usually, literature

presents a bridge deck situated in a nominally smooth flow (typically with a turbulence

intensity < 1% and not controlled/measured turbulent length scale). However, bridges

are usually subjected to the inherent turbulence of the atmospheric boundary layer.

According to the results of Matsumoto et al. (1993), the effects of turbulence on VIV
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are rather complicated, this being mainly due to an interaction between the vortices

in the wake (von Karman), and vortices induced by the structure’s motion (MIV). By

the close relation between the Impinging Leading Edge Vortices ‘ILEV’ (MIV) and

VIV response, Naudascher and Wang (1993) suggested that as the ILEV is depleted by

freestream turbulence and the amplitude of the cylinder would reduce accordingly. On

the other hand, Hansen (2007) suggested that in atmospheric (large scale) turbulence,

the response of the structure may be increased at a critical Scruton number. Overall, it is

generally agreed that turbulent eddies are effective in altering the flow structure around

such bodies and affect their aerodynamic stability. In particular, it has previously been

demonstrated in Ch.5 that small-scale turbulence causes earlier reattachment of the flow

from the leading edge through increased mixing. For dynamic cases, Wu and Kareem

(2012) suggested that turbulence in the range of the body’s scale can enhance or weaken

vortex shedding depending on the body’s geometry. Wu and Kareem (2012) suggest

that the amplitude is increased based on the ‘strength’ of the MIV in comparison to the

von Karman shedding. To the best of the author’s knowledge, verification of any these

conjectures cannot be found in the literature.

Analysis of the freestream turbulence effects on elastically mounted rectangular cylinders

have also been of focus in the literature. A summary of these studies is shown in Table

6.1. There are many cases where the VIV responses, estimated in wind tunnel tests,

are not observed in full-scale bridges (Owen et al. (2013)). Many researchers suggest

that these are caused by the turbulence in natural wind (e.g. Utsunomiya et al. (2001)).

Typically, the turbulent scales observed in wind tunnel tests are usually too small to

estimate its effect of a full scale bridge. The grid generated techniques employed in these

works have largely placed the length scales of the flow to be of the magnitude of the

cylinder dimensions (see Table 6.1). It can be seen that the actively controlled techniques

have increased the streamwise length scales of the flow to what can be considered the

scales observed in atmospheric turbulence, as specified by the Eurocodes (i.e. Eurocode

(2011)). However, these are somewhat limited for the components in the vertical and

spanwise directions. Generally, in all the listed papers, the focus of these works are on the

response of the cylinders with varying parameters of the turbulent flow (intensity, length

scales). It is generally agreed among these works that increasing the turbulence intensity

reduces the structural response (thus agreeing with the speculation of Naudascher and

Wang (1993)), while increasing the length scales of the flow has an enhancing effect.

However, very little discussion is presented in these works as to the mechanism for these

responses.

Overall, the objectives for the latter part of this chapter are twofold; the first is to pro-

vide a reliable framework that can be applicable to analyse a freely vibrating cylinder

with upstream turbulence. The second is to quantify the effects of freestream turbu-

lence on the unsteady surface pressures on the cylinder, and attempt to provide some

phenomenological reading of the obtained results.
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6.2 Smooth flow response of an elastically mounted bridge

section

The chosen geometry representing the bridge section was a rectangular cylinder of aspect

ratio B/D = 4. Initial 1DOF vibration tests for the heaving and torsional motions were

conducted on the cylinder in smooth flow. The domain dimensions and mesh distribution

were chosen as ‘smooth0(2)’ from Ch.5; the boundary conditions, and numerical schemes

were as described in §5.2.1 of the same chapter.

6.2.1 Modelling of the free vibration

The field of Fluid-Structure Interactions (FSI) is a very active area of research. A range

of different coupling algorithms are available for communicating between independent

fluid and structural solvers and each has its own advantages and limitations. No single

coupling algorithm is ideally suited for all FSI problems; the choice depends on an

appropriate level of detail and accuracy for a given case and has a significant impact on

the computational demand. Approaches to FSI can be separated in to three categories:

• One-way coupling: the simplest form of Fluid-Structure coupling; it allows the

fluid solver to predict a range of pressure histories before transferring these in a

single step as a series of forcing functions for the structural solver to determine

the dynamic response. The underlying assumption is the motion of the structure

has a negligible effect on the flow pattern and the algorithm does not account for

aeroelastic instabilities. It must be assured that the effect of aeroelastic phenomena

can be safely neglected or otherwise considered in the context of the simulation

setting. This coupling method is suited to relatively stiff/rigid structures. If

the motion of the structure is described δs, and the dimension of the structure

corresponding to this direction of motion is D, then for this approach is suitable

for cases with δs/D << 1.

• Two-way coupling: solves the fluid and structure domain independently. Coupling

is achieved by passing information back-and-forth between the fluid and structure

mediums. The strength of coupling depends on the temporal discretisation and

the number of iterations performed to achieve convergence at each transition. The

computational requirements, although still substantial, are less demanding than

monolithic coupling. The trade-off between iterations and computational cost has

been the focus of much of the literature, resulting in a number of algorithms of this

nature being proposed (e.g. Jaiman et al. (2011)). However, Heil (2004) states

that it is often difficult to ensure the overall stability and temporal convergence

(sensitivity to the choice of the computational time-step size) of this method. This

method is generally applied when δs/D < 1.
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• Monolithic coupling: simultaneously discretises and solves the entire, fully coupled,

set of fluid and structural governing equations within a single domain setting. Full

aeroelastic effects can be considered so the assessment of the structure’s response

would include the movement-induced excitation phenomena caused by the struc-

tural motion. However, this method is computationally very demanding, partic-

ularly for Multi-Degree-Of-Freedom (MDOF) problems. The monolithic coupling

is essential when δs/D ≥ 1. Examples of such engineering applications include the

flutter stability assessment in the design of aircraft wings.

The first two procedures are considered to be partitioned approaches, and are of a weaker

coupling than the monolithic method - despite various attempts to rectify this (e.g. Be-

lytschko et al. (2006)). The present work focuses on a dynamics of a spring-mounted rigid

body, making an expensive approach such as the monolithic method too excessive for

this analysis. Thus, a partitioned procedure was chosen. The proposed Fluid-Structure

algorithm has many similar qualities to that of a Conventional-Sequential-Staggered

(CSS) method (see Jaiman et al. (2011)), which is described in Fig.6.1.

Structure

Fluid

(1)

(2)

(3)

(4)

(5(1))

(tn) (tn+1)

Figure 6.1: Diagram of the Conventional Serial Staggered procedure (CSS) for Fluid-

Structure coupling. n is the index for the current time step.

The proposed algorithm (in the case of a heaving motion) is as follows:

1. Calculate the aerodynamic forces on the cylinder from the fluid domain F(CnL).

2. Integrate the equations for the cylinder response for one time step S(yn, ẏn, CnL)→
S(yn+1, ẏ(n+1), CnL).

3. Set the new deflection of the structure as a boundary condition in the fluid domain

at n+ 1, i.e. S(y(n+1), ẏ(n+1)) = F(y
(n+1)
BC , ẏ

(n+1)
BC ).

4. Assess the fluid for one time step to attain new aerodynamic force F(CnL) →
F(C

(n+1)
L ).

5. Repeat step 1 with new aerodynamic force F(C
(n+1)
L ).
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F and S represent the fluid and structure domains respectively, and BC the boundary

condition in the fluid domain. A similar approach has been implemented in Sarwar and

Ishihara (2010), and Placzek et al. (2008) for a forced oscillation using an Ordinary

Differential Equation (ODE) to prescribe the motion of the cylinder. In the present

work, the response of the cylinder was calculated using a forced mass-spring-damper

equation of heaving motion (while the equation of pitching motion is given in §6.2.4),

m(ÿ + 2ζωnẏ + ω2
ny) =

1

2
CL(t)ρU2B, (6.1)

where m is the mass per-unit-length of the structure, ζ is the damping ratio, ωn is the

circular natural frequency of the structure in the vertical direction, ρ is the fluid density,

U is the freestream velocity, and B is the streamwise length of the cylinder. The time-

dependent lift coefficient CL(t) was obtained by integrating the pressure over the surface

of the cylinder. Equation 6.1 is integrated for each time step using the Runge-Kutta-

Fehlberg method. The calculated response from Eq.6.1 was used for the dynamic mesh

approach, which is discussed in §6.2.2.

6.2.2 Dynamic mesh

The term dynamic mesh refers to the relative distances among grid points changing in

time to adjust to an unsteady motion of a body. This can be achieved through squeezing

and stretching the surrounding cells and their associated vertices. For the finite volume

method, the conservation equation of property, φ, over an arbitrary moving control

volume, VC , in integral form is

d

dt

∫
VC

φdVC +

∫
A
dA · (~u− ~ub)φ =

∫
VC

∇ · (Γ∇φ)dVC , (6.2)

where ~u is the fluid velocity vector, A is the cell-surface-normal vector and ~ub is the

boundary velocity vector of the cell-face. To govern the vertex motion, OpenFOAM

adopts a Laplacian smoothing scheme, described by

∇ · (γ∇up) = 0, (6.3)

where up is the point velocity, which is imposed at each vertex of the control volume.

The boundary velocity ub is interpolated from up. The boundary conditions for Eq.6.3

are enforced from the known boundary motion, e.g. a moving wall. The vertex position

at the time level n+ 1 is calculated by using up,

xn+1 = xn + up∆t. (6.4)
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The variable γ prescribes the distribution of deforming cells around the moving body.

Ideally for the Laplacian approach, the cell distortion near the moving wall should be

less perturbed by the motion of the body, while with increasing distance away from

the wall, the cells should have a greater freedom to deform. Under this concept, the

quadratic diffusion model (γ = 1/l2) has shown to present a suitable distribution of cells

around the body, with l being the distance from the moving wall. A comparison between

the uniform and quadratic diffusion model on the grid skewness is shown in Fig.6.2 to

demonstrate this aspect. Hence, this model is adopted for the present work. As the grid

motion in the whole domain is governed by Eq.6.3, an interface between the static and

dynamic mesh regions is not required.

0.15 

0.12 

Cell Skewness 

0.08 

0.04 

0 
(a) (b) 

Figure 6.2: Grid distortion using the (a) uniform diffusion model γ = constant, and

(b) the quadratic diffusion model γ = 1/l2, where l is the distance from the cylinder’s

surface.

6.2.3 Heaving response

The wind tunnel experiment conducted by Marra et al. (2011) was used for validation

of the proposed methods. An initial displacement of 0.1D was imposed so the vibration

could converge to the VIV response. The effective structural damping is known to

increase with amplitude of the response. For VIVs, being a self-limiting process, this

aspect is not considered in this investigation. Hence, the Scruton number Sc is assumed

to be constant throughout the lock-in region. This number, based on the logarithmic

decrement δ or structural damping ζ is defined as

Sc =
2mδ

ρBD
=

4πmζ

ρBD
. (6.5)

The structural damping was deduced by the relation δ = 2πζ. An important consider-

ation is the choice of a suitable Scruton number to accurately reproduce the structural

response under a free oscillation. To be consistent with the wind tunnel experiment of

Marra et al. (2011), the structural parameters were chosen with the Scruton number
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Sc = 6. The corresponding mass per unit length m was 6.085Kg/m, and structural

damping ζ was 0.21%. The natural frequency of the structure fn was set as 13.43Hz.

The time duration for initialising the calculation was set to 200, 000 time steps with

∆t = 10−5secs. This step size was chosen in order to keep the CFL number (u∆t/∆x)

less than 1 (∆x is the smallest grid size in the computational domain). This is equivalent

to 220t∗, where t∗ = Ut/D. This initial duration was adequate to achieve the VIV

response. A further averaging duration for each freestream velocity was 600t∗ to obtain

the pressure statistics.

Response amplitudes of the numerical method compared to wind tunnel data (Marra

et al. (2011)) are presented in Fig. 6.3. Marra et al. (2011) repeated their experiment

twice with small differences between the two. The first set of results (labelled ‘series 1’ in

their paper) is presented for comparison to our result. It can be seen that the numerical

approach has adequately determined the statistics of the deflection over the lock-in

region when compared to the equivalent wind tunnel result. However, from a numerical

stand-point, varying the reduced velocity by means of the freestream velocity (as in the

wind tunnel) requires further examination. By using the same grid resolution, increasing

the freestream velocity reduces the cut-off frequency associated with LES, resulting in

smaller portion of resolved spatial scales. Ideally the grid around the cylinder would

need to be refined with increasing reduced velocity. Measurement of the resolved scales

at the near-wall region around the cylinder is determined by the average y+
1 value. The

resolution of the grid was determined at reduced velocity 8.4, which had an average

y+
1 value of ∼ 2; this value increased to ∼ 7 for reduced velocity 11.91. While the

wall resolution for the higher reduced velocity approach the buffer layer rather than the

viscous sub-layer, the lock-in region (the main interest of this work) can be considered

to be a wall-resolved LES case.

Varying the natural frequency of the cylinder also provides a viable option for alter-

ing the reduced velocity. However, this approach introduces uncertainties such as the

Reynolds number effects, and the wall-normal pressure boundary condition - the latter

is discussed further in Appendix A. The Reynolds effects on the lock-in phenomena have

been considered in review papers such as Bearman (1984), and Williamson and Govard-

han (2004). Both review papers suggest that the lock-in phenomenon is highly sensitive

to the low Reynolds numbers for the case of a circular cylinder. At the same time,

Amiralaei (2012) compared the methods of varying the reduced velocity on a pitching

airfoil by the oscillation frequency and the freestream velocity (Reynolds number range

10−40×103). The wake patterns were shown to be consistent regardless of the Reynolds

number, remembering first and foremost: the effects on the wake are solely determined

by the motion of the body (see Sarpkaya (2004)). With the presence of sharp corners at

the leading edge, it is expected that the behaviour of the impinging shear layer may be

significantly influenced by the Reynolds number in the case of a rectangular cylinder,

thus having a significant effect on the aerodynamic loading. To investigate this aspect,
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Fig.6.3 compares the statistical response of the cylinder by means of varying the natural

frequency of the cylinder and the freestream velocity. It can be seen that the statistics

shows very little sensitivity to the Reynolds number range (20− 40× 103) and the effect

on the aforementioned near-wall resolution. While both methods of varying the reduced

velocity provides suitable validation, to maintain a wall-resolved LES resolution, the

results for the remainder of this chapter adjusts the natural frequency of the cylinder.

U/fnD

r.
m

.s
. 
y/

D

4 5 6 7 8 9 10 11 120

0.01

0.02

0.03

0.04 Marra et al. (2011) - Expt
Present - LES (varying fn)
Present - LES (varying U)

Figure 6.3: Root-mean-squared values of the non-dimensional deflection versus re-

duced velocity in smooth flow (fn =vertical natural frequency).

U / fn D

ω 
/ ω

n

4 5 6 7 8 9 10 11 120.5

0.75

1

1.25

1.5

1.75

2
Strouhal’s law, Str = 0.136
Lift, static
Wake v’, static
Response, dynamic
Lift, dynamic
Wake v’, dynamic

Figure 6.4: Frequency progression for the deflection, lift coefficient, and wake veloci-

ties for static and freely vibrating cylinder cases. ωn is the angular natural frequency

of the cylinder. Strouhal’s law is defined, U = StrfD.
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It is well established in the literature that at lock-in the shedding frequency is gov-

erned by the motion of the structure, in violation of Strouhal’s law. This behaviour is

demonstrated in Fig.6.4. This figure provides the dominant frequencies of the structural

response, aerodynamic lift, and wake vortices at various reduced velocities. The deduced

frequencies were normalised by the cylinder’s angular frequency ωn. The wake shedding

frequency was determined from the vertical velocity, v′, a probe for this was placed B/6

from the end of the cylinder along the centre line. The equivalent results for the static

case from Ch.5 have been included. The Strouhal law (based on the static case) has also

been plotted for comparison. It can be seen that the frequencies of all three components

follow the same linear trend for the lower reduced velocities (Ur = U/fnD = 4.9− 7.4),

this obeying Strouhal’s law. This linear progression intercepts the origin of the axis

for reduced velocity zero. Between the reduced velocities 7.45 and 8.45, the region of

lock-in is reached and all three components are bound to the natural frequency of the

cylinder. After lock-in, the frequency of the displacement remains relatively the same,

though does seem to be showing some slight increase due to the influence of the lift; this

aspect can be seen in Fig.6.5 for reduced velocity 11.91. The lift and the wake velocity

frequencies on the other hand return to the proportional trend with reduced velocity.
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Figure 6.5: Time series of the lift and deflection at various reduced velocities for the

heaving motion of the cylinder. The reduced velocity is defined Ur = U/fnD.
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In Fig.6.5, the time series between the lift and deflection are presented for various reduced

velocities. It can be seen in this figure that the behaviour of the phase difference between

the deflection and lift also varies depending on the flow regime. For reduced velocities

below the lock-in region (Ur = 5.97), the lift coefficient can generally be seen to fluctuate

at the same frequency as the shedding frequency (see Fig.6.4), with a phase difference

of approximately 0◦ (with some intermittent deviations). For reduced velocities higher

than lock-in region, the lift force begins to deviate from the motion of the cylinder.

For reduced velocity 9.33, the lift force intermittently fluctuates between being in-phase

and out-of-phase with the cylinder’s motion. Beyond this, (Ur = 11.93), the lift time

series shows little relation with the deflection. The lift force in this region returns to the

frequency and magnitude of that for a static case (CL,r.m.s = 0.2). The behaviour of the

aerodynamic forces and the flowfield in the lock-in region (Ur = 8.4) is discussed below.

Phase-averaged streamlines around the cylinder, and the corresponding pressure distri-

bution over the lateral surfaces during one cycle of the cylinder’s response at lock-in

(Tn = 1/fn) are presented in Fig.6.7. It has been noted in the literature (e.g. Sarpkaya

(2004)) that the relative peak amplitude at lock-in is not constant and the motion is

not purely sinusoidal, and is largely determined by the conditions of the previous cycle.

Consequently, the instantaneous states of self-excited vibrations at the same amplitude

and average frequency do not necessarily result in the same pressure distribution and

flowfield. Therefore, the data presented in Fig.6.7 were generated by phase-averaging

over 10 cycles, along with spanwise averaging with a satisfactory convergence. This data

corresponds to the lock-in response at reduced velocity Ur = 8.4. The time-series graph

on the top-left of Fig.6.7 shows the phase averaged deflection and lift progression over

one cycle. It can be seen that the phase difference between the cylinder’s motion and

the aerodynamic lift is approximately 90◦. The author noted that this phase difference

does fluctuate between 80− 120◦ in the raw data.

Figs.6.7(i-iv) respectively correspond to phase angles 0◦, 90◦, 180◦ and 270◦, during one

cycle. The vortices formed at the leading edge in these figures are denoted ‘A’ and ‘B’

are for the top and bottom surfaces respectively. The corresponding numbers associated

with these characters indicate the order of the vortex. The progression of the flow around

the cylinder is as follows:

Fig.6.7(i): The cycle begins at the rest position (y = 0) at phase 0◦. The corresponding

streamline diagram shows that a leading edge vortex (denoted ‘A1’) is formed on the

top surface of the section; a peak (positive) lift is attained by this vortex formation.

Meanwhile, on the bottom surface, the vortex created from the previous half-cycle (‘B1’)

begins to convect along the cylinder at approximately 50% of the freestream velocity.

This observation is consistent with the suggestion of Matsumoto et al. (2008), who

speculated that the leading edge vortices must convect along the cylinder at this velocity

in order for a second resonant response to occur between reduced velocities Ur = 3− 4;

this peak is presented in their paper.
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Fig.6.7(ii): A positive peak deflection is reached (y/D = 0.05) at phase 90◦. The

vortex formed on the top surface has grown since (i), causing a concentration of pressure

(approximately Cp = −2) towards the leading edge of the cylinder. ‘B1’ continues to

convect along the bridge section at the same velocity as in (i). At the same time, a

second vortex ‘B2’ is formed on the bottom surface. The combined effect of A1, B1 and

B2 results in a zero lift (approximately).

Fig.6.7(iii): The cylinder returns to the original rest position (y = 0). It can be seen

that the flowfield is a mirrored one to (i) about the horizontal centreline of the cylinder

with a small difference in vortex formation towards the leeward corner. This difference

however does not seem to have a significant effect on the pressure distribution in this

region.

Fig.6.7(iv): A negative peak deflection is reached (y/D = −0.05). Again it can be seen

that the flowfield is a mirrored one to (ii) about the horizontal centreline of the cylinder.

For the transition between (iv) and (i), ‘A2’ becomes ‘A1’ and ‘B2’ becomes ‘B1’.

To study the effects of amplitude on the the vortex formation and pressure distributions

over the cylinder during each cycle, a case where Scruton number was set to 3 is shown in

Fig.6.7. The corresponding standard deviation of the amplitude increased to y/D = 0.08.

The phase and spanwise averaging processes applied Fig.6.6 are also applied to Fig.6.7.

Using a forced vibration of a circular cylinder, Williamson and Roshko (1988) showed

that the vortex formation over an elastically mounted cylinder is not only influenced by

the flow regime (e.g. lock-in) but also the amplitude of the oscillation (see Fig.2.6). The

combined results of Figs.6.7 and 6.6 show the effects of the amplitude on the flowfield.

In comparison to the data in Fig.6.6, it can be seen that a secondary vortex is formed on

the upper surface during the downstroke motion of the cylinder (and vice-versa for the

upstroke) in Fig.6.6. Consequently, a secondary peak is formed when the lift coefficient

reaches a maximum - indicating the formation of the vortex ‘A1’ on the upper surface

(i.e. Fig.6.7(ii)). The vortex formation in the case of Sc = 6 (Fig.6.6) forms the standard

von Karman vortex street in the wake. The additional vortex in Fig.6.7 impinges on

the wake creating a ‘2P’ vortex formation (see Fig.2.6) indicating a change in mode of

vibration. The effects of this can be seen on the pressure distribution over the cylinder,

where the peak pressure (Cp = −2.5) is moved closer towards the leading edge; this

is analogous to increasing the turbulence intensity of the freestream turbulence over a

static cylinder (see Ch.5, Fig.5.19(a)); this aspect is discussed further in §6.2.5.

The pressure statistics for different oscillating amplitudes, and consequent wake modes

are discussed further in §6.2.5 and 6.2.6. Despite the additional vortex in the ‘2P’ mode,

some of the characteristics between the two modes are consistent, such as the phase

difference between the cylinder’s motion and the aerodynamic lift force (90◦), and the

vortices from the leading edge convecting along the chord at 50% of the freestream

velocity.
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Experimental attempts of visualising the flowfield during lock-in has been attempted by

a few authors (e.g. Naudascher and Wang (1993), Andrianne (2012)), but has often left

the effects of the vortex formation on the aerodynamic loading to interpretation. In their

pioneering work, Komatsu and Kobayashi (1980) identified the formation of the leading

edge (motion-induced) vortex during each cycle. An appealing aspect of their work is the

simultaneous measurements of the pressure statistics, and the visualisation of the vortex

formation (via a smoke-wire method). However, it would be challenging to measure the

surface pressure when the leading edge vortex is very strong during the up/downstroke

in experiments. LES, in contrast, does not suffer with a technical limit to measure the

surface pressure as long as the large flowfield structures are sufficiently resolved. Thus,

a comparison to the predicted flowfield and surface pressure distributions of Komatsu

and Kobayashi (1980) to the present work would provide a deeper insight into the

consistency of both methods in the study of such aeroelastic phenomena such as VIV.

The top of Figs.6.8(a)(i) and 6.8(b)(i) show the predicted vortex formation by Komatsu

and Kobayashi (1980) for the cylinder at a peak upward deflection (Fig.6.8(a)), and

neutral position (Fig.6.8(b)) during the down-stroke motion. The present LES results

are shown underneath their diagrams with the identified vortices highlighted in blue. In

their work, Komatsu and Kobayashi (1980) note:

1. The formation of the vortex from the leading edge, ‘A’ synchronises with each

cycle of the cylinder’s motion.

2. Vortex ‘A’ keeps growing during each cycle (vortex ‘B’) and subsequently convects

to the trailing edge (vortex ‘E’) into the wake.

3. Vortex D’ produces a downward lift force greater than the upper surface.

Similar conclusions have been made in the present work, hence, the simulated sequence

presented here is consistent with the explanation of the vortex formation over the cylin-

der described by Komatsu and Kobayashi (1980). The forced oscillation tests by Ko-

matsu and Kobayashi (1980) were carried out with a maximum amplitude (y/D) set to

0.066, placing their peak amplitude between the two tested cases (Sc = 3 and 6) in the

present work. As the formation of the secondary vortex (e.g. ‘B2’, Fig.6.7(ii)) is not re-

ported in their work, it can be assumed that this is due to the effects of having a smaller

amplitude than the comparative LES result. Nevertheless, the combined pattern of the

primary and secondary vortices ‘B1’ and ‘B2’ (see Fig.6.7(ii)) produce a suitable agree-

ment with the predicted vortex pattern by Komatsu and Kobayashi (1980). Despite

this agreement, the pressure distributions between these two works show considerable

disparity. While their observations indicate that the phase between the deflection and

lift is 90◦, a major difference to the present work is the source of excitation. Komatsu

and Kobayashi (1980) suggest that the MIV convecting along the cylinder produces the

greatest contribution to the lift force (in a similar way to the flow over a static cylinder
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Figure 6.8: (top of each figure) Komatsu and Kobayashi (1980)’s description of the (i)

vortex pattern and (ii) pressure distribution for a freely vibrating rectangular cylinder

at Ur = U/fnD slight greater than 1/Str. (bottom of each figure) the equivalent LES

results from the present work for Ur = 8.4 with Sc = 3. Diagram source (top of each

figure): Komatsu and Kobayashi (1980).
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in smooth flow, see §5.2.3), rather than its formation at the leading edge; the present

work disagrees with this, regardless of the wake mode. In the same publication, the

surface pressure statistics in Komatsu and Kobayashi (1980) indicate a contradiction

to their predictions, showing a peak suction pressure towards the leading edge of the

cylinder; the characteristics of the surface pressure in the present work is discussed in

§6.2.5 with similar distributions to their work.

Ultimately, it is to be noted from the present surface pressure results in Figs.6.7 and

6.6 demonstrate the importance of the leading edge (motion-induced) vortices during

lock-in. The significance of this is discussed in the proceeding sections of this chapter.

6.2.4 Pitching response

The wind tunnel results by Matsumoto et al. (2008) were used for validation of the simu-

lations for pitching response, with the rotation around the mid-chord. The experimental

parameters from their work were adopted for the present simulations. The structural

damping is assumed to be constant with the Scruton number Sc = 7.862, under the

definition:

Sc =
2Iδ

ρD4
=

4πIζt
ρD4

. (6.6)

The corresponding mass moment of inertia per unit length I was 0.01494Kgm, and

structural damping ζt was 0.162%. The natural frequency of the structure ft was set as

21.5Hz. The equation of pitching motion for the structure is described,

I(θ̈ + 2ζtωtθ̇ + ω2
t θ) =

1

2
CMρU

2B2. (6.7)

In §6.2.3, the characteristics of the heaving response of the structure is considered. One

characteristic of this motion is the formation of the leading edge vortices, which are

not so prominent for the equivalent static case. Hence, these leading edge vortices are

commonly referred to as Motion-Induced-Vortices (MIVs). This identification has been

popularised by a few reports (e.g. Matsumoto (1996); Matsumoto et al. (2008)). It is

also shown in §6.2.3 that the MIVs convect along the lateral sides and eventually interact

with von Karman wake vortices. This interaction is rather complicated, especially after

lock-in. In the cases of pitching motion, according to Matsumoto (1996), the MIVs play

a more important role in the bridge stability than for the heaving motion. Thus, for the

proceeding sections of this chapter, comparisons are continually made between the two

Degrees Of Freedom.

The r.m.s pitching angle versus reduced velocity diagram of the torsional motion is

shown in Fig.6.9. The numerical results show a close agreement with the equivalent

wind tunnel data (Matsumoto et al. (2008)) for the first peak located at the reduced

velocity 5.1. The location of this self-limiting peak is in agreement with the guidelines

by Shiraishi and Matsumoto (1983), who suggested the locations of a VIV response to
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be approximately two-thirds of the inverse Strouhal number. There is some discrepancy

however for the onset of the lock-in region, which may be attributed to the differences

in Strouhal number described for the heaving case. Analysis similar to the present

work has previously been attempted by Shimada and Ishihara (2002), who used an

unsteady two-dimensional κ − ε model for reduced velocities Ur = U/ftD = 3 and

6.25; however, for their numerical approach, the choice of turbulence model produces a

somewhat limited insight into the dynamics of the leading edge vortex, as the statistical

process reduces this into a single leading-edge vortex formed at the peak amplitudes;

consequently, calculations of the aerodynamic damping for this turbulence has often

showed considerable disparity to the equivalent experimental result (see §6.2.7). LES,

on the other hand, is able to provide a much deeper insight into the unsteady fluid

motions and thus does not suffer from such drawbacks.
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Figure 6.9: Root-mean-squared values of the r.m.s. pitching angle versus reduced

velocity (ft = torsional natural frequency), with the rotational axis around mid-chord.

Similar to the heaving motion cases in §6.2.3, streamlines around the cylinder, and the

corresponding pressure distribution over the lateral surfaces during one cycle of the

cylinder’s response (Tt = 1/ft) at a reduced velocity Ur = U/ftD = 5 are presented in

Fig.6.10. The data for these diagrams was processed in a similar way as described in

§6.2.3. Fig.6.10 is also presented in a similar format as Fig.6.7. A distinct characteristic

of the phase-averaged moment coefficient (CM = M/0.5ρU2B2) is the presence of a

double peak when the pitching moment is at its maximum. Both peaks correspond the

formation of a Motion-Induced vortex. The first vortex is formed at the rest position (θ =

0) (e.g. Fig.6.10(i) vortex ‘A1’) and the second is formed at the maximum amplitude

(e.g. Fig.6.10(ii) vortex ‘B3’). Both vortices coalesce at the mid-point of the chord

(B/2) and subsequently convect into the wake. The interaction of these vortices with

a von Karman wake vortices formed on the opposing side results in a ‘2P’ wake mode.

Like the heaving motion, the phase difference between the response and aerodynamic

coefficient is approximately 900.
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The formation of the MIVs between the heaving and torsional motions have many similar

characteristics. For example, the pressure distributions of the pitching motion during

each cycle of oscillation has a similar profile to that of the heaving motion, but with

a greater and narrower peak suction pressure towards the leading edge (formed at the

peak deflections). However, it is expected that the continual changes of Angle Of Attack

for the torsional motion has considerable effect on the shedding frequency of the MIVs.

The heaving motion in the present work has a rather small amplitude, and with only an

effective Angle Of Attack is not expected to show such significant changes.

For the torsional motion, the mean convection velocity of the MIVs were calculated by

the phase changes of pressure along the cylinder’s chord (see §6.2.5). The convection

velocity in the lock-in regime was deduced to be approximately 60% of the freestream

velocity, which is in agreement with the estimate by Matsumoto et al. (2008) - who

observed that this convection velocity is consistent for all rectangular cylinders at zero

Angle Of Attack, regardless of aspect ratios B/D. On this basis it is possible to derive

an interesting expression for the Strouhal number for this particular geometry. The

convection velocity of the MIVs, UC , can be expressed as

UC = 0.6U =
B

TC
, (6.8)

where TC is the period for the MIVs to convect to the trailing edge of the cylinder. If it

is assumed that there is no time delay between the shedding of two consecutive vortices

(i.e. a new vortex starts to get formed near the leading edge as the old one clears the

trailing edge), then the shedding period is equal to the convection time; from Fig.6.10,

it can be seen that this is a fair assumption. Furthermore, the shedding frequency can

be expressed as fs = 1/TC , with a derivation of the Strouhal number,

Str =
fsD

U
=

D

UTC
=

0.6U

B

D

U
= 0.6

D

B
. (6.9)

When applied to the present cylinder, this expression yields a value Str = 0.15; the

author notes that this is in agreement with the present LES results performed for a fixed

cylinder at 5◦ Angle Of Attack (performed in Ch.5). Nevertheless, it should be noted

that this simplified presentation of the vortex shedding phenomenon is only valid for the

investigated Reynolds numbers and it does not take into account any geometric details

of the cylinder (sharpness of the edges etc.), which can have an important effect on the

shear layer characteristics. Furthermore, the discussion above is based on rectangular

cylinders at zero Angle Of Attack. Recalling that the value of the Strouhal number

at a zero degree is equal to 0.136, it is concluded that the unsteady flowfield over the

surface of the present geometry is similar for 0◦ and 5◦ Angle Of Attack. Despite the

attractiveness of deriving an empirical formula, the author notes it must be used with

care; it can be too simple, or even dangerous, to reduce the complex Navier-Stokes

equations, and resulting unsteady aeroelastic phenomena, to simplified rules of thumb.
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Fig.6.11 shows the streamlines around the cylinder, and the resulting pressure distri-

bution over the lateral surfaces during one period of oscillation at a reduced velocity

Ur = U/ftD = 13 - corresponding to the incipient torsional flutter. This data used to

make these diagrams was processed in a similar method to Fig.6.10. It can now be seen

that the phase difference between moment coefficient and the motion of the cylinder has

changed from a 900 at the lock-in regime to 00 (in-phase) when approaching torsional

flutter. Consequently, the MIV is now formed when the cylinder is at its neutral posi-

tion as opposed to its peak deflection. The resulting peak suction pressure (Cp = −6)

is formed at the neutral positions - indicating that the MIV has a damping effect on

the motion of the cylinder for this regime, this aspect is discussed further in §6.2.5. In

Fig.6.9, is can be seen that the pitching amplitude begins to diverge beyond reduced

velocity Ur = 10. From this, the reduced velocity for the onset of torsional flutter in

this case is approximately twice that of the lock-in region. To the best of the author’s

knowledge, validation data of the pitching angles beyond reduced velocity Ur = 10, with

the same Scruton number in the present work, is not reported in the literature; in such

cases many authors rely on simplified models to predict the critical freestream velocities

in which the body will undergo torsional flutter.

Predicting the onset of torsional flutter by means of an algebraic expression is an active

topic in the literature. To recall the expression for the onset of torsional flutter in the

Eurocodes (Eurocode (2005)), Eq.2.9 estimates the critical value for torsional flutter to

be Ur = 14.3; this is arguably in agreement with the present results. Several authors

have attempted to develop simplified stability criteria for the onset of torsional flutter

based on phenomenological observations (e.g. Shiraishi and Matsumoto (1983), Larson

and Larose (2015)). Shiraishi and Matsumoto (1983) (Fig.2.5) suggests the onset of

torsional flutter to be Ur = 2/Str based wind tunnel measurements, which in the present

work this is the equivalent to Ur = 13.98. In a later publication, Matsumoto et al. (2008)

carried out the same type of phenomenological observations resulting in the expression

Ur =
UC
ftD

=
2

2N − 1
1.67

B

D
, (6.10)

where N = 1, 2; .... Substituting N = 1 into Eq.6.10 one finds the critical reduced

velocity to be Ur = 13.36. Despite the continuing development of these simplified

models, what seems to be lacking in the literature is a consistent definition for the

‘onset ’ of torsional flutter, and is thus left open to interpretation. A discussion of this

aspect, presented by Larson and Larose (2015), is based on the convection velocities

of the MIVs of the upper and lower surfaces of the cylinder, when undergoing forced

pitching oscillations; in their work it is stated that no torsional flutter instability occurs

when the distance of the MIV along the chord between the upper surface and the lower

surface is higher than half way (B/2). To verify this, the author proposes to apply this

simplified model to the present numerical results. As discussed earlier, it can be seen in

Fig.6.10 that a MIV is generated on the upper surface, at the beginning of each pitching
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period (neutral position), hence the aforementioned condition is equivalent to

TC > Tt/2, (6.11)

where Tt (= 1/ft) is the period for one cycle of the cylinder’s oscillation, and TC is

the time for the MIV to convect along the cylinder’s chord. Using the non-dimensional

reduced velocity based on the chord Ured,B = U/ftB, the condition above yields,

TC >
BUred,B

2U
. (6.12)

From the analysis of §6.2.5, the convection velocity, UC , of the MIV for the incipient

torsional flutter was deduced to be approximately 28% of the freestream velocity. Fur-

thermore, for reduced velocity Ur = 14, the convection velocity was found to be 25%,

i.e. UC = 0.25U , hence

UCTC =
B

2
→ 0.25UTC =

B

2
→ TC =

B

0.5U
. (6.13)

Combining Eq.6.12 with Eq.6.13 results in the expression,

B

0.5U
>
BUred,B

2U
→ Ured,B < 4. (6.14)

The resulting critical freestream velocity corresponds to the equality

Ured,B =
UC
ftB

= 4 or Ur =
UC
ftD

= 16. (6.15)

In Larson and Larose (2015), dealing with the failure of the Tacoma Narrows bridge, the

convection velocity of the MIV was identified to be 25%- 27% of the oncoming freestream

velocity. Hence the resulting minimum critical reduced velocity (Eq.6.15) is expressed,

Ured,B =
UC
ftB

= 3.7, or Ur =
UC
ftD

= 14.8. (6.16)

The model proposed by Larson and Larose (2015) requires the a-priori knowledge of the

convection velocities of the MIV which may not be consistent for all cases, considering

the sensitivity of the vortex formation to geometric details of the cylinder. Finally, in

essence of the formula provided the Eurocodes, it has been suggested that the expression

for torsional flutter should be a function of the cylinder’s structural properties (i.e. the

Scruton number) (Andrianne (2012)). To investigate this aspect, Table 6.2 summarises

the recorded cases in the literature of Scruton number and the critical reduced velocity

for torsional flutter on the associated geometries. It can be seen in this table that

there is little relation between the Scruton number and the resulting critical velocity.

Overall, considering the large disparity of the estimations of torsional flutter from a

phenomenological perspective, it seems difficult, if not impossible, to summarise the

torsional flutter phenomenon into a simple formula, even when attempting to include
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the Scruton number. Hence, it is concluded that this type of formula must be used with

care, even if the shape of the bluff body is simple.

Author(s) Cross-section B (m) ft (Hz) Sc (-) Ur

Matsumoto et al. (2003b) 0.297 0.995 77 2.3

Matsumoto et al. (2003b) Tacoma Narrows 0.297 2.1 750 4.4

Larson and Larose (2015) bridge 11.9 0.2 547 8.0

Kawatani et al. (1999) 0.24 8.4 111.26 ∼ 8.5

Matsumoto et al. (2008) Rectangular 0.3 4.9 7.862 ∼ 12

Shimada and Ishihara (2012) B/D = 4 0.12 19.15 84.8 ∼ 16

Andrianne (2012) 0.08 8.6 2631 ∼ 10

Current work 0.3 21.5 7.862 ∼ 14

Table 6.2: Comparisons of the onset of torsional flutter at critical velocity Ur =

Ucrit/ftD. The Scruton number Sc is defined in Eq.6.6.

6.2.5 Unsteady pressure distributions oscillating cylinder

Flows over fixed or elastically-mounted cylinders has received considerable attention in

the last few decades. Typically in the literature, the analysis of VIV is simply conducted

using an oscillating cylinder at a prescribed frequency and amplitude; this practice is

denoted as a forced vibration test. The focus of this analysis surrounds the change in

amplitude and phase of surface pressure probes, and the ensuing aerodynamic forces to

the motion of the cylinder. However, it is noted in the literature (and in the present

work - §6.2.3) that a key characteristic of VIV is that the response is largely dependent

on the conditions of the previous cycle, which introduces a nonlinear characteristic to

the cylinder response. As a result, for a forced oscillation, Bearman (1984) suggests

that only a very limited range of reduced velocities and amplitudes studied will actually

correspond to those encountered in a free vibration. A review by Sarpkaya (2004)

expands on this limitation by examining past experimental papers, concluding that for

certain regimes (e.g. lock-in) the statistics from the forced vibration should be suitably

equivalent to the free vibration. Thus, the characteristics of the pressure statistics over

the cylinder at various regimes, while comparing free and forced vibrations, is the focus

of the current section.

The distributions of the time-averaged values and of the standard deviation of the fluctu-

ating pressure (both averaged across the span) are plotted for the heaving and torsional

motions in Figs.6.12 and 6.13. The mean pressure was normalised by

Cp =
(〈p〉 − 〈pref 〉)

0.5ρU2
, (6.17)
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where 〈pref 〉 was sampled at (x, y) coordinates (8D, 5D) upstream of the cylinder from

the centreline. The r.m.s. fluctuating pressure for Fig.5.6b is normalised as

Cp′rms =
p′rms

0.5ρU2
. (6.18)

In Fig.6.12, the pressure statistics for the heaving motion are determined with Sc = 6

unless otherwise stated. The mean pressure distributions for Fig.6.12a in the lock-in

regime (Ur = U/fnD = 8.4) show a similar profile to that of the case of a fixed cylinder

in turbulent flow (see Fig.5.19(a)). It can be deduced from this that the local turbulence

generated by the vibrating body has a similar effect on the surrounding flow as if this

was a fixed case in a freestream turbulent flow. Forced vibration tests were carried out

to compare to the free vibration results, with the motion of the cylinder for the heaving

and torsional DOF respectively are prescribed,

y = A0 sin (ωnt), θ = θ0 sin (ωtt), (6.19)

where A0 and θ0 are the maximum amplitudes for each Degree Of Freedom. In Fig.6.12,

the profiles between the freely and forced vibrating cylinder remain similar provided

that the prescribed amplitude for the forced oscillation is consistent with the equivalent

free vibration (yr.m.s.) value. Halving the amplitude of the forced oscillation reduces the

magnitude of the peak suction pressure incurred by the MIV. Conversely, it can be seen

in Fig.6.12(a) that increasing the amplitude of the oscillation (reducing the Scruton

number Sc) not only increases the peak suction pressure, but also moves the peak

closer to the leading edge; a similar trend is observed when increasing the turbulence

intensity in the freestream flow for the fixed cylinder case (see Fig.5.19(a)). Based on

this observation, it can be deduced that the fluctuations induced by the amplitude of

oscillation introduces a local turbulence intensity of the surrounding fluid.
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Figure 6.12: Unsteady pressure distributions over the cylinder undergoing a 1DOF

heaving motion.
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Outside the lock-in region (i.e. Ur = 5.9, and 9.33), the pressure distributions for the free

vibration show a similar profile to the fixed cylinder case in smooth flow (see Fig.5.6).

When prescribing a forced motion for the case Ur = 9.33, with the maximum amplitude

being the equivalent r.m.s value of the freely vibrating cylinder case, a similar profile is

observed for a case in the lock-in region.

The r.m.s. fluctuating pressure distribution for the heaving motion can be seen in

Fig.6.12b. For the distributions at lock-in (Ur = 8.4), two peaks can be observed at

approximately x = B/5 and B/2 along the chord. These peaks can be observed to move

closer to the leeward edge as the reduced velocity increases, especially when comparing

the profile for Ur = 8.4 (forced or free) with Ur = 9.33 undergoing a forced vibration.

Once again, the magnitude of the pressures statistics increases with the amplitude of

oscillation, and profiles for reduced velocities outside the lock-in region (free vibration)

are similar to the case of a fixed cylinder in smooth flow.

Fig.6.13 shows the pressure statistics for the torsional motion. The results for reduced

velocity Ur = U/ftD = 5 corresponds to the torsional motion in the lock-in region,

Ur = 13 the incipient torsional flutter, and Ur = 10 post lock-in regimes. For the mean

pressure (Fig.6.13(a)), it can be seen that the characteristic changes of the peak pressures

follow the same trend as described for the heaving motion. The heaving motion with

Sc = 3 shows a similar profile to the torsional motions - both of which forming the 2P

wake mode during each cycle of oscillation discussed previously. Similar to the heaving

motion, increasing the reduced velocity moves the peak further downstream along the

cylinder’s chord, analogous to increasing the length scale in the turbulent freestream flow

over a fixed cylinder (see Fig.5.19(b)). The secondary peak is observed at approximately

x = B/2 along the chord corresponds to the MIV intercepting the cylinder’s surface while

the cylinder approaches its neutral position (e.g. A2, Fig.6.10(ii) and (iii)).
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Figure 6.13: Unsteady pressure distributions over the cylinder undergoing a 1DOF

torsional motion (rotation about the center).
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For both Degrees Of Freedom, the statistics of the fluctuating pressure exhibits two

suction peaks along the chord. Determining the contribution of these peaks on the

motion of the cylinder requires further analysis, as the pressure statistics above only

summarises the combined effects of the flowfield and the acceleration of the cylinder.

It has been reported in the literature that there are distinction in the flowfield between

free and forced vibrations. Around the lock-in regime, a consistent observation for the

forced vibration is the marked increase in the aerodynamic loading on the cylinder; so

far this has also been observed in the present results for the free vibration (see Fig.6.5).

However, in this regime, forced vibrations have been noted to have an asymmetrical

vortex shedding pattern in the wake, denoted ‘P-S’ vortices in the literature (Williamson

and Govardhan (2004)); like the 2P wake mode, the presence of this wake mode is

dependent on the amplitude of the vibration. Thus, it is of great interest to compare

the results between the free and forced vibration on the components for pressure.

The unsteady aerodynamic forces can be attributed to the vortex shedding and the

motion of the cylinder. The latter has a delay from the forced motion, expressed as,

M(t) = M0 sin(ωt + φ), (6.20)

where M expresses the unsteady pitching moment, and M0 is the amplitude of the

unsteady pitching moment. M0 and φ are expressed by a Fourier decomposition of the

aerodynamic forces,

M0 =
√
M2
I +M2

R, φ = tan−1 MI

MR
, (6.21)

{MI ,MR} =
2

Tt

−Tt∫
Tt

M(t) [cos(ωtt), sin(ωtt)] dt. (6.22)

The unsteady pitching moment can therefore be decomposed as

M(t) = MR sin(ωtt) +MI cos(ωtt), (6.23)

MR = M0 cosφ, MI = M0 sinφ. (6.24)

The first and second terms on the right hand side of Eq.6.23 are denoted the in-phase

and out-of-phase components respectively. MI is considered to play an important role in

the stability of the oscillation. When Eq.6.24 is combined with the equation of motion

for the cylinder (Eq.6.7), the new equation of motion can be expressed as

I(θ̈ + 2ζωtθ̇ + ω2
t θ) = M(t) = MR

θ

θ0
+MI

θ̇

ωtθ0
. (6.25)

Since the second term on the right hand side of Eq.6.25 is in phase with structural

damping force, this can be considered to be a component of aerodynamic damping.

When MI > 0 i.e. M0 > 0 and φ = π/2 rad, it acts to decrease the structural damping
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force, and is called aerodynamic negative damping. Since the in-phase component is the

same phase as the restoring force, this can be considered to be the aerodynamic stiffness.

A similar definition can be established for the fluctuating surface pressures along the

cylinder’s chord, described,

|Cp′| =
√
Cp′2R + Cp′2I , φ = tan−1 Cp

′
I

Cp′R
, (6.26)

Cp′R = Cp′0 cosφ, Cp′I = Cp′0 sinφ. (6.27)

Thus, when the pressure measured from a probe along the cylinder’s chord has the

property CpI > 0, i.e. |Cp| > 0 and φ = π/2 rad, it can be deduced that the fluctuating

pressure is a source of excitation.
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over the cylinder in free and forced torsional motion.
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Time series data of pressure probes placed along the chord were decomposed using the

technique described above. Dynamic probes were implemented into OpenFOAM to take

into account the motion of the cylinder. Fig.6.14(a) shows the phase angle difference

between the angular oscillation and the local surface pressure along the cylinder’s chord.

Due to the quasi-periodic nature of the oscillation in the resonance and diverging regimes,

the free vibration results for Ur = U/ftD = 5 and Ur = 13 were plotted alongside the

equivalent forced vibration with A0 = yrms. Consistently, the phase differences between

the forced and free vibration data are of a close agreement. At the leading edge, the phase

difference between the local pressure and motion of the cylinder is approximately π/6

rad for all reported cases. From this it can be deduced that the MIV is formed shortly

before (approximately Tt/8) the cylinder has moved to its neutral (rest) position.
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Figure 6.15: Progression of the convection velocity ratio UC/Uwith the reduced ve-

locity - U/fnD for the heaving DOF, and U/ftD for the torsional DOF.

From Fig.6.14(a), the average convective velocity of the MIV can be deduced from the

sudden change of phase angle φ/π = −1 to 1. Upstream of this transition indicates

the delay for the formation of the MIV, and downstream of this location indicates the

period for the MIV to convect into the trailing edge. Thus, the change for Ur = 5 at

x ∼ 0.38B indicates that the convective velocity ratio is UC/U = 0.62 or 62%. Fig.6.15

shows the progression of the convection velocity with reduced velocity for the torsional

and heaving DOF. It can be deduced from this figure that for the torsional DOF, the

relation between the convection velocity of the MIV with reduced velocity is not a linear

one. The gradient of UC/U with reduced velocity decreases and forms a plateau when

approaching torsional flutter regime. A deeper insight into the role of the MIV on the

cylinder’s motion achieved by examining the imaginary component of CP .

Fig.6.14(b) shows the imaginary (anti-phase) component of pressure along the chord.

It can be seen in this figure that the distributions of the imaginary component for

Ur = 5 and 13 are very different. The positive value CPI for Ur = 5 at the leading edge
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indicates that the formation of the MIV (nearly in-phase with the motion) is a source

of excitation in the lock-in regime; this is observed for both free and forced vibrations.

The negative value for CPI around the mid-chord indicates the region of aerodynamic

damping, thus the secondary peak for r.m.s. pressure in Fig.6.13(b) is the result of the

MIV interacting with the chord. A positive value for CPI returns for the remainder of

the chord (x > B/2) showing some influence from the wake region. For Ur = 13, the

negative value for CPI shows that the leading edge vortex is formed as a result of the

motion of the cylinder, the same is observed for the forced vibration at Ur = 10; the

only source of excitation for this regime can be found around the mid-chord.

6.2.6 Spanwise correlation of pressure for the vibrating cylinder in

smooth flow

In extension to the analysis in §5.2.4 and 5.4.2, the effects of the vibrating cylinder on

the spanwise correlation was also carried out. To discuss the dependency of the spanwise

correlations of pressure on the regime and amplitude of oscillation, three values for the

heaving case were selected from the free and forced vibration cases:

• U/fnD = 5.9, representing the regime where the response of the cylinder is domi-

nated by the aerodynamic forces.

• U/fnD = 8.4, representing the resonant response in the lock-in regime.

• U/fnD = 11.94, representing the regime post lock-in, where there is very little

coherence between the fluid and the cylinder’s motion.

Also for discussion, three values from the torsional case were selected from the free and

forced vibration cases:

• U/ftD = 5, representing the torsional response of the cylinder in the lock-in

regime.

• U/ftD = 10, representing the regime post lock-in regime but before the onset of

torsional flutter.

• U/ftD = 13, representing the incipient torsional flutter.

For the above values of the reduced velocity, the correlation coefficients of pressure were

obtained using probes in the same locations indicated in Fig.6.16(middle); these locations

are consistent with the analysis of §5.11. Fig.6.16(top) shows the time-averaged (and

spanwise averaged) velocity contour around the section undergoing a heaving motion

during the lock-in regime (Ur = 8.4). From this figure the locations of the probes in

relation to the flowfield are described:
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• P1 was located in the region of the MIV for both heaving and torsional motions.

• P2 was located in the region of the MIV for the heaving motion with Sc = 6. For

the torsional motion, this probe is located for the convection of the MIVs along

the first half of the chord.

• P3 was located at the mid-chord. For the heaving motion this represents the region

for the convection of the MIVs. On the other hand, for the torsional motion this

location is static compared to the surround body.

• P4 and P5 were located in the regions where MIVs from the leading edge continue

to convect from the mid-chord into the wake.

• P6 was located in the wake - approximately B/6 from the cylinder along the

centreline. Based on the analysis of §6.2.3, the impingement of the MIV on the

wake was of interest for this particular region of the flow.
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Figure 6.17: Correlation coefficient of the pressure along the span of the cylinder

undergoing a 1DOF heaving motion. Locations of P1-6 are outlined in Fig.6.16.
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Figure 6.18: Correlation coefficient of the pressure along the span of the cylinder

undergoing a 1DOF pitching with rotation around the mid-chord. Locations of P1-6

are outlined in Fig.6.16.
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The selected cases for the heaving and torsional DOF in smooth flow are plotted in

Figs.6.17 and 6.18. For both DOF, the pressure correlation towards the leading edge

(probe ‘P1’) in the lock-in region shows a similar magnitude (0.8 ∼ 0.9) and decay

to that reported in Bearman and Obasaju (1982) (B/D = 1) and Ricciardelli (2010)

(B/D = 5, towards the leading edge) under a forced vibration. The forced vibration

results Figs.6.17(b) and 6.18(b) show the indifference in correlation values in this region

despite the variation of amplitude. Overall, the decay (or lack thereof) of correlation for

probe ‘P1’ indicates that the MIV has a two-dimensional characteristic, and, regardless

of the amplitude, is a consistent feature of the flowfield in the lock-in regime.

Around lock-in region for the heaving motion, i.e. reduced velocities Ur = U/fnD =5.93

and 11.93, the magnitude of the spanwise correlation of the surface pressure is signifi-

cantly reduced compared to those in the lock-in regime. It can be seen in Fig.6.17 that

the decay rate for these reduced velocities are similar to the fixed cylinder (e.g. Fig.5.12);

quantification of this is discussed below. The forced vibration case for reduced veloc-

ity 11.93 demonstrates the dependency of the spanwise correlations to the flow regime.

The amplitude of oscillation was set to the r.m.s. of the equivalent free vibration. The

motion of the cylinder for this case exerts a periodic forcing to the surrounding fluid,

creating a consistent correlation coefficient across the span. On the other hand, for the

free vibration, the cylinder displays an irregular motion and very little relation to the

aerodynamic lift, as demonstrated in Fig.4.23(b), hence the reduced coefficient values.

Despite differences in AOA and amplitude, the torsional motion for the lock-in region

shows very similar values for the correlation coefficient for the heaving DOF. The co-

efficient values for the incipient torsional flutter are similar to the those for the lock-in

regime - indicating a strong influence of the periodic motion of the cylinder when the

amplitude diverges. The correlation decay for reduced velocity (U/ftD = 10) is similar

to the heaving motion for reduced velocity (U/fnD = 12), due to the nonlinear mo-

tion; the equivalent forced vibration for these cases shows that the flowfield for torsional

motion is dependent on the periodic motion of the cylinder.

An accurate calculation of the correlation lengths may prove troublesome due to the

limited measured spanwise length of the cylinder in the present work; nevertheless, the

characteristics of the decay still merits some discussion. Recalling the exponential law

suggested by Ricciardelli (2010) (Eq.5.7), the asymptote parameter, Υ, represents a

fraction of two fully correlated pressure points. For both heaving and torsional motions,

the asymptotic value of the correlation coefficient is either zero or takes, as in the

cases outside the lock-in or divergence regimes, a value depending on the amplitude of

oscillation (Ricciardelli (2010)) and location along the cylinder’s chord. For the latter

case, it can also be seen in Figs.6.17 and 6.18 that this asymptote consistently decreases

along the first half of the cylinder’s chord and subsequently increases when approaching

the trailing edge. It can also be seen by comparing the forced vibration results, that the

asymptote values show a very little change to the amplitude of oscillation.
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6.2.7 Flutter derivative analysis

It has been established in the previous sections that the unsteady flow around the oscil-

lating cylinder can produce a wide variety of shear layer characteristics. Quantification

of these effects via estimates of non-dimensional parameters, denoted flutter derivatives,

is a vital step in performance predictions for a wind-sensitive full-scale structure; these

are functions of the freestream velocity, geometry and frequency of the oscillating body.

While in the literature CFD techniques are increasing in sophistication, URANS turbu-

lence modelling is frequently chosen in the exaction of flutter derivatives; this turbulence

modelling has often proven incapable of simulating (with convincing accuracy) the ef-

fects of the intricate geometric details, as well as structural motions and the inducing

turbulence (Sun et al. (2009)). As a result, wind tunnel tests are likely to remain the

most effective tool for the immediate future. At the same time, the rare occasions of

extracting the flutter derivatives using LES has predominately been achieved using a

forced (prescribed) vibration method in order to save the computation expense (e.g.

Sarwar and Ishihara (2010)) rather than simulate the stochastic free vibration.

Various methods have been proposed to extract the flutter derivatives. While it is

possible to identify the forces from the difference of inertial and excitation forces on a

cylinder forced to vibrate at a single frequency (forced vibration), it is usually simpler to

obtain and analyse free vibration response records. Extraction of the derivatives using

a forced vibration requires the data of the aerodynamic forces during runtime. Methods

of extracting this aerodynamic loading either consists of a force-balance method or inte-

gration of pressure taps over the surface - both methods can show considerable disparity

(see Sarkic (2014)). Furthermore, in the literature, comparative studies between the free

and forced vibration results are seldom performed. Overall, the purpose of this section

is twofold:

1. To determine the efficacy of the extraction of the flutter derivatives using LES.

2. To carry out a systematic comparison of forced and free vibration methods of

extracting the flutter derivatives.

The derivation and extraction of the flutter derivatives for the forced and free vibration

tests are now described. Simple algebraic relations, such as hi = 2KH∗i and ai = 2KA∗i
are applied to Eqs.2.7 and 2.8 in Ch.2 with K = ωB/U as the reduced frequency (note

that ω is the damped frequency and therefore is not necessarily equal to ωn, ωt), resulting

with

m(ÿ + 2ζnωnẏ + ω2
ny) =

1

2
ρU2B

[
h1
ẏ

U
+ h4

y

B

]
, (6.28)

I(θ̈ + 2ζtωtθ̇ + ω2
t θ) =

1

2
ρU2B

[
a2
B2θ̇

U
+ a3Bθ

]
. (6.29)
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The free vibration (transient) decay signal from the initial deflections y0, θ0 for the

heaving and torsional motions are defined,

y(t) = y0 expλdt cos(ωt+ φ), (6.30)

θ(t) = θ0 expλdt cos(ωt+ φ). (6.31)

In a smooth flow freestream of velocity U , and heaving response given by Eq.6.28, the

direct flutter derivatives H∗1 , and H∗4 are found from the shifts in λd, ω by the expressions

− λd = ζyω −
ρUBLh1

4m
(6.32)

and

ω2 = ωn −
ρU2Lh4

2m
. (6.33)

From Eqs.6.32 and 6.33, the identification of the direct flutter derivatives is relatively

straightforward. To obtain the heaving direct derivatives, the torsional DOF is restrained

and the model is pulled down and released at various reduced velocities. This method

is termed ‘decay-to-resonance’. The quantities of the cylinder’s motion (e.g. deflection)

during the decaying response is recorded. Standard curve fitting tools can be used to

obtain the best fit of this data to Eqs.6.32 and 6.33. From a practical point of view, it

is possible (and often typical in the literature) to use the second derivative of Eqs.6.32

and 6.33 with acceleration data directly. Extraction of torsional direct derivatives uses

a similar process, with the target expressions,

− λd = ζtω −
ρUB2a2

4I
(6.34)

and

ω2 = ωt −
ρU2a3

2I
. (6.35)

The free decay method is simple and accurate, provided there is a clear decay signal. In

the case where the freestream velocity is very large and the damping coefficient similarly

large, the usable portion of the data may be very short and may have a poor signal to

noise ratio, the noise being response to buffeting. It is also practically difficult to filter

the signal without affecting the flutter derivative values, particularly the parameters as-

sociated with the aerodynamic stiffness (H∗4 , A∗3). This limitation makes the application

of CFD in this analysis an appealing one, as the signal generated by the fluid-structure

coupling requires no filtering operation.

In the literature, many methods of curve-fitting the signal data to the above expressions

have been proposed (e.g. Brownjohn and Jakobsen (2001), and Marra et al. (2011)).

However, it has often been noted that the decaying signal can emit nonlinear charac-

teristics (see Marra (2011)) which can effect the estimated derivatives. To overcome
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this, the present work adopts a direct-identification method using a Nelder-Mead sim-

plex algorithm for this estimation. Marra et al. (2011) used a similar method in the

extraction of damping parameters for the Van der Pol wake oscillator model. As the

parameters associated with the wake oscillator have a similar characteristic to the flutter

derivatives, transferring this method to the analysis of the flutter derivatives is relatively

straightforward. An initial guess of the values for the desired parameters is required at

the start of the curve-fitting procedure. These parameters are progressively modified

after each assessment. Within each assessment, Eqs.6.32 and 6.33 are integrated and

the error to the LES signal is carried out. This continues until a minimum error value

of the is reached. For the error function, E∗, the present work utilises a least-squared

approach, described,

E∗ =

N∑
i=1

|η̂i,CFD − η̂i,num|2, (6.36)

where N is the total number of points in the decay signal, and η̂ is the deflection for

each time step. This function reduces the errors incurred by the noise in the input

signal - incurred by the changing frequencies as the signal approaches resonance; this is

particularly troublesome for data from wind tunnel tests. The reduced error function

fminsearch in Matlab was employed for this analysis. This function consists of the

Nelder-Mead simplex algorithm, which was utilised to search for the optimal (h1, h4,

a2, and a3) values. Details on this algorithm can be found in Matthews and Fink (2004)

and Gao and Han (2010). Matlab’s ODE23s function was also employed to integrate

Eqs.6.32 and 6.33 at each assessment. The reduced frequency K was also progressively

modified in order to estimate the frequency of the deflection signal more accurately,

as despite the small variations with the amplitude of oscillation, this has a significant

contribution to the error (Marra (2011)). Fig.6.19 demonstrates the accuracy of the

identification method by comparing the LES signal and the one obtained by integrating

Eqs.6.32 and 6.33; the signal corresponds to the heaving motion at Ur = U/fnD = 8.4.
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Figure 6.19: LES signal and curve-fitting by the direct identification method for the

heaving signal at reduced velocity Ur = U/fnD = 8.4.
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Extraction of the flutter derivatives for a forced vibration requires the measurements of

the aerodynamic loading while the cylinder is oscillating. For a 1DOF heaving motion,

with an imposed amplitude A0, the direct flutter derivatives can be extracted from

ĈLB expiφL

K̂2A0

= iH∗1 (K̂) +H∗4 (K̂), (6.37)

or by applying a harmonic angular motion with amplitude θ0,

ĈM expiφM

K̂2θ0

= iA∗2(K̂) +A∗3(K̂), (6.38)

where i is the imaginary unit (
√
−1), and ĈL, ĈM are the peak values for lift and

moment forces respectively. Thus, for the forced vibration, the extraction of the flutter

derivatives is reliant on the calculation of the phase angle φ between the deflection and

the associated aerodynamic loading.
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Figure 6.20: Direct derivatives identified. All the comparative results from the liter-

ature was conducted using a forced vibration.
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Direct flutter derivatives extracted from both forced and free vibration at different re-

duced velocities are shown in Fig.6.20. For comparison, the numerical (URANS) results

of Sun et al. (2009) and Nieto et al. (2015), and the experimental data measured by Mat-

sumoto et al. (2008) and Sarkic (2014) are plotted for comparison. Collectively it can

be seen in Fig.6.20 that there is a reasonable agreement among present numerical, and

experimental results. The range of reduced velocities in the present work is considerably

smaller than those in tested in the literature, but the current range provides enough

data to consider the reduced velocities for resonance (heaving and torsional DOF) and

divergent responses for the torsional motion.

As discussed in §6.2.5, the self-excited forces over the cylinder between the resonant

and divergence regimes are very different. The effects of this can be seen for the flut-

ter derivative corresponding to the aerodynamic damping, A∗2, in Fig.6.20(c). For low

reduced velocities (e.g. Ur = U/ftD = 5), the parameter A∗2 in torsional motion is in-

troduced into a structural system by a negative value. For high reduced velocities (e.g.

Ur = 13), A∗2 becomes positive; the transition between negative to positive values of A∗2
corresponds to the diverging regime (torsional flutter), as suggested by Matsumoto et al.

(2008). The transition point seems to be consistent between the results at approximately

Ur = 13− 14 (regardless of the effective Scruton number, see Table 6.2).

It can be seen in Fig.6.20 that the present free vibration results generally show a close

agreement with the literature, despite the inherent differences in structural damping,

which is observed to increase with amplitude for the experimental setup. At the same

time, for the forced vibration method, the present work also shows a closer agreement

to the experimental results in the literature. A larger discrepancy to the experimental

data can be seen for the results by the URANS turbulence modelling - k − ω std. Sun

et al. (2009), and k − ω SST Nieto et al. (2015); this is arguably due to the of the

shortcomings of the chosen turbulence model. The former publication also report a high

blockage ratio and coarse unstructured mesh, the block structured mesh used in Nieto

et al. (2015) and in the present work must play a role in the improved results since

unstructured meshes are more diffusive, as noted in Mannini et al. (2010).

As well as errors within the numerical results, experimental approaches also include

sources of error in the extraction of aerodynamic loading. It has been observed in the

literature that the method of integrating pressure taps of the surface shows a greater

discrepancy to the force-balance methods (Sarkic (2014)). In Fig.6.20, the experimental

results by Matsumoto et al. (2008) use the former method, and for comparison the

latter method by Sarkic (2014) is also plotted. The collected numerical results, which

integrates the pressure over the surface, generally shows a closer agreement with the

wind tunnel results by Matsumoto et al. (2008).
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To quantify the discrepancies between the present work and the literature, Table 6.3

shows the error of the numerical simulations with respect to the experimental data by

Matsumoto et al. (2008). A 2nd order polynomial function was applied to the data using

a Matlab’s curvefit toolbox with a match tolerance of 10−8. In order to provide a global

assessment for the range of reduced velocities studied, the error, ε∗, was estimated by

the expression

ε∗ =

Un+1
r∫
U0
r

|exp.value− CFD.value|dUr

Un+1
r∫
U0
r

|exp.value|dUr

, (6.39)

where exp.value and CFD.value are the order two polynomial approximations for the

experimental and numerical data. U0
r and Un+1

r are the upper and lower bounds of the

considered interval. The present LES results were compared to the errors estimated

by Nieto et al. (2015) for the k − ω SST and the k − ω std. model used by So et al.

(2008). The estimated errors are summarised in Table 6.3. It can be deduced from

these results that the proposed method for free vibration has been especially effective

in extracting the flutter derivatives with respect to the aerodynamic stiffness (H∗1 and

A∗3). The flutter derivatives pertaining to the aerodynamic damping (H∗4 and A∗2) have

are also shown to be better approximated in the present work in comparison to the

URANS results. Overall, it can be remarked that in this case the present results offers

a remarkable agreement with the experimental data.

H∗i , A∗i LES - free vibration LES - forced vibration k − ω std. k − ω SST

H∗1 0.18 0.23 0.54 0.28

H∗4 0.08 0.56 1.19 1.09

A∗2 0.37 0.38 0.55 0.57

A∗3 0.1 0.06 1.38 0.07

Table 6.3: Discrepancies in the flutter derivatives of computed values of the present

LES for forced and free cases and k − ω std. model (Sun et al. (2009) and k − ω SST

model by Nieto et al. (2015) to the experimental data of (Matsumoto et al. (2008)).

The present section demonstrates that the use of a free vibration test can at least obtain

an agreeable representation of the flutter derivatives, despite the inherent disparities

between the forced and free vibrations outside the resonant and divergence regimes. At

the same time, while URANS turbulence modelling can obtain the flutter derivatives

with reasonable accuracy, the present results also demonstrate that LES can extract

the derivatives corresponding to aerodynamic damping with greater precision (and by

extension, a better estimation of the onset of divergence phenomena).
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6.3 Freestream turbulence effects on the responses

The effects of freestream turbulence on the responses and surface pressure statistics

over the elastically mounted rectangular cylinder (S6.2) is the focus for the remaining

sections of this chapter. For this analysis the synthetic inflow condition XCDF was

utilised with the same settings outlined in §5.4. The characterisation of the upstream

turbulence is demonstrated in §5.3. Like in §5.4, the integral length scale L11 was

chosen to be 2B/3; the components of pairs (Iv = v′/U , L22) and (Iw = w′/U , L33)

directions were taken as 1/3 and 1/2 respectively of the corresponding component of

(Iu, L11). This combination of turbulence parameters are denoted as the ‘Base Iu, Iv, Iw’

or ‘Base L11, L22, L33’ respectively for the turbulence intensities and length scales. The

calculations were run with the same initialising and averaging time as the smooth flow

cases in this chapter. To further check the effectiveness at the inflow generation, Fig.6.21

shows a comparison of the freestream turbulence upstream of the cylinder with the von

Karman wind spectra (Eqs.4.3 and 4.4) (Eurocode, 2001). It can be seen in Fig.6.21

that the spectra from the present work shows an evident −5/3 slope. However, at very

high frequencies the LES spectra show a slightly steeper slope, which can be attributed

to the limited resolution in the sampled region.
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Figure 6.21: Power spectral density of velocity fluctuations at x = 3B, y = 2.5B on

the central plane. (a) u′, (b) v′, (c) w′.
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The responses for the heaving motion around lock-in (Ur = U/fnD = 8.4) under in-

coming turbulent flows are presented in Figs.6.22(a) and 6.22(b). Fig.6.22(a) presents

the response of the of the cylinder with the base settings for turbulence intensity with

varied integral length scale. The ratios between the length scales (L11, L22, L33) were

maintained the same for Fig.6.22(a). Fig.6.22(a) also shows that in general the struc-

ture response increases with the length scale. Nevertheless, the variations of the integral

length scale within the tested range for small scale turbulence has only a moderate

influence on the cylinder’s response.

The effects of turbulence intensity on the structural response were also studied, and are

presented in Fig.6.22(b). Matsumoto et al. (1993) report that the response under the

‘base settings’ is approximately half of the response in a smooth flow. The present results

agree well with this observation. To further understand the effects of the freestream

turbulence intensity, the turbulent intensities (Iu, Iv, Iw) were subsequently doubled and

halved relative to the base case; the ratio between the three components were maintained

the same. It can be seen inFig.6.22(b) that the response decreases monotonously with

no significant deviation with the increase of the turbulence intensity.

These results for the turbulence intensity seem to present a counter-intuitive relation

between the cylinder response and turbulence intensity. Ch.5 of this thesis has already

demonstrated that the freestream turbulence generally increases the r.m.s surface pres-

sure fluctuations on a fixed cylinder, which, by extension to the current investigation,

is expected to enhance the cylinder response. Clearly a disparate mechanism influences

the VIV response. Considering the results for the turbulence length scales, it can be

deduced that there is some correlation between the eddies of the freestream turbulent

flow, MIV and subsequently the structural response. More specifically, the freestream

turbulence with the integral length scales in the current tested range must reduce the

strength of the MIV formed at the leading edge; this aspect is further discussed using

correlations of pressure across the span in §6.3.2.

Turbulence effects for the torsional motion are presented for the lock-in and divergence

regimes in Figs.6.23(a) and 6.23(b). For the lock-in response (i.e. reduced velocities

between Ur = U/ftD = 4 − 6), the turbulence effects have a similar trend to that

of the heaving motion, suggesting that a similar mechanism is influencing the cylinder

response. For the torsional divergence regime (i.e. reduced velocity beyond 10), many

of the characteristics of the VIV response are evident, such as the large magnitude of

the response. Regardless of the turbulence parameters, the amplitude still diverges with

increasing reduced velocity in the diverging regime. Figs.6.23(a) and 6.23(b) also show

that the gradient in the divergence region is significantly reduced monotonously with

the increase of the turbulence intensities and the decrease of the integral length scales

as seen for the resonant response.
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Figure 6.22: Root-mean-squared values of the non-dimensional deflection versus re-

duced velocity under a turbulent flow with various freestream (a) integral length scales

and (b) turbulence intensities.
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Figure 6.23: Root-mean-squared values of the pitching angle versus reduced veloc-

ity under a turbulent flow with various freestream (a) integral length scales and (b)

turbulence intensities.
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(a) Amplitude ratio versus turbulence intensity Iu. The

legend for the points can be seen in Fig. 6.22(b).
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Figure 6.24: Changes in the amplitude ratio between the smooth and turbulent flows

with varying the turbulence intensity and length scales for the 1DOF heaving motion

in the lock-in regime (present work Ur = U/fnD = 8.4).
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Figure 6.25: Changes in the amplitude ratio between the smooth and turbulent flows

with varying the turbulence intensity and length scales for the 1DOF torsional motion

in the lock-in regime (present work Ur = U/ftD = 5) with rotation around the centre.

To demonstrate the effects of the turbulence intensity, and to further confirm the ob-

servations above, Fig.6.24(a) shows the ratio of the peak response (Ry = yturb./ysmooth)

between the turbulent and smooth flows versus the streamwise component Iu for the

heaving motion at reduced velocity U/fnD = 8.4. An equivalent plot for the torsional

motion (Rα = αturb./αsmooth) at reduced velocity U/ftD = 5.5 is plotted in Fig.6.25(a).
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The markers representing the present results corresponds to the those in Fig.6.22(b) and

Fig.6.23(b) respectively. The heaving results of Kobayashi et al. (1992b) for B/D = 2

and 5 and Kawatani et al. (1993) B/D = 5 have also been plotted for comparison.

Collectively the results in this figure show a linear negative trend with increasing turbu-

lence intensity as discussed above. In comparison, the experimental data in the literature

shows some deviation from a linear trend, but as recorded by Kobayashi et al. (1992b),

this could be attributed to signal noise for the acceleration - the present numerical results

does not suffer from such errors.
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Figure 6.26: Changes in the amplitude ratio between the smooth and turbulent flows

for the torsional motion with varying the turbulence intensity components individually.

The tests were carried out in the lock-in regime (present work Ur = U/ftD = 5).

It can be deduced from Fig.6.23(b) that the gradient of these results is dependent on

the aspect ratio of the cylinder. Without an after-body, the results of Kobayashi et al.

(1992b) for B/D = 2 show that 20% of the smooth flow response is achieved when

Iu = 17%. For the present results (B/D = 4, with an after-body), the same response is

achieved when Iu = 12%, and for B/D = 5 (Kobayashi et al. (1992b)) when Iu = 9%. It

can also be deduced in Fig.6.23(b) that the gradient of these results is also dependent on

the values of the turbulent components in the vertical and spanwise direction. The inflow

turbulence in the present work is controlled for all three directions (Iu = 3Iv = 2Iw),

while for Kobayashi et al. (1992b), this is only controlled for the streamwise and vertical

components (Iu = 2Iv) as outlined in table 6.1. To examine the effects of these three

components, Fig.6.26 shows the responses of the cylinder in the torsional motion with

the three turbulent components varied individually. This was conducted with the length

scales described for the base settings and the two fixed intensity components set to 1%.

It can be seen in this figure that the three component have a similar contribution to the

depletion of the cylinder response. It must be noted that the gradient of the results is
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expected to change depending on the turbulent length scales, though this aspect is not

investigated in the present work.

For the effects the turbulent length scale on the cylinder response, Fig.6.24(b) shows the

ratio of peak response (RA = yturb./ysmooth) between the turbulent and smooth flows

versus L11/B for the heaving motion; the equivalent results for the torsional motion

is shown in Fig.6.25(b). It can be seen in these figures that for both DOF, for length

scales of the order of the cylinder, the peak response increases with integral length

scale. Further calculations were run with turbulent length scales approaching those

observed in natural wind (∼ O5B); these length scales were also tested for a fixed

cylinder case in Ch.5. It can be seen for both DOF that at these length scales the

response of the cylinder converges to a peak amplitude. It should be noted that this

trend is expected to be dependent on the Scruton number, though the effects of this is

out of the scope of the present work. The same trend can be observed for the literature,

although the differences in aspect ratio, Scruton number, and ratio between the three

turbulent components make this difficult to quantify this effect. To the best of the

author’s knowledge, no comparative data is provided in the literature of the torsional

motion. However, it should be noted that the peak amplitude presented in this work is

25% greater than the smooth flow result; the pressure statistics relating to this case are

discussed in the proceeding sections of this chapter.

From the results of Figs.6.24(b) and 6.25(b), some analogous points can be drawn to

the pressure statistics over the fixed cylinder in turbulent flow (Ch.5). It has already

been demonstrated in this thesis that for the fixed cylinder, these statistics converge

to the equivalent smooth flow case at large scale turbulence (Ch.5). From this it was

concluded that large scale turbulence has the same characteristic of a slowly fluctuating

mean flow. At the same time, it can be also concluded that like the CAARC building

in Ch.4, once the integral length scale of the flow reaches a magnitude several times the

dimensions of the bluff body, the peak pressure is largely unaffected by any change in

length scale. The convergence of the amplitude statistics in Figs.6.24(b) and 6.25(b)

confirm this observation.

Overall, freestream turbulence induces beneficial effects on the aeroelastic stability of

a rectangular cylinder (simulating a bridge section); the effect is probably due to a

lack of correlations in the freestream flow along the span induced by turbulence; this

is discussed in §6.3.2. Experiments of Bartoli and Righi (2006), among others, show a

tendency of response reduction for section models representing bridge sections. Finally,

as well established in the literature, turbulence effects on bridge performances can be

seen under two points of view: serviceability and ultimate limit state. In the latter case,

for the heaving motion, smooth flow (or large-scale turbulence) is of a greater concern

as it leads to a sudden structural collapse without any warning. In the former case,

turbulence can induce larger but limited displacements which can cause problems of

comfort in the use of the bridge and further problems of fatigue.
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6.3.1 Turbulence effects on the pressure distribution over the vibrating

cylinder

The previous section has shown the responses of the torsional DOF is considerably more

sensitive to the freestream turbulence (for the investigated Scruton numbers). Thus the

remaining sections of this chapter focuses on the flowfield statistics for the torsional

motion. The author notes that the torsional results showed a similar trend to the

heaving motion. For reference, Some flowfield statistics for the heaving motion have

been included for publication:

S.J. Daniels, I.P. Castro, Z-T Xie,. (2016). Numerical analysis of freestream turbulence

effects on the vortex-induced vibrations of a rectangular cylinder. Journal of Wind

Engineering and Industrial Aerodynamics, 153, 13-25. (doi:10.1016/j.jweia.2016.03.007).
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Figure 6.27: Unsteady pressure distributions over the cylinder undergoing a 1DOF

torsional motion (rotation about the center) in turbulent flow.

Surface pressure statistics over the cylinder undergoing the torsional motion in turbulent

flow are plotted in Fig.6.27. The mean pressure was normalised to give the coefficient

Cp, defined as

Cp =
(〈p〉 − 〈pref 〉)

0.5ρU2
. (6.40)

The mean pressure in the undisturbed freestream, 〈pref 〉, was sampled at (2B,B/2) from

the centreline upstream of the cylinder. The mean statistics have also been averaged

along the span of the cylinder. The variation of the fluctuating pressures as given by

the standard deviation of pressure coefficient, Cp′r.m.s., defined as

Cp′r.m.s. =
p′r.m.s.
0.5ρU2

. (6.41)
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It can be seen in Fig.6.27 that the mean and fluctuating pressure profiles for the turbulent

flow are similar to those plotted for the cases in smooth flow (see Fig.6.13). At the same

time, the profiles show an opposite trend with the freestream turbulent characteristics

as for the fixed cylinder case in §5.4.1. For example, the peak suction pressure towards

the leading edge increases with turbulence intensity for the fixed cylinder, while for

the elastically mounted cylinder, this peak reduces. From this it can be deduced that

both the mean and fluctuating pressure profiles are largely influenced by the motion of

the cylinder rather than the freestream turbulence. Furthermore, the distributions in

Fig.6.27 follow a similar trend with the amplitude as discussed for the elastically mounted

cylinder in smooth flow (§6.2.5). Reducing the amplitude of oscillation (increasing the

turbulence intensity) reduces the peak pressure towards the leading edge. At the same

time, the characteristic secondary peak, located approximately at the mid-chord, has

been depleted due to the MIV breaking down before reaching this location (see Fig.6.29

for an example of this). Finally, It can be seen for both mean and fluctuating pressure

approach the profiles for the smooth flow case for the large-scale turbulence, analogous

to the conclusion drawn from §5.4.1.

Figure 6.28: Instantaneous contour of the vorticity magnitude (-100,100 (1/t)). Dy-

namic cases at lock-in (top) under smooth, (bottom) under turbulent flow.

Fig.6.28 shows that snapshots of the vorticity contour for the torsional motion under-

going a resonance response (Ur = U/ftD = 5) in smooth and turbulent (L11 = 2B/3)

flows. It can be seen in this figure that the characteristic vortices generated by the cylin-

der’s motion (see Fig.6.10) are still present for both cases, but the freestream turbulence

may either enhance the size of these vortices (lower surface towards the leading edge),

or deplete the vortex, as seen towards the trailing edge.
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6.3.2 Spanwise correlation of pressure for the vibrating cylinder in

turbulent flow

Fig.6.30 shows the correlation coefficient Rzp(∆z) against the spanwise separation ∆z/D

for the torsional motion under various turbulent inflow characteristics. While the results

in Fig.6.30 represent the contributions of both the freestream turbulence and the motion

of the cylinder, the reader should be reminded that the effects of the cylinder’s amplitude

has an almost negligible contribution to the changes in the correlation coefficient for

the lock-in regime (especially for the torsional motion); this has been demonstrated in

§6.2.6. Thus, analysing the effects of the freestream turbulence for the case becomes

trivial. As discussed in the introduction of this chapter, in a freestream turbulent flow

the structure response can be magnified compared to that in smooth flow (So et al.

(2008)), though recordings of this in the literature are scarce. Wu and Kareem (2012)

speculated that freestream turbulence can stabilise or destabilise the response. It may

help to understand this by looking into the relation between the integral length scales

of turbulence and the spanwise correlation of surface pressure fluctuations. Fig.6.30

shows that the spanwise correlation of surface pressure fluctuations increases significantly

when increasing the turbulent length scales, as demonstrated for the case of large scale

turbulence, L11 = 5B. Conversely Fig.6.30 also shows that the spanwise correlation of

surface pressure fluctuations decreases significantly when reducing the integral length

scales (L11 = B/3).

 

Figure 6.29: Instantaneous iso-surfaces of the vorticity magnitude (-100,100 (s−1))

for the heaving motion in the lock-in regime (Ur = U/fnD = 8.4) (A) in smooth, (B)

in turbulent flow (base settings).
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Figure 6.30: Correlation coefficient of the pressure along the span of the cylinder

undergoing a 1DOF pitching motion in the lock-in regime (U/ftD = 5) with rotation

around the mid-chord. Locations of P1-6 are outlined in Fig.6.16.
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Fig.6.30 also shows that the spanwise correlation of surface pressure fluctuations de-

creases significantly when reducing the integral length scales (L11 = B/3). The results

for both the L11 = 5B and L11 = B/3 cases are consistently above and below the results

with the base settings for all positions along the chord. The correlation values for the

case L11 = 5B are similar to the equivalent smooth flow case (see Fig.6.18). Overall, it

is evident that there is a relation between integral length scales of the freestream turbu-

lence and the spanwise correlation of surface pressure, and subsequently the cylinder’s

response. Based on the analysis for the formation of the MIV in §6.2.3 and 6.2.4, it

can be deduced that the spanwise correlation of surface pressure is the result of MIV

convecting along the cylinder which is affected by the freestream turbulence. To demon-

strate this, Fig.6.29 shows the iso-surfaces of vorticity around the cylinder at lock-in

under smooth and turbulent flows (base settings). For the smooth flow, clearly a two-

dimensional MIV is formed across the span resulting in a large correlation in pressure

as it convects along the cylinder. On the other hand, for the turbulent case, the MIV

breaks down due to the incoming turbulence, diminishing the structural response and

subsequently the spanwise correlation of the surface pressure.

Fig.6.30 also shows the effects of the freestream turbulence intensity on the spanwise

correlation of pressure. Like the turbulent length scale, a similar progression of increasing

and decreasing the turbulence intensity has a similar effect on both the correlation

coefficient and the cylinder’s response. It has already been established in the literature

(e.g. Saathoff and Melbourne (1997)) and partially in Chs.4 and 5 of this thesis that the

freestream turbulence intensity depletes the formation of a leading edge vortex. It can be

deduced that this has a similar effect on the formation on the MIV. For a deeper insight

into the vortex formation over the cylinder’s surface, Fig.6.31 shows the oilfilm plots

of vorticity magnitude over the upper surface of the cylinder for the heaving motion.

Considering the boundary conditions over the surface of the cylinder, the streamlines

in these plots correspond to the wall shear-stress τw, by the definition (de Leeuw et al.

(1995)):

τw = ∇u− (∇u.n)n, (6.42)

where n is the wall-normal unit vector. The diagrams in Fig.6.31 correspond to the

cylinder at its peak (positive) position during each cycle in the lock-in regime ( Ur =

U/fnD = 8.4). The red dotted line indicates the size of the MIV along the cylinder’s

chord at this position. Fig.6.31 shows the flow patterns for the cylinder situated in a

smooth flow. It can be seen in this figure that the MIV formed at the leading edge

(e.g. vortex ‘A1 in Fig.6.6(ii)) has a two-dimensional structure along the span; this can

also be seen for the iso-surface diagrams. At the same time, towards the trailing edge

(x > 2B/3), another region can be identified where the vortices formed from the previous

cycle convect into the wake, this also showing some consistency along the span; it should

be noted that this is not as two-dimensional as the vortex at the leading edge. The

correlation results in Fig.6.30 show that the asymptote value decreases monotonously the
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mid-chord and subsequently increases towards the trailing edge (which is also observed

for the smooth flow cases (Fig.6.18) which is an indication of this region.

Finally, to demonstrate the effects of the freestream turbulence on the structure of the

MIV, forced vibration tests were conducted with A0/D = 0.05 - in accordance to the

response of the free vibration case with Sc = 6. This removes the effects of the amplitude

of the cylinder’s motion. It can be seen in Fig.6.31 that the disturbances induced by

the freestream turbulence breaks down the MIVs structure across the span as well as

increases its length along the cylinder’s chord. The region towards the trailing edge also

appears to have more three-dimensional characteristic than the equivalent smooth flow

case. Doubling the turbulence intensity enhances the three-dimensional characteristic

for both the leading and trailing edge regions - in agreement to the correlation results

(Fig.6.30). Overall, regardless for both freestream conditions, the MIVs identified along

the cylinder’s chord is a recurring phenomenon, albeit distorted by the perturbations of

the freestream flow.
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Figure 6.31: Oilfilm plots of vorticity magnitude over the cylinder’s surface for the

heaving motion in the lock-in regime.
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6.4 Summary

Large-Eddy Simulations of a rectangular cylinder undergoing Vortex-Induced Vibrations

(VIV) in smooth and turbulent flows was investigated in this chapter. An appealing

aspect of this work is the analysis of free-vibrations, as opposed to a forced one - the latter

being more commonly reported in the literature. The proposed fluid-structure coupling

method was first validated by comparing the responses for 1Degree-Of-Freedom (DOF)

heaving and torsional motions to the equivalent wind tunnel experiments of Marra et al.

(2011) and Matsumoto et al. (2008) in smooth flow; the amplitude statistics for both

motions showed close agreement to the respected works. Further investigations into

the flowfield while the cylinder was undergoing a resonant response (lock-in) provided a

deeper insight into the importance of the vortex formation at the leading edge (denoted

Motion-Induced Vortices (MIV)) for both heaving the pitching motions. These vortices

were shown to be the main mechanism for both the excitation and self-limiting aspects

of VIV. The characteristics of the MIV at various amplitudes (and reduced velocities

Ur = U/f(n or t)D) was investigated using unsteady surface pressure statistics. From

this it was determined that the ‘local turbulence’ by the vibration of the cylinder had a

similar effect on the pressure distribution as if the cylinder was fixed and situated in a

turbulent flow.

The suitability of LES for calculating the deck motion-induced shear layer dynamics

has been demonstrated through a series of forced and free vibration results, using the

flutter derivatives to quantify the aero-elasticity. Comparisons were made to the existing

numerical (URANS) and experimental in the literature. The present results showed a

closer agreement with the equivalent experimental data than the URANS approach -

particularly for high reduced velocities. Based on the methods by Marra et al. (2011), a

new method of extracting the flutter derivatives from free vibration data was proposed.

‘Decay-to-resonance’ tests were conducted on 1DOF heaving and torsional motions for

a few selected reduced velocities. The time series data of the response was curve-fitted

with the flutter derivative equations using the nonlinear least-square approach and the

Nelder-Mead algorithm for optimisation. The calculated flutter derivatives showed a

close agreement with the equivalent forced vibration results.

It has long been established in the literature that the spanwise correlation of surface

pressures acting on vibrating cylinder is dependent on the amplitude of oscillation (e.g.

Ricciardelli (2010)). The results in this chapter show that the amplitude of oscillation

is not the only parameter that influences the correlation of the surface pressures. The

results from the smooth flow cases in the heaving motion have shown that the flow regime

(inside or outside lock-in) also has a notable effect on the correlation length, particularly

when comparing the free and forced vibration results. The correlation lengths for the

flow regimes outside the lock-in range have a similar length scale to that of a fixed

cylinder (see §5.4.2); the results for the torsional motion also follows this trend. For the
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lower reduced velocities, e.g. Ur = 5.9 for the heaving case, the correlation length is

greater to that of the higher reduced velocities, i.e. Ur = 11.93. This indicates that for

velocities below lock-in the motion of the cylinder is being ‘forced’ by the surrounding

fluid.

Subsequent to the study of vibrating cylinders in smooth flow, the effects of small

(L11 ∼ OB) and large scale (L11 ∼ O5B) turbulence on a heaving and pitching rect-

angular cylinder was investigated. A synthetic turbulent inflow condition was utilised

to analyse the VIV responses under turbulent flows. It was observed that in the pres-

ence of small-scale turbulence reduced the peak responses, with a clear sensitivity to the

freestream turbulence intensity. This is unsurprising seeing the apparent close relation

between spanwise correlation of the surface pressure and the incoming turbulence inten-

sity and integral length scales. Conclusion were drawn from existing wind tunnel results

of Kawatani et al. (1993) showing this sensitivity to intensity increased with aspect ratio

of the cylinder. On the other hand, the amplitude of the cylinder was shown to increase

with turbulent length scale. At large scale turbulence, the amplitude of the cylinder

of the heaving motion was reduced to approximately 80% of the case of smooth flow.

For the torsional motion, this resulted in a 25% increase to the case of smooth flow.

Surface pressure statistics and spanwise correlations for the pitching case showed the

close relation between the structure of the MIV and the response.

Overall, to the best of the author’s knowledge, this is the first attempt for applying an

LES on the flow over a freely vibrating pitching and heaving rectangular cylinder with

the moderate Reynolds number, Re = 40, 000. The required massive computational

resources make these tasks even more difficult. Approximately 120 CPU hours were

required to calculate the free vibration response of the cylinder in smooth using 64

processors. Nevertheless, it’s the hope of the author that the appealing aspects of LES

are demonstrated in this work (or use of CFD in general) in the aeroelastic analysis of

bridge sections.





Chapter 7

Conclusions and suggestions for

future work

Research key points are drawn from the flows over tall buildings and long-span bridges

using Large-Eddy Simulation. The studies focused on the effects of freestream turbulence

on peak loading on fixed and elastically mounted structures. The primary results are

summarised and suggestions are given for future work.

7.1 Conclusions

It has long been established that the peak loading on slender structures can be attributed

to the formation of vortices, particularly those formed at the leading edge corners.

Such phenomena have long been popularised by the use of the wind tunnel. However,

the limitations of the wind tunnel methodology (such as an effective visualisation of

the flowfield) has left many aspects of vortex formation over such structures open to

interpretation. Thus, the present work is motivated by the use of a numerical approach.

The present work has solely been conducted using Large-Eddy Simulation (LES) - a

numerical method in which the larger scales of the flowfield are ‘resolved’ giving a better

interpretation of the vortex formation than other numerical methods used in industry

(e.g. Unsteady-Reynolds-Averaged-Navier-Stokes (URANS)). It has been consistently

observed throughout this thesis that LES has produced a suitable agreement with the

equivalent wind tunnel test in cases where validation data was available; one example

of this is the prediction of the peak loading at the leading edge corners of the standard

tall building in Ch.4 when compared to the equivalent URANS calculation. With a

suitable inflow condition, LES also provides the opportunity to simulate much of the

characteristics of turbulence observed in natural wind. The present work utilises a

recently proposed inflow condition (Kim et al. (2012)) which has shown to be effective

in the prediction of peak pressures and vortex formation over a NACA0012 airfoil (Kim

219
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(2014)). This method is applied in the present research to analyse the peak loading and

vortex formation over slender bluff structures.

The vortex formation over slender structures, and the resulting pressure distribution,

has been the consistent topic throughout this thesis. Ch.4 focused on the formation of

vortices over the lateral sides of a rectangular prism (CAARC building) under different

turbulent inflow characteristics. Using conditional sampling, the importance of the

end-effects and the incoming velocity profiles on the convection velocity of the vortices

was mainly influenced by the inflow velocity profile. The freestream turbulence was

considered to have the characteristics of large-scale turbulence (L11 ∼ 5D, where D is the

width of the prism). Peak pressures were shown to be enhanced with the increase of the

turbulence intensity of the freestream flow. However, the pressure fluctuations showed

little sensitivity to the freestream length scales, due to their typical size observed within

the atmospheric boundary layer. Correlations between the lateral sides of the CAARC

building indicated there was a homogeneous region long the prism height between 0.3H−
0.6H; H is the height of the prism. Outside of this range, the end effects of the prism

reduced the correlation values to approximately zero. Conditional sampling was also

employed for the analysis of the two-dimensionality of the peak pressures at the leading

edge (caused by the roll-up of the shear layer to form vortices). An increase in turbulence

intensity increases the magnitude of the pressure fluctuations at the leading edge with the

peak pressure, Cp∗, approaching -3 and -6 for the low and high intensities respectively.

The peak suction pressure at various positions along the lateral faces of the model was

compared to the model by Saathoff and Melbourne (1997) and Li and Melbourne (1999),

with close agreement for the homogeneous region along the side.

Like the CAARC building, slender structures such as long-span bridges are also sus-

ceptible to severe wind loading, and can often respond in the form of a vibration. The

characteristics of both the fixed (static) and elastically mounted bridge deck in smooth

and turbulent flows are investigated in Chs.5 and 6. Ch.5 investigates the flow around a

fixed rectangular cylinder with B/D = 4; B is the chord length, and D is the thickness

of the cylinder. The smooth flow case was used for mesh convergence studies in both the

streamwise, vertical and the spanwise grid resolutions. The resulting aerodynamic forces

for grid distribution ‘smooth0(2)’ showed the close agreement with the literature and

was subsequently used for Chs.5 and 6. Various homogeneous regions along the chord

were identified using the guideline by Pullin and Perry (1980) and Bruno et al. (2010).

In particular, the so-called ‘mean pressure recovery’ region has been identified as the one

that gives the most significant contribution to the lift force at approximately 0.7B along

the chord. For the turbulent flow cases, a further comparison is made of the effects of

length scale of the freestream flow on the pressure statistics over the cylinder surface.

For small-scale turbulence, (L11 ∼ OB), the pressure statistics showed a peak region

towards the leading edge of the cylinder (this being the largest contribution to the lift

force). The difference to the smooth flow case can be attributed to the breakdown of the
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separation bubble (recirculation region) at the leading edge in turbulent flow. Varying

the length scale and turbulence intensity had a similar effect on the peak pressure as

observed for the CAARC building. However, for large-scale turbulence (L11 ∼ O5B),

the pressure distribution converged to a similar profile to that of the smooth flow case.

It was concluded from this that large scale turbulence has a similar effect to surface

pressures as if the freestream flow had a slowly fluctuating mean velocity. Spanwise

correlation analysis for both smooth and turbulent flows demonstrates the sensitivity of

the leading edge to the freestream turbulent length scales. Towards the trailing edge

the correlation length scale converges to the cylinder’s thickness, i.e. Lz ∼ D.

The formation of vortices and the resulting pressure statistics over an elastically mounted

cylinder are studied in Ch.6. A proposed fluid-structure coupling method was used

to simulate a free vibration. The wind tunnel tests of Matsumoto et al. (2008) and

Marra et al. (2011) were used for the validation of this method for the 1Degree-Of-

Freedom (DOF) heaving and torsional motions respectively. The flowfield and pressure

distributions around the resonant (VIV) regimes were investigated showing the main

mechanism to be the formation of a leading edge vortex (denoted Motion-Induced Vortex

(MIV)); surface pressure statistics for both motions confirmed this observation. The

convection velocity of the MIV was found to reduce when the reduced velocity approaches

the divergence regime. The MIV was found to be an source of excitation at the leading

edge for the lock-in regime, and a source of damping for the diverging regime. At the

same time, the interaction of the MIV on the chord in the lock-in regime has a damping

effect on the motion of the cylinder.

Flutter derivatives are empirical parameters that can be used to calculate the motion-

induced forces on a bluff body. Of interest, the aerodynamic damping parameters H∗1 ,

and A∗2 are of particular interest for indicating the onset of a divergence phenomena

(e.g. classical flutter, torsional flutter etc.). To the best of the author’s knowledge,

extraction of flutter derivatives using Computational Fluid Dynamics has only been

achieved using URANS (e.g. Sun et al. (2009), and Sarkic (2014)). Such investigates

are largely conducted using a 1DOF forced vibration. What appears to be lacking

in the literature is the comparison of the flutter derivatives for both forced and free

vibrations, particularly in the use of LES. Hence, in the present work, comparisons were

made to the equivalent forced vibration test to show the consistency of the aerodynamic

damping (and stiffness) between the two approaches. For the free vibration, so-called

‘decay to resonance’ tests were conducted in the extraction of the flutter derivatives.

To accurately obtain the direct derivatives (H∗1 , H∗4 , A∗2, A∗3), a direct-identification

method was proposed to curve-fit the data to the flutter derivative equations. The

equations for the 1DOF flutter derivative equations were mapped onto the a time series

of the amplitude while decaying freely. The Nelder-Mead algorithm (combined with

a nonlinear least-squared approach) was utilised for this optimisation. The extracted
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values for the direct flutter derivatives showed a close agreement to the equivalent wind

tunnel measurements for both free and forced vibrations.

Using the synthetic inflow condition, the effects of turbulent length scale and intensity

on the cylinder’s response was studied. It was generally observed for both the resonant

and divergent regimes that increasing the turbulence intensity reduced the oscillation

amplitude. On the other hand, the cylinder’s response was shown to increase with length

scale. For large scale turbulence, L11 ∼ O5B, the heaving amplitude was shown to be

approximately 80% of the equivalent smooth flow response, while the torsional motion

shown an increase of 20%. The pressure statistics showed the MIV increased with the

structural response (decreasing with increasing intensity).

Despite the differences in the flowfield for the fixed and elastically mounted cylinder,

some of the trends between the two cases are maintained. For instance, the surface

pressure statistics for the fixed cylinder in turbulent flow had a similar distribution

to that of a dynamic cylinder in smooth flow. Increasing the amplitude (or lowering

the Scruton number) had a similar effect on pressure distribution as that of increasing

turbulence intensity in the freestream - moving the peak pressure closer to the leading

edge. Small scale turbulence on fixed cylinders, and elastically cylinders in smooth flow

(within the tested Scruton numbers) had a similar effect of the pressure distribution

and the average vortex formation of the cylinder. It can be deduced from this that the

motion-induced turbulence from the cylinder has a similar effect to that of having small-

scale freestream turbulence. Large scale turbulence was found to approach the response

of the equivalent smooth flow case. This is analogous to the pressure distribution changes

for the smooth and turbulent flow cases with increasing length scale.

7.2 Suggestions for future work

A few key points which were not covered in the current work are included here as a

guideline for future works.

• The unsteady fluctuating pressure distributions at the windward face of the CAARC

building (Ch.4) showed disparity into whether a maximum was located at the cen-

tre face (commonly reported for wind tunnel tests), or at the corners (mainly

CFD); further investigation into this would be desirable.

• The focus of analysis for the phenomenon of Vortex-Induced Vibration (VIV) has

been on a rectangular cylinder (assimilating a bridge deck) in Ch.5. While this

has satisfactorily demonstrated the various characteristics of VIV, the use of a

rectangular cross-section for bridge design is in industry is scarce, mainly due to

its bluff-body characteristics. A typical cross-section utilised in industry is that

of hexagonal one ( e.g. Stoerbealt bridge). Subjects of interest for this particular

cross-section include:
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1. The study of freestream turbulence on the aeroelastic instabilities: while

small-scale turbulence generally has a stabilising the effects of VIV for rect-

angular cylinders, its effects on the hexagonal girder section is dependent on

several other parameters. These parameters include the solidity ratio, pres-

ence of the handrail (or similar countermeasures), and the Scruton numbers

(Wu and Kareem (2012); Matsumoto et al. (1993)).

2. The vortex formation over the structure for both fixed and elastically mounted

cases. Literature is somewhat scarce with a definitive value of the Strouhal

number for this particular cross-section. As a result, the effect of VIV is

somewhat uncertain due to the above mentioned factors in the design.

• Flutter derivative analysis in Chs.5 and 6 derived the ”direct” flutter derivatives

using 1DOF motions of the cylinder. Comparison of the flutter derivatives for

2DOF motion of the cylinder would give a deeper insight into the effects of the

interaction between the two motions as well as the effects of freestream turbulence

on the derivatives.

• Buffeting analysis after Haan (2000). Differentiating the self-exciting and buffet-

ing forces from the aerodynamic coefficient has long been in continual development

over the past few decades. Due to the limitations of the wind tunnel methodol-

ogy (outlined in §1.1.1), this analysis has largely been conducted under a forced

(prescribed) oscillation. Pioneering this work in his thesis, Haan (2000) systemat-

ically studied the effects of turbulence properties (length scale, intensity) on the

self-excited forces. However, due to the limitations of their turbulent generation

method (static grid), the length scales within this work were largely confined to

be that of ‘small-scale’ turbulence (L11 ∼ 0.2B− 1.4B) which lead them to specu-

late the influences of large scale turbulence. Such analysis is achievable using the

framework described in this thesis.

• Suggestions for mitigating the VIV response. The addition of fairings or hand-rails

in the bridge design has often had a stabilising effect for resonant responses (e.g.

Sarwar and Ishihara (2010)). It can be deduced from this thesis and previous pa-

pers (e.g. Andrianne (2012)) that these countermeasures mitigate the formation of

the MIV. However, such modifications to the design have not always been success-

ful in industry. For example, the Volgograd bridge experienced resonance shortly

after opening in 2010, despite the presence of fairings in the design (Corriols and

Morgenthal (2012)). Recent countermeasures to mitigate the MIV have been sug-

gested, such as the application of ‘actively-controlled’ pitching airfoils located at

the leading and trailing edge of the bridge cross-section (Graham et al. (2011)).

This thesis has shown the effectiveness of LES in providing a much deeper insight

into the nature of the MIV, and thus, using the framework outlined in this thesis,

may prove effective for this type of analysis.





Appendix A

Comments on the pressure

boundary condition for moving

walls

In the literature, when dealing with the numerical (approximate) solutions of the in-

compressible Navier-Stokes equations, the issue of boundary conditions is largely left to

a rule of thumb. Usually, at a stationary wall, a Neumann-type boundary condition is

applied for pressure, equating this to zero. In a few select cases, this approximation

appears satisfactory. While the majority of researchers seem to be content with this

assumption, there are some who are not quite satisfied with this approach (e.g. Gresho

and Sani (1987) and Sani et al. (2006)). Thus, in the case of moving walls, being a

relatively newer topic in the field of Computational Fluids Dynamics (CFD), the role of

the pressure boundary condition requires further examination. Moving walls in CFD is

applicable to many fields of research. Whether this be a rotating wind turbine, or an os-

cillating bridge section, what seems to be a typical approach in the literature is assuming

that a zero wall-normal pressure gradient is applicable to a moving wall. The suitability

of this assumption is addressed in this appendix, in support for the methodology of Ch.6

of this thesis.

For the flow over a stationary flat plate, the incompressible Navier-Stokes equations can

be reduced to
∂p/ρ

∂n
= ν

∂2v

∂n2
, (A.1)

where p is the static pressure, ρ is the density of the fluid, ν is the kinematic viscosity, v is

the wall-normal velocity, and n indicates the wall-normal direction. Eq.A.1 establishes

a Neumann-type boundary condition for the Poisson (pressure) equation. Thus the

pressure gradient at a wall is nearly zero (O
√
ν, White (2006)) being only affected by

a buoyant or stratification term that does not contribute to accelerations in the wall-

normal direction. In cases of flows parallel to the wall, such as Poiseuille flow, the
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pressure gradient reduces to zero, thus proving to be a suitable approximation as a

boundary condition in a few selected cases.

To demonstrate the applicability of a zero-gradient boundary condition for pressure,

Fig.A.1 shows the mean pressure profiles along the chord for the case of a fixed rect-

angular cylinder in smooth flow (pertaining to the results of Ch.5). The mean velocity

contour in this diagram shows the wall-normal distance (0 ≤ y/D ≤ 0.65, with D being

the cylinder’s thickness) associated with the pressure plots. The statistics for pressure

and velocity have also been averaged across the span of the cylinder. It can be seen in

this figure that before the reattachment of the shear layer, the pressure gradient within

the first few wall-normal cells is zero, agreeing with the approximation of the boundary

condition. The after-body region (x/B & 0.75) shows a non-zero gradient, despite the

application of the zero-gradient boundary condition for pressure - coinciding with the

peak loading region along the chord (see §5.2.3). The wall-normal pressure gradient is

seen to increase towards the trailing edge of the cylinder, due to the increasing suction

of the wake. Thus, while the boundary condition may introduce some errors towards

the trailing edge, the typical boundary condition for pressure is shown to be a suitable

approximation for this case.
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Figure A.1: (top) mean pressure profiles and (bottom) mean velocity contour of the

flow over the fixed rectangular cylinder in smooth flow. D is the cylinder’s thickness,

B is the chord length, y+ is the non-dimensional wall-normal grid unit, p is the mean

static pressure, and pwall is the mean local surface pressure.
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For moving walls, the application of ∂p/∂n = 0 becomes doubtful, as the wall-normal

velocity, v, can no longer be considered zero (by Eq.A.1). Hence, in the case of an

oscillating cylinder, increasing the frequency (or amplitude) of the motion would induce

a greater numerical errors. While this issue has rarely been addressed in the literature,

the effects of this has been reported. Kim and Xie (2016) investigated the dynamic

stall effects on a pitching NACA0012 airfoil. By increasing the oscillating frequency (or

lowering the reduced velocity, Ur = U/fnD), Kim and Xie (2016) found that the discrep-

ancy of the measured aerodynamic loading increased when compared to the equivalent

wind tunnel experiment, and speculated the discrepancy at high reduced frequency was

due the experimental errors - it was also hinted this is challenging for CFD.

To demonstrate the effects of an oscillating cylinder on the wall-normal pressure gradi-

ents, Figs.A.2 and A.3 show the phase averaged pressure profiles when the cylinder is

at its peak (upper) amplitude, and neutral (rest) position during the down-stroke of the

heaving oscillation. The data corresponds to the case of reduced velocity U/fnD = 8.4

in a forced motion (yr.m.s./D = 0.05, pertaining to the results of Ch.6). For Fig.A.2,

along the lower surface, the pressure gradient within the first few cells from the wall is

consistently zero, meanwhile along the upper surface, it can be seen in this figure that

the formation of the Motion-Induced Vortex (MIV) at the leading edge of the cylinder

(approximately 0 ≤ x/B ≤ 0.2 along the chord) has a considerable influence on the

pressure gradient; the remaining profiles along the chord show that the approximation

of the zero wall-normal pressure gradient is satisfactory. The equivalent profiles for the

cylinder oscillating at yr.m.s/D = 0.03 can be seen in Fig.A.4 with similar characteris-

tics. For Fig.A.3, the profiles from the lower surface consistently show a zero gradient

to the wall. Again, The profiles towards the leading edge tend to a non-zero gradient, as

the MIV is formed on the lower surface, meanwhile, the profiles from the upper surface

shows zero gradient for the first few cells as the MIV convects along the chord at some

distance from the surface (note: a non-zero gradient is formed in the vicinity of the vor-

tices from the surface which at this position is approximately y ∼ 0.5D). Collectively,

a zero gradient is observed for both profiles on the upper and lower surfaces when the

acceleration of the cylinder’s motion is zero.

Analysis of the surface pressures over the cylinder at the lock-in regime is shown in

Ch.5. In this analysis the formation of the MIV during each cycle oscillation is shown

to be the source of excitation of the cylinder when at its peak amplitude, coinciding

with the maximum acceleration of its motion. Tan et al. (2004) demonstrated for a

rectangular cylinder undergoing forced perturbations in the freestream flow that the

pressure gradient towards the leading edge can be approximated by the expression:

∂p

∂n
∝ V orticity flux

UC
, (A.2)

where UC is the convection velocity along the cylinder’s chord. The ‘vorticity flux ’

corresponds to the roll-up of the Impinging Leading-Edge Vortex, or MIV in this work.
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Figure A.2: Mean pressure profiles and velocity contour of the flow over the elastically
mounted rectangular cylinder in smooth flow at the peak (upward) amplitude with
yr.m.s. = 0.05. D is the cylinder’s thickness, B is the chord length, y+ is the non-
dimensional wall-normal grid unit, p is the mean static pressure, and pwall is the mean

local surface pressure.
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Figure A.3: Mean pressure profiles and velocity contour of the flow over the elastically
mounted rectangular cylinder in smooth flow at neutral (rest) position during a down-
stroke motion (yr.m.s. = 0.03). D is the cylinder’s thickness, B is the chord length, y+

is the non-dimensional wall-normal grid unit, p is the mean static pressure, and pwall
is the mean local surface pressure.
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Figure A.4: Mean pressure profiles and velocity contour of the flow over the elastically
mounted rectangular cylinder in smooth flow at the peak (upward) amplitude with
yr.m.s. = 0.03. D is the cylinder’s thickness, B is the chord length, y+ is the non-
dimensional wall-normal grid unit, p is the mean static pressure, and pwall is the mean

local surface pressure.

It has been demonstrated in Ch.6 that increasing the amplitude of the cylinder also

increases the ‘strength’ of the MIV, causing changes in the wake mode. It can be

deduced from this (and the observations above) that the wall-normal pressure gradient

induced by the MIV can be linked to the maximum acceleration of the cylinder. Thus,

the pressure gradient in these regions can be described by the expression,

∂p/ρ

∂n
= −a, (A.3)

where a is the acceleration of the cylinder’s motion. For the regions where the wall-

normal pressure tends to a non-zero gradient, it can be deduced that the application of

a zero-gradient boundary condition increases the numerical errors. The effects of this

can be demonstrated by varying the mesh resolution close to the wall. Fig.A.5 shows the

effects of the wall-normal grid resolution near the wall on the resulting pressure gradient.

The effects of the boundary condition can be seen in the first few wall-normal cells. The

mesh resolutions (outlined in Ch.5) vary the wall-normal resolution within the viscous

sub-layer (y+
1 < 5). It can be seen that with increasing mesh resolution, the gradient

of the pressure converges to the analytical expression (Eq.A.3). It can also be seen

in Fig.A.5 that convergence to the analytical expression would require a considerable

number of cells near the wall, too much to be considered an efficient calculation. To
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demonstrate the profile convergence, the pressure boundary condition for the moving

cylinder was modified, equating the wall-normal gradient to the acceleration of the

cylinder’s motion (i.e. Eq.A.3). At the same time, it can be seen in Fig.A.5 that

the application of this new boundary condition shows a close match to the analytical

expression.

Figure A.5: Pressure profile at x/B = 0.1 along the cylinder’s chord with oscillation

amplitude yr.m.s./D = 0.03 under various grid distributions (described in Ch.5) with

pressure boundary condition ∂p/∂n = 0 unless otherwise stated.

This appendix considers the suitability of the zero-pressure gradient boundary condition

(∂p/∂n = 0) in the cases of the moving wall. Comparisons were made of the pressure

profiles over the cylinder for both the static and dynamic cases. The zero pressure gra-

dient assumption seemed appropriate for the static case before the reattachment of the

separating shear layer. The dynamic cases showed that despite the application of the

boundary condition at the wall, the pressure gradient in the vicinity of the formation

of the MIV was approximated by the acceleration of the structure. A mesh sensitivity

test was conducted to deduced the errors introduced by the boundary condition show-

ing a convergence to the expression ∂p/∂n = −ρa with increasing grid resolution. This

expression was subsequently tested as a boundary condition with satisfactory match to

the analytical expression. It should be noted that this is only applicable to the identified

region (0 < x/B < 0.2) where the MIV is formed. It can be deduced from Fig.A.5 that

in the present work the zero-gradient boundary condition only introduces small errors

for the tested frequencies and amplitudes. However, cases of vibrating bodies at high

frequency, such as those observed for wind turbines or slenderer structures (e.g. bridge

cables), would require further examination. Ultimately, this appendix highlights the

need for a new boundary condition for vibrating cylinders which considers the accelera-

tion of the motion. However, for the present work, the zero-gradient boundary condition

is adequate.
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