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ABSTRACT

AERODYNAMIC ANALYSIS OF LONG-SPAN BRIDGE CROSS-
SECTIONS USING RANDOM VORTEX METHOD

Kaya, Halil
M.S., Department of Aerospace Engineering
Supervisor: Assoc. Prof. Dr. Oguz Uzol
September 2012, 75 pages

In this thesis, two dimensional, incompressible, viscous flow past bluff bodies
and a bridge section, in which strong vortex shedding and unsteady attribute of

flow are generally found, is simulated by means of random vortex method.

The algorithm and method are described in detail. The validation and
applicability of the developed numerical implementation to general wind
engineering problems is illustrated by solving a number of classical problems,
such as flow past circular and square cylinders. An application of the numerical
implementation in the area of computational wind engineering is performed by
analyzing a bridge deck section. Moreover, all results are compared with

experimental and numerical studies in literature.

Keywords: Computational Wind Engineering, Random Vortex Method, Bluff
Body Aerodynamics
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UZUN ACIKLIKLI KOPRU KESITLERININ RASTGELE GIRDAP METODU
ILE AERODINAMIK ANALIZi

Kaya, Halil
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Bolimii
Tez Yoneticisi: Assoc. Prof. Dr. Oguz Uzol
Eyliil 2012, 75 sayfa

Bu tezde, giiclii girdap salinimlarinin ve duragan olmayan davranislarin sik¢a
goriildiigii  kiit cisimler ve bir koprii kesitinden gegen iki boyutlu,

sikigtirtlamayan, stirtlinmeli akimlarin simiilasyonu gergeklestirilmistir.

Kullanilan algoritma ve metot detaylar ile anlatilmistir. Gelistirilen niimerik
uygulamanin genel riizgar miihendisligi uygulamalarinda gegerliligi ve
uygulanabilirligi, dairesel ve kare kesitli silindir lizerinden gecen akim ¢oziilerek
gosterilmistir. Elde edilen degerlerin mevcut deneysel ve niimerik caligmalarla

kiyaslamalar1 da yapilmistir.

Anahtar Kelimeler: Hesaplamali Riizgar Miihendisligi, Rastgele Girdap Metodu,

Kiit Cisim Aerodinamigi
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CHAPTER 1

INTRODUCTION

Among all the natural events on the buildings and structures, wind is possibly the
most damaging one. In relation to this, the effect of the flow on the structures has
been an important research topic over the years. Wind engineers have always worked
to predict the flow behavior and the effect of it on the structures, by using wind
tunnels. With the help of advances in computer technology, by using mathematical
models of the fluid flow, engineers have begun to develop numerical techniques to
simulate fluid motion. Therefore, an individual discipline has appeared in wind

engineering, such as Computational Wind Engineering (CWE).

Bluff body aerodynamics, especially building aerodynamics is an important
research topic for wind engineers. During the design process of the buildings, to
be able to construct buildings which are safer and less vulnerable to wind effects,
engineers and architects have been both considering the influence of wind for the
last few years. So accurate prediction of the flow behavior and the effect of it on
the buildings is important. In this framework, wind engineers focus on simulation
of the flow around bluff bodies, such as square, triangle, and circular cylinder,

considering their simplicity and similarity to the building shapes.

Computational methods allow the study of fluid-structure interaction problem in
detail and faster than experiments, costing less money and lowering risk factors.

Moreover, it provides, in addition to pressures and wind loads, which wind tunnel



test can only predict, the flow field with velocity, temperature and vortex

structures.

In bluff body aerodynamics, the interest in vortex methods boost notably. This
interest is because of good results obtained for bluff bodies (at least for 2D cases)
and it offers an alternative method to other numerical methods (e.g. Finite
Element and Finite Volume Methods). They enjoy the simplicity of the vorticity
form of the incompressible Navier-Stokes equations. In vortex methods, the
vorticity field is discretized into the particles, and they are followed in a
Lagrangian manner. So it provides some advantages as listed below;
e Vorticity is discretized only where its value is different from zero.
e Vortex methods are self-adaptive methods. Particles are always created
where they are required and move to the interested area.
e Boundary condition at infinity is supplied automatically.
e Comparisons with Eulerian finite difference schemes has shown that
vortex methods can be faster by up to an order of magnitude, even when

the volume is completely filled with vorticity [1].

1.1 Literature Review

1.1.1 Early Researches

Many researchers have been interested in the structure of vortex street behind the
bluff bodies since the early experiments of Strouhal [2] about "Aeolian tones™ and
Theodore von Karman's paper [3]. Historically, the study of Rosenhead [4] on the
Kelvin-Helmholtz instability of vortex sheets is the first real dynamical vortex
simulation which is done in two dimensions with 12 singular point vortices.

Birkhoff & Fisher [5] repeated the same calculations with finer discretization.



Abernathy & Kronauer [6] used Rosenhead's model to study on the stability of a
parallel pair of infinite vortex sheets. Chorin & Bernard [7] and Kuwahara &
Takami [8] made use of this method with regularized vortex cores, as a result
they obtained smoother roll-up of the vortex sheet. For the first time, Hald [9] and
Hald & Del Prete [10] proved the existence of a solution without viscosity, which

requires the maintaining of the overlap between vortex core radius [11].

1.1.2 Random Walk Method

The Lagrangian nature of vortex methods encounters difficulties in simulating
viscous effects. To deal with this problem, Chorin [12] suggested to use random
walk method, which is a statistical approach based on the Brownian motion of
fluid particles. This method suggested by Chorin is called Random Vortex
Method (RVM). The results obtained by using this method have statistical noise.
This method also has a low rate of convergence [13]. The method is, however,
very easy to implement to simple geometries and also fully Langrangian
approach for diffusion. Chorin [14] used this method to study boundary layer
instability. Independently of Chorin, Porthouse & Lewis [15] developed a random
walk technique to study boundary layer flows and to simulate the wake behind

cylinder. So they pointed out the usefulness of vortex methods.

After Chorin and Porthouse & Lewis, random walk method is used in many
researches to simulate diffusion. Chorin used his method for simulating fluid flow
over cylinders [12], [16] and flat plates [14], [16], [17]. McCracken & Peskin
[18] simulated using RVM the blood flow thorough heart valves. Ghoniemet.al.
[19] modeled turbulent flow by using random walk method in a combustion
tunnel. Moreover, he calculated the velocity field using Biot-Savat rule. The
results of this simulation were in a good agreement with experimental one. Cheer

[20], [21] simulated fluid flows over a cylinder and an airfoil for different



Reynolds number. His results are also in a good agreement with experimental
results, even though fairly coarse computations. Sethian [22] modeled turbulent
combustion inside a rectangular chamber again by using random walk method.
The convergence of the method in 2D is studied by Mortazavi [23]. Gagnon [24]
implemented this method to simulate the fluid flow over a single a double
symmetrical backward-facing step. Kim and Flynn [25] studied the fluid flow
over multiple bodies with the random walk method. They focused in flow
patterns rather than quantitative measures. Wang [26] investigated dynamic stall
of airfoils. Lin et. al. [27] is simulated with RVM pitching airfoil. Taylor &
Vezza [28] used RVM to simulate the flow over rectangular cylinders and square.
Ramachandran [29] studied flow over a circular cylinder using high-resolution

RVM.

1.1.3 Remeshed Particle Methods

"The deterioration of the spatial accuracy of the vortex particle method is brought
about by the separation of the individual vortices during their notion, causing a
non-smooth representation of the vorticity field.

The primary methods to solve this problem are: recalculation of the quadrature
weights at each time step [30], [31], [32], regridding/rezoning [33] (is this to new
particles?), and global regridding to regularly- spaced particles” [34].

The necessity of remeshing is shown by Mansfield [35] in flows with high strain.
Cottet [36] and others [37] implemented remeshing using a remapped grid with
spatially-varying cell sizes. This method, which is a multi-resolution method,

allows high resolution near wall and shedding and coarser resolution in far-field.

"A detailed description of the remeshing of elliptical particles to regular

axisymmetric particles is done in [38]. Chatelain & Leonard [39] present a



method for particle redistribution to a face-centered cubic lattice, and show that it
compares favorably with redistribution using M4' and "witch-hat" (M2) filters.
Eldredge [40] remeshes every few steps using the M4' kernel.

Clearly, particle methods with remeshing are accurate and fast, but they are less

useful to define sharp discontinuities." [34].

1.1.4 Application of Vortex Methods to the Structures

The vortex method has been used widely in computational wind engineering, to

predict the flow around buildings and deck shapes.

In the paper [41], the RVM is used to study the flow of wind around common
building shapes. Moreover, the results were compared with experimental data.
Bui & Oppenheim [42] performed random vortex method to simulate the
turbulent flow of air over a scale model building in wind tunnel. Turkiyyah, Reed
& Yang [43] used the random vortex method for wind engineering simulations.
They presented two dimensional flow simulations of atmospheric boundary layer
wind flow around a bluff body under open terrain conditions. Bazeos & Beskos
[44] presented a numerical methodology for determination of wind pressures on
rigid civil engineering structures under two dimensional conditions. They
numerically simulated by combining the direct boundary element method with
the discrete vortex method. So, they concluded that their proposed methodology
enables one to determine wind loads on those structures simply, rapid and with
satisfactory accuracy. Moreover, Bienkiewicz & Kutz [45] used the vortex
method to simulate flow around bluff body wind engineering applications.
Preidikman & Mook [46] analyzed flutter suppression on their passive control

mechanism using vortex methods.



The vortex method was also used to simulate deck shapes. Walther & Larsen [47]
analyzed five different deck shapes, by using their vortex method based code
DVMFLOW. They got fairly good results which were in good agreement with
wind tunnel results. Taylor & Vezza [48], [49] undertook studies on sharp edged
bodies wusing vortex methods. They also performed their numerical
implementation to study bridge aerodynamics including flutter analyses.
Morgenthal [50] analyzed various shapes generally structures (like Glasgow

Wing Tower, The Millau Viaduct, The Neath Viaduct, Storebalt Bridge).

1.2 Objectives

The objective of this thesis is to develop a useful, reliable numerical tool which
can simulate the flow field around bluff bodies in the framework of CWE, by
using vortex methods and to analyze some bridge section with the developed

code.

1.3 Thesis Organization

In CHAPTER 2, underlying governing equations, algorithm and numerical
methodology of the present numerical implementation is explained in detail. In
CHAPTER 3, validation and applicability of the random vortex method based
numerical code is illustrated by solving general fluid dynamics problems, such as
flow past a circular, a square cylinder and NACA 0012 airfoil. In CHAPTER 4,
the developed random vortex method code is performed to analyze a general
wind engineering problem which is flow around a bridge cross section. Moreover
the results obtained with present numerical implementation are compared with

experimental data. Finally, in CHAPTER 5 the discussion of the developed code



is made for applicability for wind engineering problems and future works are

mentioned.



CHAPTER 2

NUMERICAL METHODOLOGY

2.1 Governing Equations

Consider a fluid, which has constant density and viscosity. Moreover, it is
homogenous and temperature variation has no impact on it. The flow of such a
fluid may be described in terms of velocity u(x,t) and pressure p(x,t) of the flow

by the conservation of momentum as;

au+ V—1V+V2 2.1
atuu—ppvu (2.1)

Where pis denoted the density of the fluid and Vis the kinematic viscosity of the

fluid. The continuity equation is written as;
V-u=0 (2.2)
In vortex methods, these equations are used in velocity-vorticity formulation. To

convert equations, it should be taken the curl of velocity. So the vorticity field

(w) is related to the velocity field as;



w=VXu (2.3)

If the curl operator is applied to equation (2.1), the following expression is

obtained;

Dw
Dt

Convection Streching Diffusion

= w-Vu+ vWw (2.4)

Where the material derivative is given as;

D a0
— ="y ) (25)

When two dimensional flow is considered, w is normal to the plane of the flow,

hence stretching term is zero.

In the context of random vortex methods proposed by Chorin [12], the equation is

solved in two steps. Firstly, convection equation was solved which is;

bo _ 0 2.6

Dt - ( " )
Secondly, diffusion equation was solved which is;

ow _ V2 2.7

Frae vWew (2.7)

This method is known as viscous/operator splitting technique. Thanks to this

method, one can solve the equation (2.4) in a Lagrangian manner.



2.2 Determination of Velocity Field

To be able to develop the flow, the velocity field should be determined. If the
velocity field is associated with a stream function (x), the following equation is
obtained;

u=Vxy (2.8)

Using the continuity equation (2.2) and the definition of vorticity (2.3), one can

derive a Poisson equation, which is given as;
Vi = —w (2.9)

A general method to solve the Poisson equation to get the velocity field from the
vorticity field is using Green’s functions. So the velocity field can be determined

using Green’s function formulation for the solution of Poisson equation as;

1
u=K+w= ~ o Kx—y) X wdy + Uy (2.10)

Where Uo(x’t)is the solution of the homogeneous Poisson equation and where

Kx—-y)= x-y)/Ix—yl? (2.11)

is the Cauchy velocity kernel. The equation (2.10) is called Biot-Savart law.
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2.3 Discretization of Surface

N\

Introduced

data points

Control Points

Figure 2-1 Discrete surface model

The solid surface is discretized by introducing M+1 data coordinates on its
boundary (Figure 2-1). M straight line elements having length As; are obtained by
joining successive data points. The control points of straight line elements are

defined at middle of each panel i at which boundary condition is imposed.

2.4 Boundary Condition at Surface

For a viscous flow, both normal and tangential components of the velocity on the
wall should be equal to zero. Here, to ensure no-slip boundary condition on the
surface, Dirichlet type boundary condition is applied. It is enough to satisfy that
the tangential velocity on the wall is equal to the velocity of the wall, because this
is equivalent to using the no-penetration boundary condition, and proof is

supplied by Lewis [51].
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The boundary condition is ensured on the wall by following these steps:
e The induced velocity on the surface is calculated by using Biot-Savart
law, so the slip velocity on the wall is obtained.
e Then the surface vorticity is solved by ensuring the no-slip boundary

condition (Upody=Ug@surface)-

2.5 Convection

The convection equation stands together with Euler equation in vorticity
formulation (2.6). It means that “In an inviscid fluid a vortex tube moves with the
fluid and its strength remains constant.” Helmholtz first theorem. So that makes

the equations well-suited to Lagrangian approach.

The integral in equation (2.10) may be discretized to get an approximation of the
velocity field. For the present numerical scheme, the vorticity field is discretized
by N point vortices, at x, with circulation I'; Therefore, the convection is

implemented as;

N;
0x 1 I; X (x, — X;
p=U__Z i X Xp —Xi) (2.12)
i=1i%p |Xp —X;

Where I, = ',k

p

Hence, according to the equation (2.12) advection is implemented. Moreover, as

a time integration scheme, first order Runga-Kutta method is used.

12



2.6 Vortex Release Algorithm

4 Control points

v,

Figure 2-2 Vortex release method

In vortex methods, vorticity is created at wall. While time-dependent simulation
vorticity is created on the surface of the solid body as a vortex-sheet with
vorticity value y4s; which is computed to ensure no-slip condition. Then, they are
released to the flow field as vortex particles, from mid-points of the panels in the

normal direction with a distance of half a panel length (Figure 2-2).

2.7 Remeshing Method

"Particle methods are often defined as grid-free methods making them an
attractive alternative to mesh based methods for flows past complex and
deforming boundaries. However the adaptivity provided by the Lagrangian
description can introduce errors and particle methods have to be conjoined with a

grid to provide consistent, efficient and accurate simulations. The grid does not

13



detract from the adaptive character of the method and serves as a tool to restore
regularity in the particle locations via Remeshing while it simultaneously enables
systematic Multiresolution particle simulations [52], allows fast wvelocity
evaluations [53] and facilities Hybrid particle-Mesh methods capable of handling
different numerical methods and different equations in various parts of the

domain [54]." [55].

Thus, to maintain accuracy by regulating particles and to be able to perform faster
analyses a remeshing method is performed at every step. Moreover, significantly
time savings is obtained by generating an influence matrix of grid to grid

interaction at the beginning of the simulation.

Remeshing is employed as follows:
e Distribute each particles strength of vorticity to corners of the cell which
is occupied by the particle, by using bilinear weighting scheme (Figure

2-3);

i+l (i+1,j+1)

I, A A I3

As

) (+1.j)

Figure 2-3 Vorticity distribution to the cell corners
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e After all distribution process is completed, the total circulation of a mesh
point is equal to total contribution of all vortices.

e Then velocity at each mesh point is calculated according to Biot-Savart
law.

e Finally, the velocities at mesh points are redistributed to discrete vortex

points according to bilinear weighting scheme (Figure 2-4).

(1.3+1) (i+1.+1)
Us Ay 0 A Us
_____ ﬁT_ ———— ]
|
A LAy
|
U ! U
(i.j) (i+1.7)

4
Ui = UAL/ZAk
k=1

Figure 2-4 Redistribution of velocity to the particles

2.7.1 Results

In this subsection, the effect of particle remeshing implemented herein is
investigated. As a reference case, flow around a circular cylinder at Reynolds
number 1000 is solved. Moreover, the grid used is a fixed square grid with the

particle grid spacing, Ah = 0.1 D.
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Since the important parameter for the flow past bridge analysis is vortex shedding
frequency, the results of the lift oscillation, from which vortex shedding

frequency could be derived, obtained with/without remeshing is compared.

0.5

cl
[an]

20 25

/!
-05
= without remeshing
with remeshing
i L L
8] 1

5
tu/D

Figure 2-5 Time history of lift coefficients of flow around a circular cylinder
analysis at Re = 1000, with/without remeshing

Table 2-1 Comparison of Strouhal number obtained from uniform flow past
a circular cylinder analysis at Re = 1000 for time 18-25 s, with/without

remeshing
Re Wltho}lt With remeshing Difference(%)
remeshing
1000 0.167 0.174 4.1
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According to the graph (Figure 2-5), it is seen that the result obtained without
remeshing method is noisy. But the Strouhal numbers, which are important to get
accurately for flow past bridge analyses, of analyses are close to each other
(Table 2-1). Moreover, the result with remeshing is closer to the experimental
result of =0.2 (Figure 3-11). Furthermore, the required time to run the simulation
without grid is 5562.56 seconds, however the required time to run the simulation

with grid is only 427. 34 seconds.

2.8 Diffusion

According to operator/viscous splitting technique, convection and diffusion are

treated independent of each other. Convection method is already described in

section 2.5.

To solve the diffusion part of the equation (2.4), in this thesis, random walk
method is employed.

2.8.1 Random Walk Method

The governing equation for diffusion can be written as in polar coordinates;

(2.13)

oo 62w+16w
oc U \orz Tror

By using Green’s function to solve the equation (2.13), it can be obtained the

solution for the subsequent vorticity distribution, Batchelor [57].
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r
w(rt) = - et (2.14)

The random walk method employed in the present study is depended on a
numerical solution of the equation by discrete vortex particles, as developed by
Porthouse & Lewis [15]. This method is actually a probabilistic interpretation of

Green’s function integral solution.

According to this method, all vortex particles are independently subjected to a
random Gaussian displacement with zero mean and variance 2vAt. The equation

(2.14) is simulated in the present numerical implementation as;

Xpdiffused = Xp T Ip (2.15)

Where r,is a vector that satisfies the equation (2.13) in a statistical manner.
Therefore, the method is stochastic and the solution is noisy. The method is
shown to have a convergence rate O(y/v/N ) by Roberts [56]. Hence, this is a

slow rate of convergence. However, the method is used to solve a variety of

problems as discussed in the section 1.1.2.

2.9 Replacement of Particles Crossing Body Surface and Vortex

Deletion

If a vortex particle enters inside the body, this particle should be annihilated,
absorbed from the surface panels or moved back on the body surface. In the
present study, it is preferred moving back the particle, if it enters inside the body
surface. This method was found to produce more stable results than deletion in

certain cases [50].
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A particle which enters inside the solid region is moved back perpendicular to the

nearest panel with the normal distance of the particle to their nearest panel.

If a vortex particle travels beyond a certain cut-off distance, its effect on the
vortex shedding becomes negligible. So, the vorticity domain is limited with the
fifteen times of the length of the body, and the particle that travels beyond that

limitation is deleted.

2.10 Pressure Calculation

The surface pressure is calculated from vorticity flux on the surface. The

momentum equation is given as;

au+ Vu = 1V+V2 2.16
atuu—ppvu (2.16)

After taking the dot product of the equation with the tangential vector of the body

surface;

DU, 10p dw

— 2.17
Dt p 0s v on ( )

Where s and n mean respectively, the tangential and normal direction of the

surface panels.

If the surface is assumed to have constant velocity, the left hand side is equal to

zero, and the equation reduces to;
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10dp Jdw
2o _, = 2.18

p 0s vV on ( )
The right hand side term represents the vorticity creation at the surface. Thus,
vortex sheet with strength v is released at a given time on the wall. So a relation

can be established as;

dw dy

Then combining the equations (2.18) and (2.19), the following equation is

obtained;
ap dy
—=—-p = 2.20
as = P ot (2:20)
This equation can be discretized for the pressure gradient on the surface as;
Yils;
Ap; = — 2.21
Pi =P 5 (2.21)
Then pressure value at a panel on the surface is calculated as;
i
= - 23y 2.22
Pi—P1—E Y;jAas; (2.22)
j=1

Where p;is a datum value (which is initially set as zero), from where the
integration of the equation (2.22) begins for numerical convenience. Then the

stagnation point is searched around leading edge, finally all pressure values are
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. 1 L
increased an amount of > p|Uw|% — pp, Where py, is highest pressure around

profile.
2.11 Computational Scheme

Having mentioned the theory and numerical implementation of the random vortex

method, the computational scheme of the present code is illustrated below:
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Pressure Distribution, lift and Drag
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Figure 2-6 Computational scheme of the present study
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2.12 Parallelization

In vortex methods, the computational elements are the vortex particles. So, the
flow is simulated mainly by calculating the interaction of these particles with
each other. In this respect, vortex methods are N-body problems which simulate
the evolution of a system of N bodies, where the force exerted on each body
arises due to its interaction with all the other bodies in the system. In N body
problems, the simulation proceeds over time steps, each time computing the net
force on each body and thereby updating its position and other attributes. If all
pairwise forces are computed directly, it is called direct method and this requires
O(N’) operations at each time step. So, in direct methods, as the particle number
increases in the system the total simulation time increases by square of particle
number. This results in high computational cost. However, since solutions of N-
Body problems lack of data dependency, these problems are well suited for
parallel programming. Because of these reasons, it is decided to apply parallel
computations. So, in the current numerical simulation, parallelization is done by
using Single Instruction Multiple Data (SIMD) architecture. Moreover, the
parallel computation procedure includes the usage of MPI libraries, so the
numerical implementation could be used in both distributed and shared memory

systems.
In the present study, the parallelization is conducted only for velocity calculation

subroutine. Because the main computational effort is spent in this subroutine, as it

is figured below (Figure 2-7):
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Figure 2-7The required time at each time step for a whole calculations at
that time step and only velocity calculation process

At this test case, % 71.3 of total time is spent for velocity calculation process.

2.12.1 Parallel Environment

The parallel computation of present method is carried on a shared memory
system (on a workstation computer) for the test case. The computer has two Intel
Xeon E5530 2.4 GHz processors each having 4 cores and 24 GB shared memory.

The operating system is Microsoft Windows Vista Business.
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2.12.2 Parallel Efficiency

As a test case, flow around a bridge section with 200 panels is solved for 300
time steps by using respectively 1, 2, 4, 6 cores of the computer. The speed-up

graph is below (Figure 2-8):
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Figure 2-8The speed-up graph of parallel implementation

According to the graph (Figure 2-8), the efficiency of parallelization is not
enough. The speed-up limit is found nearly 2.5. Therefore, it is needed to review

the parallel implementation.
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CHAPTER 3

VALIDATION STUDIES

3.1 Introduction

In this chapter, the case studies performed to verify the numerical implementation
are detailed. The case studies are selected as basic unsteady bluff body flow
problems, such as a circular and a square cylinder and a NACA 0012 airfoil
(since bluff bodies are defined according to the inflow direction, a streamlined
body may still be bluff at certain angle of attack). In these case studies, the focus
point is to match pressure distribution, wind loads, flow characteristics and
Strouhal number, which are important for wind engineering to design a structure,

with the experimental data.

3.2 Flow Past A Circular Cylinder

Flow past a circular cylinder is an important and a challenging problem in
computational fluid dynamics. This problem is also considered as a standard
benchmark problem in the vortex methods community. So that is a good reason to
start verifying numerical implementation by solving the problem that flow past a
circular cylinder. Another reason for choosing this problem is that for such a flow
there is a large amount of experimental data available to check the computations.

The test cases are performed for a circular cylinder at Reynolds number 10 000.
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The results obtained from the implementation are compared with the
experimental data and DNS results. But, first of all to show grid independency,
number of panels and grid spacing values are varied and the optimum numerical

parameters are fixed.

3.2.1 Selection of Numerical Parameters

To detect optimum values of numerical parameters, such as number of panels,
grid spacing values, flow past a circular cylinder at Re 10 000 is solved with
different numerical parameters. Then, the results are compared with experimental

values.

For the sake of detecting optimum numerical parameters, flow past a circular
cylinder is solved for number of panels, N = 60, 120, 200, 300 and grid spacings,
As =0.1, 0.05, 0.025 of diameter of the circular cylinder.

3.2.1.1 Selection of number of panels

Firstly, the effect of number of panels on the result is considered. To be able to
evaluate the effect of number of panels As is held fixed at 0.05 D, and the number
of panels is changed to 60, 120, 200, and 300. The results are as following:

Table 3-1 Comparison of cd results of simulations with different numbers of
panels and experimental data (Figure 3-10) [58]

Number of panels | Predicted cd value Exper\i/r;czztal cd Diffza‘;)e)znce
60 1.4318 =~1.20 19.32
120 1.3567 ~1.20 13.06
200 1.3136 ~1.20 9.47
300 1.3428 ~1.20 11.90
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Figure 3-1Comparison of pressure coefficients on cylinder surface between
simulation (Re 10 000) with different panel numbers and experimental data,
Re 8000 in Norberg [59]
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Figure 3-2 Time history of force coefficients of present study around a
circular cylinder at Re 10 000 with different panel numbers
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Table 3-2 Comparison of present cl r.m.s. results on cylinder surface
between simulations with different numbers of panels and experimental

value [60]
Predicted cl Experimental cl Difference
Number of panels

r.m.s. value r.m.s value (%)
60 0.597 0.532 12.22
120 0.568 0.532 6.77
200 0.557 0.532 4.70
300 0.596 0.532 12.03

Table 3-3 Comparison of Strouhal number on cylinder surface between
simulations with different numbers of panels and experimental values
(Figure 3-11) [60, 61, 62]

Number of panels Predicted Experimental Difference
Strouhal number Strouhal number (%)
60 0.166 =0.2 17.00
120 0.176 =0.2 12.00
200 0.196 =0.2 2.00
300 0.188 =0.2 6.00

According to analyses done with different number of panels, it is concluded that
selection of number of panels affects the results for force and vortex shedding
frequency values. Moreover, it could be said that increasing number of panels
improves accuracy of simulation up to a point. For the present results for flow

past a circular cylinder simulation, ‘200’ is considered the optimum number for

number of panels.
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3.2.1.2 Selection of grid spacing

After deciding the number of panels, to decide the optimum grid spacing value,
simulation of flow around a circular cylinder at Re 10 000 is performed for

variant grid spacing values (h) with 200 panels. The results are as following:

_Nporberg (1992),
1=0.025D |

™
=0.05D

0.5

Pressure Coefficient

Theta (Degree)

Figure 3-3Comparison of pressure coefficients on cylinder surface between
simulation (Re 10 000) with different panel numbers and experimental data,
Re 8000in Norberg [59]
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Table 3-4 Comparison of present cd results on cylinder surface between
simulations with different numbers of panels and experimental values
(Figure 3-10) [58]

Grid Spacing (D) Prefi/;clheed cd Exper\i/r;wlle;r;tal cd Diff;a;snce
0.1 1.2987 =1.2 8.23
0.05 1.3136 =1.2 9.47
0.025 1.2625 =1.2 5.21

Table 3-S5 Comparison of present cl r.m.s. results on cylinder surface
between simulations with different numbers of panels and experimental
values [60]

crasacng(0) | oot | e | o
0.1 0.530 0.532 0.38
0.05 0.557 0.532 4.70
0.025 0.583 0.532 9.84

Table 3-6 Comparison of Strouhal number on cylinder surface between
simulations with different numbers of panels and experimental values
(Figure 3-11) [60, 61, 62]

Grid Spacing (D) Predicted Experimental Difference
Strouhal number Strouhal number (%)
0.1 0.179 =0.2 10.50
0.05 0.196 =0.2 2.00
0.025 0.174 =0.2 13.00
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Figure 3-4 Time history of force coefficients of present study around a
circular cylinder at Re 10 000 with variant grid spacing

According to the results for pressure coefficient distribution, the simulation with
h=0.1 D under-predicts the base pressure, but the simulations with h=0.05 and
h=0.025 D predict the base pressure value better according to the results.

Moreover, the best results is obtained with h=0.05 D.
When force coefficients are considered, drag coefficient is best predicted with

grid space size, h=0.025 D. On the contrary of drag coefficient, lift coefficient

root mean square value is best predicted with grid space size, h=0.1 D.
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Finally, Strouhal number is best predicted with grid space size of h=0.05 D. So it
is hard to say that the solution is better with finer grid among the experienced
grid space sizes. As a consequence, it is decided to use 0.05 D grid spacing that
gives the closest Strouhal number which is important to get accurately for wind
engineering problems. So, the analyses conducted after that is performed with

these parameters (200 number of panels and 0.05 D grid spacing).

3.2.2 Flow past a circular cylinder at Re 10 000

After deciding the numerical parameters, flow past a circular cylinder at Re 10
000 is solved for longer time. Then the results that are obtained for longer time
are compared with results of experiment of Norberg [59] and DNS of Karniadakis

et. al. [64].

3.2.2.1 Flow Patterns

40 - Re < SOANDSD < Re < 150

- ™ TWD REGIMES IN WHICH VORTER
/? Q /q ' STREET IS LAMSNAR
150 - Re < I06 TRAMSITION RANGE TO TURBL-
e, T ~ LENGE IN YORTEX
_-\-

'\rj 00 - Be T 31X 0% VORTEX STREET IS FULLY
B '" TURBULEMNT

Figure 3-5 Flow patterns for circular cylinder at different Reynolds number
[65]

There should be a laminar separation at Re 10 000, on the surface of circular

cylinder and there should be a Karman Vortex Street which is fully turbulent. So,
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it is expected from numerical simulation that the separation point should be
predicted accurate, and the obtained vortex shedding frequency should be close to

DNS results.

Figure 3-6 Flow around a circular cylinder at non-dimensional time 100 for
Re 10 000

From the figure (Figure 3-6), it could be seen that the numerical implementation
captured the vortex street well for both cases. To compare the vortex shedding
frequency and separation points, Strouhal number and pressure coefficient

distribution should be obtained.

3.2.2.2 Pressure Coefficients

Firstly, mean pressure coefficient distribution on the circular cylinder surface is

compared with the experimental data by Norberg [59] at Re 8000.
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Figure 3-7 Comparison of pressure distribution around a circular cylinder of
present study with Norberg experiment [S9].

According to graph (Figure 3-7), quite reasonable results are obtained which is
well-matched with experimental data. Especially, base pressure value of
simulation exhibits a good agreement with experimental value. Although, the
numerical simulation found the separation point slightly further downstream.
Moreover, in the region that upstream of separation, the accelerating potential
flow is predicted slower. This is arguably because of that RVM over-predicts

minimum pressure, so the potential flow accelerates slower.
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3.2.2.3 Force Coefficients

The comparisons for the fluid flow around a circular cylinder case are made also
with force data (Figure 3-8, Figure 3-9). It should be noted that, the forces
calculated with RVM is obtained by considering only pressure forces, so viscous
forces are neglected. But this is a reasonable assumption, since for bluff bodies
the dominant force is the pressure force. The results obtained for Re 10 000 are

figured and tabulated at following tables (Table 3-7, Figure 3-8);

cl

cd |

T

Pt A s Wy

I VY ‘-"(‘\,.!r VY
©
[+
o

| | : i | I | | . |

40 60 80 100

tu/D

Figure 3-8 Time history of force coefficients of present study around a
circular cylinder at Re 10 000
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Figure 3-9 Time history of force coefficients of DNSof uniform flow past a
circular cylinder at Re 10 000 [64]
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Table 3-7 Comparison of force coefficient values of the present results with
experimental values and DNS results

Case cd clr.m.s
RVM 1.325 0.573
Experimental results [58] ~1.2 -
Moeller and Leehey [60] 1.186 0.532
*DNS - B1 [64] 1.208 0.547
*DNS - B2 [64] 1.120 0.497
*DNS - B3 [64] 1.143 0.448

* B1, B2, B3 mean analyses done with different resolutions at the paper [64]

According to the results, the numerical implementation over-predicts drag
coefficient value. This is surely, because of inability to catch minimum pressure

value. Although, cl r.m.s. value is in a good agreement with experimental value.

3.2.2.4 Vortex Shedding Frequency

The vortex shedding frequency is an important design parameter for structures
Therefore, to predict the accurate vortex shedding frequency is challenging and
important. The dimensionless parameter which describes the shedding frequency

is the Strouhal number;

St = fLJV (2.23)
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Where St is Strouhal number, f is the shedding frequency and V is free stream
flow velocity. In this study, the Strouhal numbers are calculated and compared

with experimental data (Figure 3-11) and DNS results.
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Figure 3-11 Strouhal number for a smooth circular cylinder. Experimental
data from: Solid curve: Williamson [61]. Dashed curve: Roshko [62]. Dots:
Schewe [63]

The frequency of vortex shedding which are obtained with the numerical
simulations, are calculated by using lift coefficient oscillations. By taking discrete
Fourier transform of lift oscillations, between dimensionless time 20-90 for Re 10
000, where complete fourteen oscillation cycles are completed, the frequencies of
vortex shedding are calculated (Figure 3-12). Then, the dominant frequencies are

averaged according to their amplitude, so Strouhal number is obtained.
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Figure 3-12 Discrete Fourier transformation result of lift oscillation of
analysis around a circular cylinder at Re 10 000

The results of numerical simulations and their comparisons with experimental

data are tabulated at following table (Table 3-8).

Table 3-8 Comparison of Strouhal number that obtained from present study
around a cylinder at Re 10 000 with experimental data

Case Strouhal Number
RVM 0.195
Experiment [61], [62], [63] =0.2
DNS - B1 [64] 0.200
DNS - B2 [64] 0.205
DNS - B3 [64] 0.203
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Actually, the obtained results are in very good agreement with the experimental
value and DNS results. So, the results are encouraging to simulate wind
engineering problems, in which vortex shedding frequency is an important

parameter.

Hence, the results clearly show the ability of the numerical implementation to

simulate flow around a circular cylinder.

3.3 Flow Past A Square Cylinder

As a first test case, flow around a circular cylinder is selected, whereas, from
engineering point of view, it is also necessary to investigate flow around different
bluff body shapes, such as a shape with sharp edge corners. So as a second test
case, the fluid flow around a square is studied. The analysis is performed at Re 20
000. The reason for choosing Re 20 000 is that there is available experimental
and numerical results for the square cylinder at this Reynolds number. So, the

calculated results are compared with these experimental and numerical values.

3.3.1 Flow Patterns

At Re 20 000, it is expected that there is a strong vortex shedding. So the flow is
characterized by a Karman vortex street, which is formed from vortices that in a
regular alternating arrangement. Moreover, the separation should occur from

upstream corners.
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Figure 3-13 Flow around a square cylinder at non-dimensional time 30 for
Re =20 000

The flow pattern at dimensionless time 30 is shown at figure (Figure 3-13). From
the figure (Figure 3-13), the regular vortex shedding and the separation at

upstream could be seen clearly.

3.3.2 Pressure Coefficients

The comparison of pressure coefficients are made with the experimental results

[66]. The comparison is at the following figure (Figure 3-14);
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Figure 3-14 Comparison of present results around a square cylinder at Re 20

000 with experimental result of Chen et al. [66]

When the results of pressure coefficients are compared, it is seen that the pressure
coefficients for the upstream flow edge is well matched (Figure 3-14). Moreover,
it is obvious from the pressure distribution, in both cases, flow separation occurs
at upstream corners. Furthermore, base pressure value is predicted well, when it
is compared with experimental value. However, as it was also seen in the
simulation of the flow around a circular cylinder, potential flow isn’t able to

accelerate enough and for this reason between A-D and between B-C pressure

coefficient is over-predicted.
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3.3.3 Force Coefficients

The comparisons of results are made again with the experimental data (Figure
3-16). The force coefficients are calculated between non-dimensional time 22-99,
where eleven complete oscillations is completed. The time history of coefficients

and experimental results are figured below (Figure 3-15, Figure 3-16);

cl, cd

tu/L

Figure 3-15 Time history of force coefficients of present study around a
square cylinder at Re =20 000
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Figure 3-16 Experimental [67], [68], [69], [70], [71], [72], [73]and numerical
[74], [75] drag coefficient values at different Re

Table 3-9 Comparison of the present result of drag coefficient at Re 20 000
with experimental value in literature (Figure 3-16)

Re RVM Experimental Difference (%)

20 000 2.1696 =~2.15 1.0
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The difference between drag coefficient value of the present simulation and
experimental value is around % 1, which is acceptable from an engineering point

of view.

Root mean square lift coefficient of the simulation is compared with some
numerical values. The comparison is at following table:
Table 3-10 Comparison of lift coefficient root mean square value of the

present simulation of flow around a square cylinder at Re 20 000 with some
numerical results [76], [77]

Reference Numerical Method clr.m.s
Present Simulation Vortex Methods 1.11
Wang and Vanka [76] LES 1.29
Porquie et. al. [77] LES 1.01,1.02,1.12

According to the results (Table 3-10), the ¢l r.m.s value is in a good agreement

with numerical results.

3.3.4 Vortex Shedding Frequency

To detect Strouhal number, again time history of lift coefficient is used. Discrete
Fourier transform of lift coefficient is calculated to obtain frequency (Figure

3-17).
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Figure 3-17 Discrete Fourier transformation result of lift oscillation of
analysis around a square cylinder at Re 20 000

The comparison of Strouhal number is made with experiment of Lynet.al. [78],

[79]. The results are tabulated below (Table 3-11);

Table 3-11 Comparison of Strouhal number obtained from present study of
flow around a square cylinder at Re 20 000 with experimental result of Lyn
et. al. [78], [79]

Re RVM Lynet. al.[78], [79] Difference (%)

20 000 0.145 0.132 9.8
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3.4 Flow Past NACA 0012 airfoil at angle of attack 20°

To show capabilities of random vortex methods to solve separated flows, flow
past NACA 0012 airfoil simulation at angle of attack 20° is conducted with

current numerical implementation.

3.4.1 Flow Patterns

At large angles of attack, there is a flow separation around NACA 0012 airfoil
which occurs close to the leading edge and there occurs a large recirculation zone
above the airfoil surface. Moreover, large vortices which shed from leading edge
intermittently formed. Therefore, it is expected from the present solver to capture

these large vortices and the recirculation zone that is above the airfoil surface.

Figure 3-18 Flow around NACA 0012 airfoil at non-dimensional time 20 for
Re =10 000, at angle of attack 20’

It could be seen from the figure (Figure 3-18), large vortices which shed from

leading edge formed intermittently, and there is a recirculation zone above the

48



airfoil. So, the present study gives the main features of the flow around NACA

0012 airfoil at 20° of angle of attack.

3.4.2 Pressure Coefficients

o
o

Pressure Coefficient
[an]

| IR

/
Il
%

Figure 3-19 Calculated mean pressure coefficient pressure distribution
around NACA 0012 airfoil at Re 10 000 and at 20° angle of attack

From the figure (Figure 3-19), the separation from the leading edge could be seen
clearly. Moreover, the effect of trailing edge vortex which rolls up unsteadily to

the upper surface could be seen as an increase in pressure coefficient, after chord
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length of 0.8. On the contrary of upper surface, on the lower surface, where flow

is always attached, flow is accelerated, so the pressure decreases steadily.

3.4.3 Force Coefficients

The separation, which causes intermittently formed large vortices, leads to an
alternating pressure distribution, hence changes in lift coefficient value with time.
On the contrary of lift coefficient, the oscillations in drag coefficient is smaller,
furthermore the oscillations in drag coefficient is coherent with lift oscillations.
So, this entire phenomenon could be seen from the time history of force

coefficient, which is obtained from present study (Figure 3-20).
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Figure 3-20 Time history of force coefficient of present study for flow around
NACA 0012 airfoil at angle of attack 20° and Re 10 000
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Moreover, the comparison of mean force coefficient values with experimental
data [80] is conducted and a fairly good agreement with experimental results is

seen.

Table 3-12 Comparison of force coefficient of present simulation results with
experimental results [80]

Reference cl cd
Present Simulation 0.513 0.2816
Experiment [80] 0.584 0.2970

3.5 Flow Past an Oscillating Circular Cylinder at Re 10 000

In this section, flow past a circular cylinder experiencing a forced oscillation with
the frequency 0.21 Hz, and displacement amplitude 0.3 D. The emphasis is put on
the influence of forced oscillation on only force coefficients. The comparisons are

made with both numerical and experimental results.

3.5.1 Force Coefficients

The comparisons of results are conducted with the experimental and numerical

results (Table 3-13).
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Table 3-13 Comparison of force coefficient of present simulation results with

experimental and numerical results

Reference cl magnitude cd
Present Simulation 1.4752 1.881
Gopalkrishnan [81], Exp. =1.29 =1.65
Karniadakis et. al. [64], DNS =1.23 =1.51
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Figure 3-21 Time history of lift coefficient and cylinder displacement in flow
past an oscillating cylinder at Re= 10 000; oscillation frequency fD/U=0.21;

Y/D=0.3, Present simulation
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Figure 3-22 Time history of lift coefficient and cylinder displacement in flow
past an oscillating cylinder at Re= 10 000; oscillation frequency fD/U=0.21;
Y/D=0.3, DNS [64]

The simulation has captured dramatic increase in oscillation amplitude of lift
coefficient, but it over-predicts the value. Moreover, the lift force of the
simulation oscillates at the cylinder oscillation frequency (Figure 3-21) which is
also the case for DNS [64] (Figure 3-22). The present simulation gives moderate
change in drag coefficient as DNS [64] and experiment [81]. However, the
simulation again over-predicts the value of drag coefficient. Despite over-
prediction of force coefficients (around % 10), the simulation has captured main

features of flow around an oscillating cylinder at Re 10 000.
Having shown the applicability of random vortex method based parallel solver to

bluff body aerodynamics problems, it is performed to solve flow around long

span bridge cross section.
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CHAPTER 4

AERODYNAMIC ANALYSIS OF LONG-SPAN BRIDGE
CROSS-SECTIONS

4.1 Introduction

In this chapter, the developed numerical implementation will be used to deal with
an important computational wind engineering problem that flow over long-span
bridge section. Since the vortex-induced forces acting on the bridge section is
important, the random vortex method is a suitable technique to analyze a bridge
section. So, here the method is applied to a bridge section which is a trapezoid
section with B/D ratio 15. Moreover the results that obtained from analysis will
be compared with the experimental and numerical data, which are obtained by

Uzol & Kurg [82]

The validation study of square section cylinder (generally rectangular section
cylinder) best applies to the shape of long-span bridge decks." In regard to these
cylindrical bodies, it is widely recognized that their width-depth ratio B/D
strongly affects the characteristics of the separated shear layer that is generated at
the leading edge [83]. From this point of view, such sections are classified into
two categories, namely, the "separated-type" sections(compact cross sections)
and the "reattached type" sections (elongated cross-sections) [84]. The former are
generally prone to Karman-type vortex shedding, whereas the latter present more

complex phenomena, such as discontinuities in Strouhal number at B/D = 2.8 and
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B/D = 6 or the double mode in the lift fluctuations due to unsteady reattachment
of the separated shear layer on the side surfaces at 2.0 <B/D < 2.8 [85]. Likewise,
most of the bridge decks are quite elongated (B/D = 7) so that occurrence of a
reattached shear layer calls for a proper evaluation of other characteristics of the
flow, such as the extent of the separation bubble, the convection of the vortices
along the surfaces of the deck, and the interaction between vortices shed from the
windward and leeward edges [86]." [87]. Since B/D ratio of the investigated

bridge section is 15, it is a reattached type section.

4.2 Problem Definition

The geometrical properties of the analyzed trapezoidal bridge section are as

followed:

D
Figure 4-1 Trapezoidal bridge section
Width (B) =1lm
Height (D) =0.0666 m
Width/Height (B/D) ratio =15
Side Angle (o) =45°
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Analyses are conducted at the same conditions (Table 4-1) with the experiments
of Uzol & Kurg [82] (for bridge section of aspect ratio 15 at 5.5 m/s, 9.5 m/s and
14 m/s velocities). The results are compared with the experimental and numerical

results which are given in his report [82].

Table 4-1 The flow conditions that is used flow past a long span bridge
section analyses

AR U [m/s] Re #

15 55 1.16E+04
15 9.5 1.97E+04
15 14.0 3.00E+04

4.3 Flow Pattern

Figure 4-2 Flow pattern for the velocity 5.5 m/s at non-dimensional time 10
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Figure 4-3 Flow pattern for the velocity 9.5 m/s at non-dimensional time 10

Figure 4-4 Flow pattern for the velocity 14 m/s at non-dimensional time 10

Over the bridge section unsteady re-attachment of separated shear layer is
observed. Therefore, the wake is consisted of the vortices that shed unsteadily
from upstream and downstream corners. So, an irregular vortex shedding is
observed (as it is expected for reattached type sections), as it could be seen from

the figures (Figure 4-2, Figure 4-3, Figure 4-4).

4.4 Force Coefficients
The force coefficients were compared with the experimental and numerical data.

The time histories of force coefficients that were obtained from the numerical

analysis are illustrated at the figures (Figure 4-5, Figure 4-6, Figure 4-7):
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Figure 4-6 Time history of force coefficients of bridge section at velocity 10
m/s
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Figure 4-7 Time history of force coefficients of bridge section at velocity 15
m/s

When the time histories of force coefficients are evaluated, it is seen that the drag
coefficient values are almost constant with time, there is only small oscillations
which is in harmony with lift oscillations. Lift coefficient values represent
oscillations which are not regular. Actually, it is an expected attribute, since there
is observed unsteady re-attachments of shear layer. The comparison of the

calculated values with experimental and numerical data is illustrated below
(Table 4-2, Table 4-3):

Table 4-2 Comparison of lift coefficient results of RVM with experimental

values
Velocity (m/s) Experimental URANS* RVM
55 -0.035 -0.049 -0.031
9.5 -0.045 -0.051 -0.033
14.0 -0.047 -0.049 -0.046

*URANS values are gotten by interpolation
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Table 4-3 Comparison of drag coefficient results of RVM with experimental

values
Velocity (m/s) Experimental URANS* RVM
5.5 0.030 0.055 0.0411
9.5 0.034 0.054 0.0413
14.0 0.030 0.054 0.0404

*URANS values are gotten by interpolation

According to results, lift coefficient values of present simulation are close to

numerical and experimental data.

4.5 Vortex Shedding Frequency

The last comparison is made for Strouhal numbers. The results are as following

(Figure 4-8, Figure 4-9, Figure 4-10);
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Figure 4-8 Discrete Fourier transformation result of lift oscillation of
analysis around the bridge section for velocity 5.5 m/s
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Figure 4-9 Discrete Fourier transformation result of lift oscillation of
analysis around the bridge section for velocity 9.5 m/s
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Figure 4-10 Discrete Fourier transformation result of lift oscillation of
analysis around the bridge section for velocity 14 m/s

The comparison of the results is tabulated at following table (Table 4-4):
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Table 4-4The comparison of the results of Strouhal numbers of the present
simulation with experimental and numerical results

Velocity (m/s) Experimental URANS* RVM
5.5 0.152 0.138 0.157
9.5 0.148 0.145 0.165
14.0 0.146 0.136 0.161

*URANS values are gotten by interpolation

The results given in the table for present simulation includes only the dominant
frequency. But there are frequencies that have amplitudes close to the amplitude
of the dominant frequency, especially for 14 m/s. Nevertheless, this is an
expected phenomenon for re-attachment type bridge section, where unsteady re-
attachments occurs, and is strong interaction between vortices shed from

upstream and downstream corners.

When the comparison table (Table 4-4) is evaluated, the results obtained from the
numerical implementation are in fairly good agreement with experimental and

numerical results.

4.6 Test Case: Flow Past Oscillating Bridge Cross Section

Finally, the numerical implementation is performed to solve flow past an

oscillating bridge cross section, which undergoes a forced sinusoidal oscillation

with the non-dimensional frequency 0.1 and amplitude of 0.1 length of the cross

section in the cross flow direction at the uniform velocity of 5.5 m/s. As a cross
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section, the bridge cross section around which stationary flow is solved before

(Figure 4-1) is selected again.

For this simulation, flow patterns and physical quantities are considered. Flow

patterns at different non dimensional times are illustrated below (Figure 4-11):

D
=

8 5
D

O“ 2“ 4“ 6
B B

Figure 4-11 Flow around an oscillating bridge cross section at non-
dimensional time (tU/B) 2,4, 6, 8

When the flow patterns are considered, it could be seen that there is more regular

vortex formation than the vortex formation obtained for flow around a stationary
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bridge cross section. Because now there is only one dominant vortex shedding
frequency that is the oscillation frequency of the bridge cross section. As a
consequence of this event, vortices form only with this frequency, so they show
more regular patterns. It could be also observed from time history of lift

coefficient (Figure 4-12).
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Figure 4-12 Time history of lift coefficient and bridge section displacement
for flow past an oscillating bridge cross section; oscillation frequency
fB/U=0.1; Y/B=0.1

64



CHAPTER 5

SUMMARY &CONCLUSIONS

5.1 Summary

In the present study, a random vortex method based parallel solver to analyze
wind engineering problems has been developed. Its validation has been
conducted by analyzing flow past bluff bodies, such as a square and a circular
cylinder, a NACA 0012 airfoil at angle of attack 20°. Moreover, having shown
the applicability of the method to stationary problems, as a non-stationary

problem, flow past an oscillating circular cylinder is considered.

A fairly good agreement is achieved in physical quantities with experimental and
numerical results in literature for both stationary and non-stationary flow
problems. Furthermore, the computer code is found generally successful to

capture general flow features and patterns.

Having shown the validity and the applicability of the random vortex method
based numerical implementation to bluff body problems, its application to the
general wind engineering problem, flow past long-span bridge cross section, is
conducted. The numerical implementation is again considered successful to solve
this complex flow, when the results are compared with the numerical and
experimental results of Uzol & Kurg [82]. Finally, as a test case, the numerical

implementation is performed to solve the flow around an oscillating long span
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bridge cross section. As a result, reasonable flow features and physical quantities

are obtained.

5.2 Conclusions

As a consequence, the remarkable conclusions that can be drawn from the current

study are as follows:

The results of present work proves the random vortex method is well-
suited to bluff body aerodynamics problems, in which there is a
circulation region introduced by flow separation at downstream and a
oscillating wake composed of vortices.

Moreover, the results also illustrate that, the random vortex method has
the potential to be a strong tool for the analysis of wind engineering
problems, such as flow past long span bridge cross sections.

Furthermore, it is found that with comparatively little effort, the random
vortex method is able to analyze moving bodies, since there is no need
body-fitted mesh.

In addition to these, even the parallel implementation used in this study
couldn’t manage to be successful enough; it was shown that random

vortex methods are suitable for parallelization.

5.3 Scope for Further Work

In order to have a more useful tool to analyze wind engineering problems, as a

future work the items listed below could be implemented:
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Fast algorithms could be used for example the velocity calculation could
be done by solving poisson equation with fast fourier transform instead of
direct method.

Diffusion equation could be solved by using a deterministic method such
as particle strength exchange method [88].

Parallelization could be improved, by using better algorithms and by
parallelizing all subroutines in the computer code.

Moreover, the computer code could be adapted to be run on GPU "which
offers an order-of-magnitude better price performance ratios than CPUs
(under 1 USD per GFlop/s for the NVIDIA 8800 GTS compared with 10-
15USD for entry-level quad-core CPUs) with increasingly less restrictive
programmability" [89].

Finally, the code could be improved to be able to simulate 3D unsteady

viscous flows.
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