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Abstract

Using the balanced cantilever method of erection, the cable-stayed bridge during its critical
construction phase resembles a long overhanging cantilever structure. This type of structure
is particularly vulnerable to wind-induced buffeting instabilities because of its low natural
frequencies and low overall stiffness.

In the past, the critical buffeting case for both vertical and horizontal excitation was assumed
to occur when the wind was incident perpendicular to the bridge's axis. Recent observations
in some cable-stayed bridges during construction revealing higher lateral responses at yaw

angles other than perpendicular have triggered interest in the lateral vibration case.

Buffeting instabilities are affected mainly by the aerodynamic damping term. Experimental
research for the vertical aerodynamic damping resulted in the cosine approximation. In the
absence of available experimental data for lateral vibration, the cosine approximation is

extended from the vertical case and assumed to be valid for the lateral aerodynamic term.

The experimental section of this thesis attempts to clarify the validity of the cosine
approximation for the lateral aerodynamic damping case. Cantilever-type section models are
triggered into vibration under various wind speeds and over a range of yaw angles, the

aerodynamic damping is calculated, and the results are studied.
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Chapter 1
Introduction

1.1 The Cable-Stayed Bridge

From spanning shallow streams to stretching over vast and deep waterways, the bridge has
always been a useful structure in our society. Whether for municipal, military, or recreational
purposes, bridges have been built in a variety of configurations and using a wealth of different
materials. As time passes, however, the strive is for bigger. Through the development of
stronger and lighter building materials, coupled with a staggering increase in numerical
computing power, the road has been paved for the rise of the long span bridge.

One particular type of long span bridge, the cable-stayed bridge, has become a common
choice for the bridge designer. Aesthetically pleasing, as well as structurally sound, the cable-
stayed bridge blends an equal mixture of form and function into a unique structure which can
transform an ordinary sea channel into a picturesque landscape.

The interaction of the long span bridge with the natural wind has always been a subject of
consideration and concern. Through the increase in span length, the wind engineer has been
forced to better understand his/her technique and its application towards the creation of these

longer spans. Overlooking such an integral portion is sure to lead to instabilities or even
disaster.

Through to the present day, a vast amount of research has already been accomplished in the
field of wind effects on long span bridges. From selecting a deck section which will remain
stable in high winds, to predicting the bridge response during its construction stages, the
theoretical and analytical development has been quite remarkable.



Much of the previous analysis of cable-stayed bridges have typically focused on winds
incident normal to the bridge axis. Only recently have serious considerations been taken to
understand the effects of the situation where the wind strikes the partially completed bridge at
an angle other than normal (yawed; see Figure 1.1 for a description of yaw angle). Although
in the wind tunnel phase, there have been some studies carried out to investigate the effects of
the yawed case, the theoretical development has not been studied in detail. Even less
common, has been the theoretical study regarding the effect of the yawed wind when the
bridge is excited in a horizontal vibration mode.

1.2 Scope of Thesis

The scope of this thesis is to attempt to clarify the aerodynamic drag damping for horizontal
vibration modes as it applies to cable-stayed bridges during construction phases. The first
part of the thesis consists of a quite extensive review of buffeting theory combined with a
review of the some of the parameters used to describe the incident wind. The buffeting theory
begins with the original contributions by Davenport and leads into some of the more recent
work dealing with the particular wind loading case pertinent to this thesis (i.e., the yawed

wind case). As well, some wind tunnel test results from past bridge studies are discussed.

The second part of this thesis focuses on the wind tunnel experiments performed in order to

- measure aerodynamic drag damping of various bluff rectangular sections oscillating in smooth
flow. A description of the experiment is followed by a discussion of the results with reference
to their general applicability.

The final part of this thesis involves verifying the accuracy of the existing modified buffeting
theory proposed by Kimura et al. (1998). Aerodynamic damping test data is used in order to
calculate some typical responses of aerodynamically bluff sections in a Aypothetical turbulent
wind, and these results are compared with similar responses using the quasi-steady theoretical
approach for calculating aerodynamic damping.



Chapter 2
Historical Development of Buffeting Analysis

2.1 Wind-Structure Interaction

The wind loading on a structure is indeed a complex problem with many interactive factors
requiring consideration. The problem can be simplified through a basic understanding of the
flow-structure interaction. When the wind hits an object, it pushes against that object,
resulting in structural deflection. As most structures are sufficiently stiff to resist most of this
pushing force, the flow is forced around the structure. The detailed flow field around any
given structure is unique and will depend on the incident wind properties -- mean wind
velocity, turbulent fluctuation intensities, etc.; the structural geometry -- width, length,
location of railings, aerodynamic appendages, etc.; as well as the motion of the structure
itself. The moving structure may cause the incident wind to further deflect and the flow field
may be subsequently altered. It is important for the engineer to understand the types of forces
which may be acting on a structure and their relative importance. Following is a brief outline
of the forces which may be present as a structure interacts with the surrounding wind field.

(i) Vortex-Shedding Excitation:

When the flow passes over a structure, periodic vortices are shed downstream of the trailing
edge. These alternating vortices, known from earlier aerodynamic theory as von Karman
vortices, generate an alternating force on the structure in the cross-wind direction. For a
bridge, these alternating vortices produce lift forces. As the mean wind speed of the flow is
increased, the shedding frequency also increases. If the shedding frequency is well out of the
range of any natural frequency of the structure, then the structure's response will not be
influenced much by these types of forces. However, shedding frequencies within a certain
range of a natural frequency may cause resonance effects which can lead to limited amplitude
dynamic instabilities if the structural damping ratio for the resonant vibration mode is low.
Suppressing vortex-induced vibrations can be accomplished at a relatively early stage of the

3



design often through section model testing. Vortex shedding frequencies of a deck section
can be altered by changing the cross-sectional shape, adding railings or other appendages, or
modifying the stiffness (although this last method tends to be more difficult).

(ii))Motion-Induced Forces:

Normally a long span bridge will be in a constant state of motion likely induced by
surrounding winds or traffic loading. A deck in constant motion can be described at a
particular instant by its velocity, relative deflection from its static zero position, and inertial
properties due to the changing acceleration of the bridge as it oscillates in a particular
vibration mode. When the deck is surrounded by moving air, the velocity, deflection, and
inertia tend to change the local flow patterns around its cross-section. Changing the flow
patterns will result in a change of pressure distributions around the bridge deck, which, for a
given pressure distribution, will result in a net total force effectively acting at a certain point
and in a certain direction. Depending on the magnitude and orientation of this force, further
excitation of the bridge deck may be triggered. If this net force is acting in the same direction
as the bridge motion, its effect will likely be to increase the amplitude of vibration. These
motion-induced forces are commonly referred to as self-excited aerodynamic forces and can
play a significant role in the stability, or lack thereof, of a particular bridge section under
certain wind conditions. One of the formulations of self-excited forces acting on long span
bridges was introduced by Sabzevari and Scanlan (1968). Today, it is considered important

for engineers to examine the effects of self-excited forces when designing long span bridges.



(iii)Gust Buffeting:

An obstacle placed in the path of moving air is subjected to a force proportional both to the
square of the relative speed at which the air is moving and to some linear dimension of the
obstacle. For a non- fluctuating wind, this dynamic force is of constant value with respect to
time and can be described by the following equation:

- %pU;CDB 2.1)

where P is the dynamic force per unit width, p is the air density, U is the relative mean wind
speed, C, is the drag coefficient usually dependent on the overall shape (length, width, depth,

support conditions) of the obstacle, and B is a linear dimension of the obstacle typically taken
as the width or depth of the deck.

When the wind contains random fluctuations in its velocity, however, the dynamic force
changes with time. These time-varying dynamic forces are known as buffeting forces and are

always present in a natural wind, regardless of the bridge deck motion or the self-excited
forces.

For any time-dependent force, if its time dependency is periodic, the corresponding response
of a structure subjected to this force is also shown to be periodic. The dynamic pressure, a
randomly fluctuating force, can be best described periodically through Fourier analysis as an
infinite sum of various sinusoidal components. This Fourier analysis leads to a statistical
approach to the problem of gust buffeting (the most common method employed today), that
results in a statistical response to the incident wind.



2.2 Statistical Properties of the Incident Wind

Due to its random nature, the incident wind, for the purpose of buffeting calculations, is
usually described in a statistical way. If a single point wind record is taken and averaged over
an hour (common averaging time is usually anywhere from ten minutes to an hour), the
average or mean wind speed can be described as

_1%
U== { U(t)dt (2.2)

where U(¥) is the instantaneous wind velocity recorded at time ¢ and 7 is the averaging time.

The mean square fluctuating component (or variance) of the wind velocity can then be
calculated using the mean wind speed as follows:

T
ol =2 [ (WU~ a @3)

The root-mean-square (RMS) or standard deviation is then the square-root of the variance:

o, =Vo! (2.4)

Another important parameter is the covariance. Covariance gives a measure of how two
quantities are related to each other. For example, if two wind velocities recorded
simultaneously over a length of time at two different points, both in the mean flow direction,
are multiplied together at each time step, averaged, and divided by the product of the RMS
velocity values of each of the components, the correlation will be obtained. The correlation is
a normalized covariance obtained by dividing by the product of the RMS values of the two
velocities (common definition). If this value is unity, the velocities are said to be perfectly
correlated: i.e., on average, the two wind velocities are of the same magnitude and direction.
If the coefficient is negative unity, the velocities are perfectly negatively correlated: on
average they have the same magnitude but completely opposite directions with respect to
their coordinate axes. A correlation of zero would indicate no correlation whatsoever,
meaning that it would be impossible to predict the magnitude and direction of one velocity
component knowing the values of the other. Two different types of zovariance relationships
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are important in our case:

1. Time correlation: wind velocities are recorded at the same point but at various different
time lags. Mathematically, this can be described as follows:

Ry(t)=u,(1)u,(1+7) 2.5)
where u is the instantaneous velocity and the overbar denotes the average of many different
points. The temporal (time dependent) correlation coefficient is then calculated using

R,
p,(T)= ;-%T)- (2.6)

%
When i = j, the correlation function is called the autocorrelation. When i# j, the function is
called the cross-correlation.

2. Spatial correlation: Wind velocities are recorded at the same time, but separated by a

distance 7 at two different points in space. This can be described as follows:

Ry(r) = u,(x)u,(x+r) 2.7
The spatial correlation coefficient is then

R,(r)
py(r) =2t 2.8)

T

The turbulence intensity, /,, is another useful parameter related to the random wind. The

intensity is a measure of how violent or gusty the turbulent wind is. It is best described as

g

I=+ (2.9)

where the subscript / denotes a coordinate direction. Thus there are three turbulence
intensities related to wind: /, /, and /. (representing the x, y, and z directions respectively).
The flow is often considered to be smooth when the turbulent intensities are in the order of

1%, whereas in extremely windy conditions, the intensities are not likely to exceed about
25%.



A turbulent wind can be thought of as a combination of a number of turbulent eddies of
different sizes. An approximate measure of the eddy size is usually taken roughly as the
diameter. Each eddy, by its swirling nature, contributes to the dynamic force acting on an
object in its path. If the flow were purely smooth, the eddies would be extremely large in
diameter, corresponding to large-scale pressure systems and seasonal variations. As the flow
becomes more and more turbulent (/; increasing), eddies of a broader size range would
appear. If all the eddy sizes in a one-hour sample of the velocity are averaged, the integral
scales of turbulence are obtained. Mathematically, these integral scales can be obtained from
the spatial correlation functions by integrating them over the entire field of separation
distances:

L= T p,(r)dr, (2.10)

In this definition, i refers to the wind direction and j refers to the coordinate direction of the
separation distance. In all, there are nine different integral length scales corresponding to the
three different wind directions and the three different spatial separations.

An ideal tool suitable in completing the statistical description of the turbulent wind is the
energy spectrum. The energy spectrum is a measure of how much energy there is in the total
flow at specific frequency ranges. The relative energy is associated with the amplitude of its
cosine function, thus, if a random wind signal has a large amount of energy associated with a
frequency of, say, 5 Hz, a plot of the energy versus frequency spectrum would reveal a peak
at 5 Hz. If, however, a wind signal has relatively comparable amounts of energy at numerous
different frequencies, there may not be a dominant peak at all.

The energy spectrum of the wind field can be described by taking the Fourier transform of the
time correlation. The autospectrum is the Fourier transform of the autocorrelation function as
follows:

S,(n) =2j R, (t)e"""dT (2.11)



Since it is known that the autocorrelation functions are even, the autospectrum can be
simplified as follows:

S,(n)= 4TR,.,.(T)cos(n'r)d'r (2.12)

There are a few important autospectrum functions which are in wide use today. As a design
tool, the autospectrum of the wind velocity would be measured, plotted, and then fitted with
the best fit spectral equation. Some of the common autospectra for atmospheric boundary
layer turbulence are as follows:

(i) von Karman Spectra (see for example, Irwin [1977]):

LS
2~y
4o, 7

. 2.13)
147078 e
\T

for the along-wind horizontal component, and

1+188.8 nL: 2
202L" T\ U
S.(n)= U T
L,
[1+70.78(n7) ]

for the cross-wind vertical component. The von Karman forms were obtained theoretically on

S.(n)=

(2.14)

the basis of homogeneous isotropic turbulence. Spectral expressions can also be obtained by
fitting wind data from full-scale measurements:

(i))Kaimal Spectra (see for example, Huang [1995]):
ol 22
=2 2.15
S.(n) n (1+ 33)" 2.13)

for the along-wind component, where f = % is a reduced frequency variable dependent on

height above ground Z.



1.3

2.16
(1 +5.37)" 2.16)

w

2
g
S.(n)=—=

for the cross-wind component.

There are other fits for the autospectrum, and their forms may be employed, depending on the
field data obtained. In some cases, in the absence of field data, one of the above forms may
be assumed.

Typically, the spectrum of the transverse (along-span) component is neglected. As will be
seen later, in the buffeting formulations resulting from the srip assumption, it is common
practice to ignore the effects of this spanwise component of turbulence. For the case of a
partially erected bridge deck under yawed wind, however, this spanwise flow may in fact
significantly contribute to the buffeting response and should be accounted for.

Because a bridge structure tends to be long and slender, the engineer is also interested in the
spatial distribution of turbulence. As a design aid, single point autospectra do not provide
enough information for the bridge engineer because the vibration modes of a bridge vary
along the span. What is of more interest is how the wind field correlates at a particular
frequency at various points along the span. This will ultimately determine the effectiveness of
the wind in exciting the bridge structure in its various natural frequencies. This concept was
first introduced by Davenport (1962a) in his joint acceptance function.

A general expression for the cross-spectrum of two velocity components can be obtained by
taking the Fourier transform of their general (time lag and spatial difference) cross-covariance
function:

S,nr)= 2} u(xu(x+rt+t)e”"""d (2.17)

Generally, because the cross-covariance of a random turbulent field is not an even function,
the cross- spectral expression will have both real and imaginary components. For long span
bridges, cross-spectral expressions are used taking r in the y direction. It is quite common to

10



assume atmospheric boundary layer turbulence as isotropic to locally simplify cross-spectra
obtained from 2.17. This results in the imaginary components of the cross-spectra S.. being
reduced to zero and the cross-velocity expressions Sw, Suw, Sw, Swes Sws, Swv Vanishing. For
actual boundary layer conditions, the cross-velocity expressions are usually small compared to
the cross-spectra and can be ignored, although, if desired, expressions can be fitted from
recorded field data.

In isotropic conditions, any cross-spectrum can be represented by its one-point autospectrum
at a reference point multiplied by a term denoted as the root-coherence (also termed the
cross-correlation of velocity fluctuations). For cross-spectra in the y separation direction, the
following expressions are obtained:

S,(n)=S8,(n)R,(y.y"n) fori=j (2.18)
S,(n) =S, (n)S (n)R,(yy':n) fori=j (2.19)

where the expression R;(.)"; n) represents the cross-correlation, at frequency n of i and j

velocity components at spanwise points y and y’.

Davenport (1961a) first suggested an exponential-type function for the spanwise cross-
correlation of two parallel velocity components as

ndy
R(yym=¢ 7 (2.20)
where 4 y = |y~ y’| , and the empirical constant ¢ will take on different values depending on
the direction i (for i=u, ¢=7). Irwin (1977) later pointed out that this function, although a
good approximation, represented the case of a turbulence field with an infinite along-wind
integral scale, which is not very realistic. Based on previous experimental tests, Roberts and

Surry (1973) derived more theoretical spanwise cross-correlation functions for the # and w
directions as follows:

V6 nn/s
R (yy.n)= m(n”‘Ksm(n) = TKIIG(',)) (2:21)
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where

2
Ay J n2L;
= —=0. + 70.
n 2[“‘,07471 08( 7

For the w direction:
2'¢ si6 n'"K (M)
R (yy.n)=—=—=[n"Kssn) -
r(sle) 8(2m a2\ (2.22)
3\B, ]\ T

2
2L’
where , = 2% 747 \/1 + 70.8(" ")
2L}' U

w

For 2.21 and 2.22, I'(z) is the Gamma function. Also, Kss(z) and K,(z) are the modified
Bessel functions of the second kind of non-integer order 5/6 and 1/6, respectively.

Expressions for the spanwise cross-correlation R,.(y,y’;n) are not readily available but, if

required, can be measured either in the field or in the wind tunnel and fitted with appropriate
expressions.

The necessary statistical parameters for the wind are usually obtained from meteorological
records or, where records are not readily available, from site measurements. When these

parameters are known, the focus then shifts to the susceptibility of the structure itself to these
winds.
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2.3 Historical Development of Buffeting Analysis

Early airfoil theory provided methods for predicting wind loads, motion induced loads, and
subsequent responses of airfoils encountered under various flight conditions (see, for example,
Milne-Thomson [1952] and Bisplinhoff et al. [1955]). Statistical concepts and buffeting
analysis was merged with the aerodynamic field in detail by Liepmann (1952). In terms of
civil engineering structures, theoretical development on the response of systems to random
dynamic loads, in particular the application of Fourier transforms and the frequency domain
approach, can be traced back to Eringen (1957), and Davenport (1961b). Davenport was the
first to apply statistics to the response of civil engineering structures subjected to turbulent
wind loads. His detailed theoretical analysis of turbulence buffeting on slender structures
covered all aspects from the nature of the incident wind to the movements of the structure in
various modes under the action of these winds. Davenport's original theory is still in
widespread use and is periodically extended through ongoing research which continues to
broaden its range of applicability.

The following sections detail the major contributions in the development of a theoretical
framework for predicting the buffeting response of cable-stayed bridges during construction
phases when subjected to turbulent winds at various yaw angles. The review commences with

the original theory proposed by Davenport.
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2.3.1 Davenport's Quasi-Steady Drag Response for Line-Like Structures

As a first step, Davenport (1961a) analyzed a large amount of wind climate data from which
he derived statistical parameters in the form of a horizontal gust spectra as a function of the
height above ground and a coherence expression as a function of the vertical separation
distance.

Applying the statistical parameters of the incident wind to the response of a single-degree-of-
freedom (SDOF) system, Davenport (1961b) showed that the structural response would take
the same general form as the input wind - i.e., that of a fluctuating component linearly
imposed on a mean component that can be calculated by static stiffness methods. The
fluctuating component, characterized through an energy versus frequency, or response
spectrum relation, is multiplied by two magnification factors: the mechanical admittance and
the aerodynamic admittance. Both functions are frequency dependent and describe the
response magnitude to an input of unit magnitude at a particular frequency.

The mechanical admittance describes the structure's dynamic response at a particular
frequency when subjected to an input force of unit magnitude with the same frequency. The

equation is as follows:

|Hf(n)|2 = 1

[(1 — (nin,?)’ + (2§,)2(nlno)z]

where n, is the natural frequency of the structure and £ is the total damping, expressed as the

(2.23)

sum of the structural and aerodynamic damping, §,=§,+ &, .

The aerodynamic admittance function relates the fluctuating wind velocity power spectrum to
the corresponding fluctuating aerodynamic force power spectrum. The function gives the
amplitude of the aerodynamic force at a certain frequency generated by a unit amplitude
velocity signal at that same frequency. For an SDOF system, the aerodynamic admittance for
drag deflections at a particular reduced frequency T (here § = nD/U') can be taken as the

14



ratio of the drag coefficient at T to the drag coefficient for =0 .

The mean component, X, of the response is equal to P/K. Here K is the stiffness and P is the
mean force corresponding to the mean wind from Equation 2.1.

The most convenient way to characterize the response spectrum is by calculating the overall

variance. Integrating the response spectrum over the entire frequency range gives the
variance

2
20\ _ PU2CD 2 ¢y 1235:(N) 224
a'(x)-(—zK )le‘l |H f = dn (2.24)

where S, (n) is the wind velocity spectrum.

Following the analysis of the SDOF system, Davenport (1962a) extended the analysis to
include the case of slender line-like structures, in particular long span bridges. Unlike the
SDOF system, the multiple- degree-of-freedom (MDOF) system has a spatially separated area
and more than one vibration mode. Some attention must therefore be directed to the spatial
properties of the incident wind, the corresponding dynamic loading, and their effects in
exciting vibration of this type of structure under its various modes.

Davenport gives the overall static deflection, X, of the structure as Z (PIK,)u(y).

Here P, = 1N, [ P(y)u,(y)dy, K, = UN, [ K(y)u,(y)dy, N, = [ uX(y)dy, and

u(y)

is the normalized mode shape of the 7 vibration mode. P,, K., and N, are generalized modal
quantities for the 7* mode with the summation taken over all the applicable mode shapes.
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The autospectrum of the dynamic load is expressed as
S, (n)= J' I S, (yym)u,(y)u,(y)dydy’ (2.25)

where S,(y.y’;n) is the cross-spectrum of the loads at spanwise positions y and y’ at frequency
n.

Equation 2.25 incorporates the cross dependance of the spanwise mode shape and the
fluctuating pressure. Assuming the spatial coherence of the dynamic force takes the same
form as the coherence of the wind velocity, the cross-spectrum of dynamic loading can be
expressed as the product of the spatial pressure coherence and the autospectrum of pressure
at an arbitrary reference point:

S,(yy'n) = S,(n)R(yy'n) (2.26)

Replacing 2.26 in 2.25, Davenport defines the joint acceptance factor:

IJ,(n)|2=;l-”R(y.y n)u(y)u(y')dydy' 2.27)

The joint acceptance factor demonstrates the interaction between the spatial correlation of
pressure along the span and the mode shape along the span, all in terms of the #* mode. The
response spectrum for the #* mode can be obtained as follows:

Sy (n)= {H,(n| |, (n)>S,(n) (2.28)

The 7* mode variance will then be equal to ]l S x (n)dn and the overall variance of the
(]

structural deflection at position y from all mode contributions, o 2(y) , is given as

2oil(y).
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When it is known how to obtain the response quantities for the structural system, attention is
shifted to the the loading spectrum S ,(n) . Through the use of the aerodynamic admittance
function, this spectrum is generated from the fluctuating velocity components as they strike

the structure. To simplify this process, Davenport made the following assumptions regarding
the nature of the wind loading:

1. The wind pressure on a section or strip of the slender structure is due only to the incident
wind velocity on that section and is not affected by the spanwise flow of wind velocities or
pressures from other adjacent sections. This assumption is commonly referred to as the
strip assumption and it allows the analysis of the pressures to be restricted to a strip of unit
width in the spanwise direction. Once the forces on this strip are calculated, integration
over the entire span length results in the total force across the span.

2. The magnitude of the wind gusts is small compared to the mean wind value. This allows
the dynamic gust-induced forces to be expressed as linear functions of the gust velocities,
providing a simplified approach in obtaining the gust loading spectrum from the incident
wind spectrum. The assumption is valid for most boundary layer wind conditions because,
most often, the turbulence intensities of the wind compose only a small fraction of the
mean wind.

3. The important gust wavelengths, U/n , of the velocity fluctuations in the oncoming wind
are much greater than the cross sectional dimensions of the bridge deck. This is referred to
as the quasi-steady assumption. Here, the engineer is concerned only with the significant,
or energy containing waves in the oncoming flow. In a turbulent flow there is a full range
of wavelengths, but the smaller wavelengths which do not contain sufficient energy to
excite the structure, will not have a very great correlation over the cross-section of the
deck. The quasi-steady assumption then assumes that the energy-containing waves in the
flow are fully correlated around the bridge deck. This results in an assumed steady flow
hitting the deck and allows the use of the steady-state force coefficients Cp(0) rather than
Co(d.
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For a typical long-span bridge, the width or depth of the deck is, in fact, usually of the same
order as the effective gust wavelengths of the oncoming flow. This leads to a case where the
pressure is not fully correlated over the width of the bridge deck, an assumption inherent in
the quasi-steady theory. The aerodynamic admittance function also corrects for this
discrepancy. From the above discussions concerning the aerodynamic admittance function, it
can be seen that this single function serves the following purpose: It is applied in order to
convert the velocity fluctuations into corresponding pressure fluctuations on a section of the
structure. It accomplishes this by compensating for the errors introduced by the use of the
steady-state force coefficients. The admittance function also accounts for the fact that the
pressure generated by the velocity fluctuations must occur on an area of finite size and does
not simply occur at a single point on the structure. If the latter were true, the correlation
would be unity. In actuality, the former is the case and so the velocity correlation must be
less than unity over this area, and hence the pressure distribution.

Using the assumptions described above, the time-varying drag force on a strip will be as
follows:

P()=P+ ZP[X,(n)]%sin(zrrm +0,) (2.29)

The autospectrum of this drag force is given by:

S (n) = 4P 2 (230)

where S, (1) is the autospectrum of the horizontal along-wind velocity fluctuations. Notice

here the appropriate introduction of the aerodynamic admittance function. Now the

expression for S,(n) can be substituted into the expression for S (7) in 2.28 and the

response can be obtained.
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A typical long span suspension bridge will have well separated mode shapes and low overall
damping ratios. The response spectrum for this type of structure generally exhibits a sharp
peak located at n=n, containing most of the energy. By considering only this narrow banded

portion, an accurate estimation of the true response can be given as
2

28,

ol=

=Sy (n,) (2.31)

The aerodynamic damping for a multiple-degree-of-freedom system vibrating in a steady wind
was derived theoretically by Davenport (1962a). Using the concept of conservation of
energy, Davenport produced the following expression:

1 =2
t 5pU,BCp(y) .
Baaro 2mn, L )
[mu(y)ay

The mean wind speed U and drag coefficient Cp are shown as functions of y. By using the
strip assumption, the spanwise dependance of both terms disappears, removing them from the
integrand. If m is also constant along y, the expression reduces to the quasi-steady

aerodynamic drag damping expression:
_pUDC,

Eero = annm (2.33)

This expression shows that the aerodynamic damping is linearly proportional to the mean
wind speed and is taken to be valid in both smooth flow and turbulent flow conditions.

Davenport (1962b) also derived a general expression for aerodynamic admittance for drag
response of a typical bridge section as a function of the reduced frequency T = nD/U :

- 2 _ -1
C(x) (m,(?c 1+¢7%) (2.34)

The expression is obtained by spatially integrating the velocity correlations around the cross-
section.
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The following comments can be made on the above theory:

1. The wind velocity spectra and spatial coherence functions used are taken from the results
of field measurements. The exponential form of the coherence function, however, does not
accurately model the situation when 7 is close to zero.

2. The quasi-steady drag damping resulting from the strip assumption assumes both the mean
wind speed and the drag coefficient are constant over the span. Although the mean wind
speed will likely be constant over the span, the drag coefficient may vary, depending on the
particular structure.

2. The case of a yawed angle incident wind is not incorporated in the analysis. For a
completed bridge structure, the maximum response likely occurs when the wind is
perpendicular to the axis of the bridge, decreasing with an increase in yaw angle. However,
the same result may not always be the case for cable-stayed bridges during construction
phases.

2.3.2 Irwin's Lateral Buffeting of the Lion's Gate Bridge

In evaluating the response of the Lion's Gate bridge to turbulent wind, Irwin (1977) made
some modifications to Davenport's original buffeting theory. Irwin incorporated the same

step-by-step process but introduced some modified expressions.

The von Karman expressions for the along-wind and vertical gust components as well as
modified expressions for the lateral coherence functions (see section 2.2) are used to describe
the incident wind. In the analysis of the dynamic wind forces, the quasi-steady and strip
assumptions are used as well, justifying the use of the steady state force coefficients and the
neglect of any spanwise flow effects.

The buffeting response of the bridge in lateral vibration for the 7* sway mode, in terms of the

variance of the generalized time coordinate, o*(q,) , is given in simplified form:

B 2
Uz(q,)-(4pf/zc )f X, (n}*|H An)’S, (n)Cy (n)dn (2.35)

20



Cp is the steady flow drag force coefficient taken on an area projected normal to the mean
flow direction. It is assumed that the coefficient is not significantly changed for small

variations in vertical angle of attack: i.e., dC,/d «a is close to zero.

|H ,(n)|2 is the mechanical admittance given in 2.23 with the aerodynamic damping term
given in 2.33 but using B instead of the depth D.

|X, (n)|? is the aerodynamic admittance function. Irwin points out that Davenport's

admittance expression 2.34 assumes an infinite longitudinal integral scale, L . Accounting for

the finite value of the integral scale by using the von Karman correlation 2.21 and integrating
this correlation spatially around the bridge section yields:

X, (n)’ = ﬁ(m -l1+e™)(ny=1+e™) (2.36)
1743

This function more accurately models the lower frequency range, while at higher n, the 2.36
above is similar to 2.34.

2 172 2 172
Here , — b nL, and , = b 2nL, X
n, =095 Ir (l + 70.78( T ) ) n, = 0.95 L7 1+ 70.78 7

Only a single integration is performed in order to calculate o*(q,) . For lower vibration

modes, the mode shape will likely be relatively constant over the spanwise distance where the

wind velocity has significant correlation. Therefore, joint acceptance equations appearing in
the form of

L L
S, (n) _f f R_ (yy.n)u (y)u,(y' )dydy canbe closely represented as
o0

| is the separation distance between two

ZLIS,_(Ay,n)dAy, where 5 _(,—,

spanwise points.
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This single integration can be further reduced as S, (n)C ,, (n) where
1.887L’

2 12
1+70.78( "L .
P\

If the response spectrum is narrow banded, 2.35 becomes:

Cry(n)= (

uBc, Y
7a)= (hﬁ) S-‘"chv("r’[ﬁﬂ—)] @30

The following comments can be made on the above theory:

1. By using 2.21, the coherence is better represented when n approaches zero. This is an
improvement from the exponential form derived by Davenport, although this von Karman
form leads to a more complicated integral to evaluate.

2. Again by the strip assumption, the drag coefficient is taken as constant over the span
length, leading to inaccuracy when this coefficient varies along the bride length.

3. Using the similar assumption that increasing the yaw angle will decrease the overall

response, predictions for changes is the yaw angle are not accounted for.
2.3.3 Xieet al.'s Attempts to Evaluate Buffeting with Yaw Winds

The first theoretical attempt at including the possible directional changes in the incident wind
was undertaken by Xie et al. (1989, 1991). As a first step to approaching the problem, it was
desired to convert all wind statistics from the wind axis (XY") to the bridge axis (XY) -- a
conversion based on the assumption that only the components of the yawed wind oriented
perpendicular to the bridge axis would be effective in exciting the structure.
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The effective mean wind speed U is taken as U’ cos( 8) and the along-wind auto-spectrum,
S.(n), is taken equal to S_ (n)cos’*(8)+S,(n)sin’*(B) . In the absence of available data, the
lateral spectrum S ,.(n) is assumed to take the same von Karman form as S, (n) (2.14),

replacing L with L%, and o'} with o2, .

The along-wind cross-spectrum S..(y:,y2:n) is expressed in terms of auto-spectra and
coherence:

S (¥ y2.m) =R, (31, ¥2:n) S, (n)cos’(B) + R,..(y,,y,:n)S,(n)sin*(B) (2.38)

The along-wind coherence R,.,. is taken in von Karman form (2.21) and R, is taken equal to
the vertical coherence (2.22). In these expressions, the effective wind speed Uis used. As
well, the bridge axis length scales L and L’ are used. These scales are found by introducing
the ellipse model which allows the calculation of bridge axis length scales from wind axis
length scales for any yaw angle 8. The model accounts for the fact that an along-wind scale
(i.e., L] ) would be greater than a cross-wind scale (i.e., L] ). Using the model, a wind axis
length scale is calculated, plotted, and then rotated through the yaw angle 8 to obtain the
related bridge axis scale. Through rotation, the length scale is scaled according to the ellipse
regularity. This leads to the following equations for the along-wind and lateral bridge axis
length scales:

L, = L\(1+tan*(8)) 1 (1+(L2/L5) 1an’ B) (2.39)
L, = L\(1+tan’(8)) / (1+(LLILZ)  1an’ ) (2.40)

These two equations would be substituted appropriately in the expressions for R,,.and R, .
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With the modified form 2.38, the drag response for a yawed wind can be investigated. In
terms of the bridge axis, the variance of the lateral response for the 7#* mode generalized
coordinate is obtained by integrating the response spectrum of the * mode:

az=——]‘|11 (n)* S, dn

’ (M 4 n) 0 (2:41)

L
where M, is the generalized mass obtained as J' m(y)ul(y)dy; |H ,(n)|2 is the mechanical
0

admittance function (2.23); and S, is the generalized drag force in the 7* mode due to the

fluctuating wind velocity components. The generalized force is expressed as the joint effect
of the spatially distributed load and the 7* mode shape:

L L
n) = { { So(¥1s y2im (3 m,(y,)dy, dy, (2.42)

In the expression, S,(¥,, ¥, n) can be expressed in terms of the cross-spectrum of the
fluctuating wind velocity as

2 2 2
Sp(¥1, yom) = (#) lxo(n)lz( UD) S (Y1, ¥y01) (2.43)

where Cp is the steady state drag coefficient for a perpendicular incident wind. It is now

required to express all the bridge axis properties in terms of the known wind axis properties.

For the aerodynamic admittance, Xie et al. use an experimental technique to more accurately
identify the shape of the function.

Other expressions can be used, but, regardless, 2.43 will become
Sp(¥1,¥2.0) = (pBU cos(B)C, Y X[ R, S (m)cos’(B) + R,,.S,.(n)sin*(B))
(2.44)

The generalized force for the r* mode then becomes

Sy, = (pBU cos(B)C, ) |X5I” [ S, cos*(8) I I Rt (y)u,(y,)dy, dy,
(2.45)
+S,,sin2(B)I IR,‘,'H,(y;)”r(J’z)@ldyz ]
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Assuming a constant mode shape over the region of significant velocity correlation results in

L L L L
integrals in the form of lILj' ."R“,,.dyldy2 =J, and lILJ' _f R, dy,dy,=J, . Using the
00 o0

von Karman coherence and standard integral tables, these two expressions can be solved for
given length scales (1989).

Combining all the necessary terms, the variance for the 7* generalized coordinate can be
expressed as

ol= ("B Ucostp )C") T 11 (n}2 (S (n)cos’(B)J, + S (n)sin®(8)J,)dn  (2:46)

r

For the case of narrow band response, the variance becomes

2 _ [ pBU cos(B)C,m
"\ 2M,n (E,+E.,),

2
) |x,,(n,)|2(S_,(n,)cosz(B)J, + S,.(n,)sinz(B)J,) (2.47)

The following comments can be given the above analysis:

1. The aerodynamic damping term is obtained from quasi-steady analysis with the
perpendicular wind speed, U'cosg, taken as the effective velocity component acting on the
bridge.

2. The response will not predict the case where the drag coefficient may vary along the
length. Also, Xie et al. point out that this analysis will only be valid for models with
supported ends, a case where the drag coefficient will likely remain constant along the
span.

3. This model is only valid for a limited range of yaw angles. As the yaw angle increases, the

spanwise flow component may become important and should be considered.
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2.3.4 Kimura's Aerodynamic Damping under Yawed Winds

Kimura (1991) followed Xie's derivation in an attempt to explain the buffeting response of a
structure that had an unsupported end and, in particular, the possible formation of additional

lift forces. Although the present topic is drag buffeting, Kimura's modified buffeting analysis
serves as a useful introduction.

The experimental phase of the project involved studying the vertical buffeting response of flat
plate cantilever models subjected to various yawed wind conditions. Kimura found that using
a simplified cosine rule approximation, which involved using U’cosB as the effective wind
speed while using the original wind axis length scales, tended to underestimate the observed
response. He also found that for flat plate-like sections under vertical vibration, the
proportionality £,,,.(8) = E,.,.(0)cos(B8) held up quite well. It was noted that for bluff-type
sections, however, the aerodynamic damping tendencies were quite complex and might not be
best described using this cosine proportionality. The change of aerodynamic damping with
wind speed showed linear variation for most flat plate sections, a finding which is in

accordance with theoretical predictions based on the quasi-steady assumption.

The analytical study involved modifying the original buffeting theory to allow a prediction for
the case of a yawed wind. To simplify the problem, Kimura identified two leading-edge
cases: the spanwise edge and the endwise edge. The spanwise edge applied for yaw angles
around B=0°; this case was termed the cosine case. The endwise leading edge applied for 8
close to 90°; this case was termed the sine case. For each case, the vertical buffeting forces
were derived for an along-wind strip. The differences between the sine and cosine cases for

the strip forces are as follows:

1. For the cosine case, the vertical deflection of the strip is the same along its length. As well,
dC,./d ais taken to be the same along the entire length of the strip, an assumption which
is justified because of the unchanging vertical deflection. From early airfoil theory (see for
example Milne-Thomson [1952]), the total lift force was assumed to act at the quarter
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chord point from the leading edge.
2. For the sine case, the vertical deflection inside a strip is of the same form as the »* mode

shape. This results in dC,;/d & changing continuously along the strip. A previously
defined variation (McCormick [1979]) was assumed to apply in this case.

The dependance of the lift coefficient slope on the aspect ratio (defined as the ratio of length
to width, L/B for the cosine case and B/L for the sine case) was accounted for by modifying
the lift coefficient slope value from its infinite aspect ratio value. Force coefficients are
normally obtained from section model tests which represent sections of infinite aspect ratios.
The modification accounts for the fact that for a finite length plate, some additional lift forces
are generated by vortex action created as the flow passes over the end(s) of the plate.

When the buffeting force on the strip was known, the generalized strip buffeting force for the
r vibration mode could then be obtained by multiplying the #* mode shape by the buffeting
force. For the cosine case, the generalized strip force at spanwise position y” is given by the

following expression:
£ dC,.(x)

dFoc(yt) = 3 pU cos( Bw(y )y [ =20 () e (2:48)
0

Here, w(y",9) is the fluctuating vertical component of velocity at spanwise position y”, u,(y")
is the value of the 7* mode shape at y*, and dy" is the strip width at y”. The mode shape and
lift coefficient slope are both constant along df, so the corresponding expressions can be
removed from the integrand.

The expression for the generalized strip force at endwise position x” for the sine case is as
follows:

dF55(x") = 3 p U sin(B)w(x" )" | dCdLofy)u,(y)dy (249)

0

The integration is required in this expression because the deflection and the lift coefficient
slope both vary along the length of the strip. Here dx” is the strip width at endwise position
x”, and w(x",¢) is the fluctuating wind component at x".
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With these generalized strip forces, the spectrum of the overall generalized buffeting forces
can be obtained. The procedure is similar to the case of drag buffeting, and for the cosine
case results in

2L+elLre
Szc(")=(%PU'COS(B)B%) J' ISw(yhyza”)ur(yx)“r()ﬁ)d.”l‘b’z (2.50)

To simplify the calculation, Kimura rotates the model boundaries as a parallelogram with the
yaw angle so that sides of the strip always run parallel to the incident wind. In the double
integration, the limit e arises from this modified shape as well as the assumption that the total
strip lift force acts at the quarter chord point from the leading edge. In performing the
integration, the mode shape for y > L is taken to be equal to y = L (e is likely to be small
compared to L). S..(y1.y2'n) is taken to be of von Karman form.

For the sine case, 2.50 will be

Sas(m) = (épu'sinw) f “'C‘,Lo(;”)u,u)dy) [ [15mter,50,m) i @3

0

Where S..(x;,x2;n) is also assumed to be of von Karman form.

The variance of the r* mode generalized coordinate for either case is

o%(q,)= T | X 2 (n)|H [(n)*S - (n)dn (2.52)

el

where Sgn) is either Szc(n) or Sz(n).
The following comments can be given to the above theory:

1. The method predicts the response for flat plate-like sections. To extend this analysis for
bluff sections, further investigation as to the possible spanwise variation of lift coefficient
slope for bluff- type sections should be studied.

2. The aerodynamic admittance was assumed as unity. This usually leads to an over-
estimation of the overall response.
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3. The aerodynamic damping is taken from the experimental results. The quasi-steady
equation tended to under-predict the experimental values.

4. The von Karman expressions for cross-spectrum and coherence were used in the
calculations.

5. The results for the cosine case were thought to be applicable in the range of 0°, and within
the range of 90° for the sine case. In a later paper, Scanlan (1993) proposed a
Pythagorean approximation for intermediate yaw angles as

afw = (o ,cosB)’ + (o g cos B)?. Calculations based on this equation were compared

with Kimura's results and reported to be similar.
2.3.5 Huang's Aerodynamic Damping under Horizontal Vibration

Extending Kimura's modified buffeting theory, Huang (1995) presented a theoretical
framework for the lateral buffeting response of free end models under yawed winds. The

derivation followed Kimura's method, separating the problem into both cosine and sine cases.

The quasi-steady lateral buffeting force per unit length acting on a spanwise strip can be
expressed as

Fyo(e)= % pU*B (zc,,%’)) 2.53)

For the lateral vibration under a yawed wind, the important velocity fluctuating components

are the along-wind #’(?) and the lateral v'(1) components. The vertical component, w'(?), can

be assumed negligible here and its effects are presently ignored.
The effective velocities for the cosine and sine cases are, respectively:

Uc(t) = (U +u'(t))cos B—v'(#)sin B (2.54)
Ug(f) = (U'+u'(1))sin B+v'(f)cos B (2.55)
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The corresponding buffeting forces for each case are obtained by substituting the expressions
above into 2.53. In the expansion of U>and U 2, terms involving products of velocity

fluctuations »’ and v’ are negligible and are ignored. The generalized buffeting force for the
r* vibration mode at spanwise position y” for the cosine case is obtained by multiplying the »*
mode shape in the along-wind direction, and can then be expressed as

B
dF ,.(y"t)= pU'dS"” [u'(y",t)coszB-v’(y".t)cosBsin B] f Cpc(x)u, (y"x)dx (2.56)

where dS™ is the strip area at ", and Cpc(¥) is the cosine case drag coefficient as a function of
the along- wind direction. The drag coefficient, taken to be constant along x, is obtained from
experimental measurements (Winter [1936]). Winter's results are reported for flat plate
sections but are taken to be applicable for the present case of bluff sections. Similar to the
cosine case for the vertical buffeting forces, the 7* mode shape is also constant in the x
direction. The integration therefore reduces to equal B.

For the sine case, the generalized strip buffeting force at spanwise position x” is

L
dF s(x"1) = pU' dS” [u'(x".t)sinzB-v'(x",t)cosBsin B] f Cps(y)u,(x"y)dy (2.57)
0

where dS” is the strip area at spanwise position x”, Cps() is the sine case drag coefficient and
is constant along y and so removed from the integrand. The mode shape, however, will

remain as a function of the spanwise position y.

To obtain the expressions for the spectral density functions for the cosine and sine cases, 2.56
and 2.57 are integrated in the cross-strip direction (y direction for the cosine case, x direction
for the sine case). The spectral expression for the cosine case will be

L L
Syw(n)=(pUr BCoccoszﬁ)zf [ Sl 1o yaumu(3)u, () dy,dy,
°° (2.58)

2

+(pU BCpccosBsinB) [ [ S,.(y0 yaum) i, (3) 1, y,) dy, dy,
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and for the sine case,

L 2
Sys(n) = (pU'CDssinZB{ u,(y)dy)

L 2p 8
+ (pU'CDscosBsinBIu,(y)dy) IJ'S,.,(n

S,..(n)dx, dx,

© Sy
© Syt

(2.59)

In 2.59 the mode shape does not appear in the double integral because it is constant in the x
direction, so its cross dependance at any two positions x; and x: is equal. The variance for the
™ mode response is found by substituting Sxc = Sr (cosine case) or Sxs= Sr (sine case) into
2.52.

The following comments can be given to the above theory:

1. Aerodynamic damping is assumed to vary with the cosine of the yaw angle. This is the
same as was used for flat plate sections under vertical vibration and was used in the
absence of experimental data.

2. The method still requires the validity of the strip assumption. For bluff sections with finite
aspect ratios, experimental data is still needed regarding the variation of the drag
coeficient in the across- strip direction.

3. The aerodynamic admittance was taken as unity and the exponential forms proposed by
Davenport for the coherence were used. Also, because the spectrum and coherence of the

v’ component was not measured, its form was assumed to be the same as the w component.
2.3.6 Kimura et al.'s Modified Buffeting Theory for Horizontal Vibration

Following some of the earlier attempts at a theoretical treatment of buffeting response under
yawed winds, Kimura et al. (1998) developed a more refined buffeting analysis applicable to
horizontal vibrations of cantilever-type structures under yawed winds. The main refinement in
this method was the inclusion of a drag force coefficient which varied with spanwise position

y as well as with yaw angle B. This variation is necessary for free-end structures because the
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presence of the free end may give rise to flow patterns which can change the spanwise drag
force distribution.

The analytical development of the method accounts for the sine and cosine cases through the
use of the drag coefficient, allowing a more practical single expression for the buffeting
response. The quasi-steady assumption is also used. In the analysis, only the «’(2) and v'(?)
components of the fluctuating wind velocities are considered to be effective, the vertical
component, w’'(?), being ignored. Looking at a spanwise strip of area dS (height D and width
dy), the fluctuating buffeting forces acting on this strip due to the »’ and v’ components can be
expressed as:

’ d !
dF . (y., B)=%pU"dS[2CD(y. B)= (U,y") + C“’,(: B)@(t)] (2.60)

The buffeting force is now a function of time and spanwise position as well as the yaw angle
B. The first term inside the brackets takes on the common form for the #’ component. The
second term, however, requires some further explanation. The v’ velocity component can be
introduced through the ©(t) term. The instantaneous yaw angle will be due to the steady yaw
angle B plus the time-dependent

yaw angle increase ©(t). Here ©(7) = tan™' [v' (0)/(U’ +u'(1))]=~Vv' ()IU, the
approximation arising from the fact that u’ is small compared to the mean wind U” .
Introducing this into 2.60,

dF (7.1, B) = %ptf’dS[ch(y. gira , dCo(3.B) "'("’)] @61)

U dg U

The generalized force for the 7* vibration mode can then be obtained by multiplying 2.61 with
the 7* mode shape and integrating along the span. The resulting expression will be

Fy(y4.8)=pUD [Cpy.B)u' (y.t)u,(y)dy +

L dcC , (2-62)
1o D[ T22B () ()
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The spectrum for the generalized force of the 7* mode can then be calculated by jointly
integrating the mode shape along the span with the cross correlation of the fluctuating
velocity components. In this expression, there will also be additional terms due to the
spanwise dependence of the drag force coefficient and its slope with respect to 8. Ignoring

cross-spectral terms gives the spectral expression

LL
Sy (n)= (pU'D)z,!fS.'.'(yn-yz-")cp(y.,B)Cp(yz,B)u,(yl)u,(yz)d}’xd)'z

21 ¢ (2.63)
1 dCp(y,,B8)dCp(y,,B)
+(-pU' D) J [ Sulyiym =22 222 (3, vy dnay,
2 X dp dB
The variance for the #* mode response can be calculated using
1
0%(q,) = —1—3 | | X o (n)H (n}S y (m) i (2.64)
M,w, [}

The spanwise drag force for a cantilever type model was assumed to vary linearly with the
spanwise position as a first estimate. Simple sections were tested under smooth-flow
conditions in order to obtain this drag force distribution. Although the actual distributions
could not be measured, the average drag and the drag-induced moment were measured and,
based on the assumed linear distribution, this drag force distribution was calculated.

The aerodynamic drag damping was assumed to follow the cosine rule

Ep(B) = E,(0)cos(B) . The value at B=0° was determined theoretically using 2.32 and

taking Cp(3) as Cp(y, =0°):
DU’ cosB
80(0) = S ol 8=0)(1)dy (2.65)

The velocity spectra in the analysis were assumed to follow von Karman form with the lateral
component S,v assumed to be the same as the vertical component S... The spanwise

correlations and aerodynamic admittance were also taken in von Karman form.
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The wind axis turbulence parameters at yaw angle g were converted to bridge axis values
using the ellipse model. The bridge axis parameters could then be used to calculate the tip
variance for the r* lateral vibration mode.

In order to test this modified theory using actual bridges during erection phases, Kimura
compared the wind tunnel test results of four bridge models with the results predicted by this
theory. The bridge models examined were the Pont de Normandie, Tatara bridge, Kao Ping
Hsi bridge, and the Meiko-Chuo bridge. Overall, the theory tended to under-predict the
model test results, but overall shapes of the RMS response versus yaw angle graphs were
similar. The notable exception was the Kao Ping Hsi bridge, the model tests of which tended

to show an increase in lateral response with increasing yaw angle.
The following comments can be made regarding the above theory:

1. The validity of the theoretical aerodynamic damping equation and the cosine
approximation should be investigated. As well, the effects of various bluff cross-sectional
shapes should be studied.

2. The distribution of the drag force along the spanwise axis needs further attention. The
assumed linear distribution seems to be a good first approximation, but this distribution
may indeed be dependent on the actual cross-sectional shape.

3. The energy spectrum of the lateral velocity component, v'(?), needs further study. Here it
is assumed to be the same as the vertical component w(?), an assumption valid only for
isotropic turbulence.

4. The inclusion of the vertical fluctuating velocity component, w(t), and its effects on the
lateral response might be a further area of study.

5. Kimura notes that the results from the theoretical study ignore any contributions from the
stay cables. The presence of the stay cables during construction phases may tend to
destabilize the structure as a whole.
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2.3.7 Overview

To date, the progress towards an accurate theoretical model to predict the buffeting response
of cable-stayed bridges during their construction phases has been well documented. The most
important contributions are detailed in the above sections. In particular, the work of Kimura
et al. (1998), has suggested a few areas of further study: the spanwise distribution of drag
forces, the aerodynamic damping, and the spectrum of the lateral velocity component. This
thesis focuses on the aerodynamic drag damping parameter.

In order to investigate the tendencies of the drag damping, an experimental model was set up.
The objective was to observe the changes in aerodynamic damping for various bluff sections
oscillating in various wind yaw angles. The results allow some insight into the applicability of

quasi-steady and cosine proportionality assumptions to the aerodynamic drag damping.
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Chapter 3. Bridge Response During Construction
3.1 The Nature of the Problem

A common method of erecting a cable-stayed bridge is the balanced cantilever method. The
method involves constructing the main bridge pylons, then incrementally erecting the deck
from both sides of the pylon. Supporting cables are attached at appropriate sections, and the
two deck sections from adjacent pylons are finally joined to complete the span.

The partially erected structure closely resembles a cantilever type structure with frequencies
of vibration in lower modes being smaller than those of the completed structure. With these
lower natural frequencies, the bridge may become more susceptible to wind buffeting. At
lower frequencies, the energy containing eddies in the flow may more closely coincide with a
lower mode natural frequency of the bridge. A greater amount of energy is then directly
converted into vibration energy acting on the partially completed structure. This, combined
with a case of decreased overall stiffness, results in a structure which is more susceptible to
buffeting instabilities. As spans increase, the effect is to decrease both the overall stiffness
and the lower mode natural frequencies, increasing the chances of buffeting instabilities.

As with any theoretical development, it is necessary to parallel this research with experimental
investigations. Experimental investigations serve to validate theory as well as allow
deficiencies in the theory to be identified.

The theoretical works discussed in the previous section were usually compared against some
experimental findings. Through the years, it has become quite common to test cable-stayed
bridges during their erection phase behaviour in an attempt to identify instabilities and to
remedy these instabilities. Through wind tunnel testing, properly scaled bridge models and
turbulent wind conditions can allow for prototype response predictions. In many cases,
however, it is only required to observe the bridge response in these different flow conditions
rather than attempt to model the process mathematically. Experimental results are typically
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compared against the quasi-steady theoretical predictions and discrepancies are noted but not
necessarily explained. For a bridge model test, if a discrepancy is observed, the value
obtained from the model test is usually taken to be more accurate (provided many of the
necessary parameters are properly scaled).

3.2 Experimental Investigations into Erection Phase Behaviour

Paralleled with the attempts at a theoretical development of drag buffeting of cable-stayed
bridges during erection phases, there have been some experimental works carried out during
the testing phases of actual cable-stayed bridges.

Following is a brief recount of some of the tests which have been carried out as part of the
wind tunnel testing for various cable-stayed bridges. Performing tests during erection phases
with yaw winds can be traced almost as far back as Davenport's early theoretical work.

3.2.1 Northumberiand Straits Bridge

The Northumberland Straits bridge is a multi-span concrete bridge with the longest main
spans being 247 metres. Scale model testing of the bridge was undertaken in 1969 at the
Boundary Layer Wind Tunnel in the University of Western Ontario (Davenport et al., 1969).
The bridge was tested during its critical construction stage, when the concrete deck was
cantilevered from the pier extending 100 metres. A 1:207 scale model of the bridge and pier
was constructed and tested in smooth and turbulent flow conditions ranging from 0-240
kilometres per hour (full scale). The model was tested at wind yaw angles of 0°, 15°, 30°, 45°,
and 75°. The response spectra for both drag and lift deflection were recorded. The results of
the tests showed that increasing the yaw angle had the effect of decreasing the drag response,
a result that serves to validate the quasi-steady theory predictions.
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3.2.2 Pont de Normandie

The Pont de Normandie is a cable-stayed bridge spanning the Seine River in France. The
main span is 856 metres in length and extends from both sides of two 203 metre high pylons.
The Danish Maritime Institute (Larose and Livesey, 1993) carried out scale model tests for
the bridge during its critical erection stage. At this critical stage, the bridge resembles a 426
metre cantilevered structure. A 1:150 scale model was constructed to carry out the wind
tunnel tests. During the tests, the model was subjected to two different turbulent flow
conditions to represent the two possible flow conditions at the actual site. For one of the
turbulent flow conditions (termed Exposure 2), the yaw angle of the mean wind was adjusted
in 5° increments from 0° — 90°. For this exposure, the mean wind speeds were set at 108, 119,
140, and 158 kilometres per hour (full scale).

Results from the tests at various yaw angles showed that the peak lateral response was
maximum at a yaw angle around 35° for all wind speeds. This contradicts the conventional
buffeting theory which predicts increasingly lower responses as the yaw angle increases. The

vertical buffeting response, however, did show a decrease with increasing yaw angle.
3.2.3 Kao Ping Hsi Bridge

The Kao Ping Hsi bridge in Taiwan is a unique cable-stayed bridge constructed using only a
single pylon to support the deck. The main span is 331 metres, which also represents the
length of the critical cantilever stage of the bridge during erection. Wind tunnel tests of the

critical erection phase were undertaken by the Danish Maritime Institute (Larsen and Livesey,
1997).

The scale model was constructed at 1:150 and tested in both smooth and turbulent flow
conditions. For both flow conditions, the mean wind speed was adjusted from 18 — 288

kilometres per hour. The wind yaw angle for each wind speed was also adjusted from 0° to
90° in increments of 15°.
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The test results for the lateral buffeting response indicated similar results to those of the Pont
de Normandie; maximum buffeting responses not necessarily always occurring at the 0° yaw
angle. In this case, peak lateral responses at 245 kmv/hr occurred both at 0° and 60°. At other
wind speeds, peak responses were always observed at 0°, however, the responses did not
always decrease with increasing yaw angle.

3.2.4 Introduction to Experimental Work

By only comparing the results from a few different wind tunnel studies, it appears that the
existing quasi-steady buffeting theory does not accurately predict a cable-stayed bridge's
lateral buffeting response over the full range of incident wind yaw angles. In some cases, the
lateral buffeting response was observed to be greater at a yaw angle other than zero. This

observation is in direct contradictions with the current theory.

The aerodynamic damping plays an important role in the lateral buffeting response.
Increasing the damping leads to a decrease in the overall response while decreasing the
aerodynamic damping leads to an increase in the overall response. Current theory assumes
that the lateral aerodynamic damping is maximum when the yaw angle is 0° and will be zero
when the yaw angle is 90° and follows a cosine relationship at intermediate yaw angles. A
discrepancy between the theoretical and experimental aerodynamic damping values is likely
the cause of the conspicuous behaviour of certain bridge models subjected to non-zero yaw
angles.

The experimental work carried out in this thesis investigates the change in aerodynamic
damping for various aerodynamically bluff sections subjected to yawed incident winds. As
well, a portion of the analysis involves studying the effects that a changing aerodynamic
damping value has on the overall lateral buffeting response. The experimental work and
subsequent analysis serves as an important step towards a more complete understanding of

the effects of a yawed incident wind on cable-stayed bridges during construction.
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Chapter 4. Measurement of Aerodynamic Damping
4.1 Purpose

For a long span bridge during its construction phase, there has not been much research effort
directed towards the effects of wind on the horizontal vibration modes. Past research seems
to have focused its efforts on the effects of turbulent winds to vertical and torsional
responses. As well, much of the early experiments and theoretical developments dealt mainly
with incident wind normal to the axis of the bridge. Later attempts at incorporating a yawed
wind were made by Kimura (1991) for the vertical mode, Huang (1995) for the horizontal
mode, and more recently Kimura et al. (1998). A treatment of these studies was made in
section 2.

Although there are many complex and interactive parameters involved in the response of
slender structures to turbulence buffeting, one parameter, the aerodynamic damping, remains
as one of the most important. The aerodynamic damping present in a flexible structure is
caused by the relative velocity of the air as it flows past the moving structure. Intuitively, an
object oscillating in an air flow will tend to encounter forces opposing its motion, essentially
damping out this motion. The faster the air is flowing, the greater are the opposing forces,
and hence the greater the value of aerodynamic damping. Wind speed is not the only factor
influencing this damping; it also seems quite reasonable to factor in linear dimensions of the
object (length, width, height), mass parameters (mass per unit length), as well as the
frequency of motion of the object. All these parameters do in fact appear in the quasi-steady
approximation.

Aerodynamic damping for a cantilever flat plate vibrating in the vertical direction was shown
by Kimura (1991) to vary closely proportional to the cosine of the incident wind yaw angle.
Because of these test results, it was believed that the aerodynamic damping in the horizontal
vibration mode could be thought to vary in similar fashion and this approach was studied by
Huang (1995) and Kimura et al. (1998).
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The wind tunnel experiments carried out as part of this thesis research were designed to
examine the effects of yaw angle and wind speed on the aerodynamic damping of various bluff
sections in horizontal vibration. The sections were all designed as free end structures to
approximate a typical cable-stayed bridge during its construction stage. All the tests were
performed at the National Research Council's 0.9m closed circuit low speed wind tunnel in
July of 1999. The tunnel is located in building M2 of the Montreal Road facility and is a 1/10
scale model of the facility located at the Uplands campus near the Ottawa International
Airport. The cross-section of the tunnel is 0.9m x 0.9m with a working section length of
2.3m. Test section wind speeds can be adjusted from 0.3 m/s to 40 m/s with a maximum
turbulence intensity of 0.5 percent (of the mean wind speed).

4.2 The Experiment

4.2.1 Test Sections

Five bluff rectangular test sections were selected to investigate their aerodynamic damping
properties in smooth flow under horizontal vibration modes. The test sections were all made
with acrylic glass and were 203.2 mm in length. A summary of the remaining necessary
physical and dynamic properties are shown in the table below:

Section# | D xB (mm) | Cross Sectional | Mass/ Length | Natural Frequency
Area (mm?) (kg/m) 1* Mode Lateral

(Hz)
1 12.7x12.7 161.3 0.1914 3.125
2 12.7x25.4 322.6 0.3826 2.174
3 12.7 x 38.1 4839 0.5740 1.852
4 254x12.7 322.6 0.3826 2.222
5 38.1x12.7 4839 0.5740 1.852

Table 4.1 Test Section Properties
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The mass per unit length was calculated based on a mass density of 1185 kg/m*. The first
mode natural frequencies were obtained from the free vibration test results. From the free
vibration damping traces, peak readings were extracted using a Fortran77 routine. A printout
of the routine can be found in Appendix A. By selecting » consecutive peaks and dividing by
the time between them, the natural frequency was obtained. The process was repeated using
different numbers of peaks in order to obtain an average value for the natural frequency.
Appendix B presents some typical damping traces obtained during the experimental tests.

The damping traces are shown for the 12.5 seconds of each run.

4.2.2 Setup

The models were rigidly connected to a stiff leaf spring at one end while the other end was
free. The leaf spring was made of spring steel and had a 61.5 mm free length for vibration.
The length and thickness of the leaf spring was selected such that the vibration mode for all
the model sections was lateral only. Selecting a spring with a lower stiffness would have
resulted in the dynamic motion to be a combination of both lateral and torsional modes. A
precision strain gage (EA-06-250PD-350, made by Measurements Group, Inc.) was attached
to the spring to record the data during the tests. During a test run, the strain gage would
record the decaying dynamic motion of the model section as it oscillated in the wind tunnel.
Readings from the strain gage were given in volt counts. The other end of the leaf spring was
rigidly connected to a vertical steel post with a high bending stiffness. Steel wire was
attached to the post in two positions, fixed to the plywood base plate, and sufficiently
tensioned to further stiffen the post against unwanted sway during vibration. The post itself
was 305 mm long and was fixed to a circular plywood base. The plywood base was inserted
flush to the wind tunnel floor and was marked with 10° graduations (from -10° to 100°) to
allow the incident wind yaw angle to be adjusted to various values during the tests. Diagrams
of the setup can be seen in Figures 4.1. (a-c). The setup of the model and surrounding
apparatus was designed to allow simple transition between model sections without having to
recalibrate the strain gage each time.
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A schematic of the overall test setup equipment can be seen in Figure 4.2. Following is a

description of the electronic equipment used in the experiment:

1. Datametrics Barocel Pressure Sensor (Type 1400): This electronic manometer was used
to obtain the time varying dynamic pressure in the wind tunnel. The dual input consisted
of the static pressure out and the total pressure out from the pitot tube in the wind tunnel.
The single output was the dynamic pressure which was obtained by subtracting the static
pressure from the overall pressure. The output was sent to the Channel 1 input on the
DAS-20 control box.

2. Amplifier / Power Supply: A 5 Volit continuos power supply was fed to the strain gage.
The strain gage output was then fed through an amplifier to allow for the tolerance limits
in the DAS-20 recording. If the signal was not amplified, the readings from the DAS-20
box would all likely have been zero.

3. Frequency Devices Tunable Lowpass Filter (Series 900): The output from the amplifier
was passed through a lowpass filter prior to sending it to the DAS-20 box. A cut off
frequency of 50 Hz was used in order to reduce instrument and background noise from the
strain gage signal. This cutoff frequency was appropriate because the highest model
frequency was 3.125 Hz. The output from the filter was sent to the Channel 0 input on the
DAS-20 control box.

4. Data Acquisition System (DAS-20): The DAS-20 box accepted the two inputs and
recorded them in data files for later analysis. The readings were all given in volt counts
and could be converted to a voltage reading if the range of the DAS-20 box was known.
In our case, the range was set at +0.5 volts. This led to the conversion from counts to
volts as counts/4096 = volts.

5. Atmospheric Pressure Sensor: This sensor was permanently fixed outside of the wind
tunnel and kept a reading of the atmospheric pressure which was needed to calculate the
actual tunnel speed.

6. Pacer Industries Digital Thermometer (DTA 4000): This device was installed on the inside
of the tunnel downstream of the test section. The readings provided an approximate value
for the mean wind speed in the tunnel. This value was used as an approximate to the true
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wind speed when performing the tests. Actual wind speeds were later corrected based on
the dynamic pressure and atmospheric pressure. The instrument also gave a reading of the
tunnel temperature.

The actual tunnel wind speed could be obtained via the following equation:

7))

where P, is the standard atmospheric pressure (101.325 kPa); 7, is the standard temperature
(288° Kelvin); p, is the standard density of air (0.002378 slug/ft*); T is the temperature in the

wind tunnel (in ° Kelvin); q is the dynamic pressure; and P is the actual atmospheric pressure.
4.2.3 Experimental Procedure
4.2.3.1 Strain Gage calibration

The first step, prior to any dynamic runs, was to calibrate the strain gage. If we were only
interested in the dynamic traces of the data, it would not be necessary to calibrate the strain
gage. In fact, since the conversion from counts to voits to deflection is linear, the damping
ratio calculated based on peak to peak values using any of these data sets would lead to the
same damping ratio. The strain gage calibration is necessary, however, since we wish to
know the static deflection of the models in the various wind conditions. Dynamic oscillations

occur about a static mean deflection point, and the degree of static deflection alters the
incident yaw wind angle.

The strain gage was calibrated by applying successive deflections to the spring, holding this
deflection thus allowing the strain gage to level out, and obtaining a reading for the mean
voltage. The static deflections were applied using a depth micrometer. Three positions were
selected along the length of the spring and at each position, the successive deflections were
repeated. The sampling rate was set at 20 Hz and the sample time was 20 seconds. The

successive deflections were applied to a suitable maximum, and then incrementally released.
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As well, a tare value with zero deflection was taken at the beginning and end of each different
deflection position. This zero tare mean value was subtracted from the other mean values.
The three positions selected were located between the free end of the spring and the end of
the strain gage. The static deflection calibrations were attempted at the very tip of the spring,
but the depth micrometer kept sliding off the end of the spring thus not allowing for an
accurate reading.

The end goal of the calibration was to be able to obtain, for a given mean voltage reading, a
value for the tip deflection angle of the spring. This angle could then be added to the set yaw
angle to obtain the actual yaw angle.

4.2.3.2 Section Model Runs

Each of the five model sections were tested under smooth flow conditions. The yaw angle
from the base plate was adjusted from -10° to 100° in 10° increments. The wind tunnel
speeds were varied according to the reading on the DTA 4000 from 1 m/s to S m/s in 1 nV/s
increments. The models were triggered into free vibration by inserting a thin metal rod
through a hole located in the base plate. The data was recorded at 80 Hz for a total of 50
seconds for each run. For each test section, yaw angle, and wind speed, three runs were
performed. The general procedure followed for the tests was as follows:

1. Test section installed on leaf spring and base plate set to -10° yaw angle.

2. Wind tunnel adjusted to give a reading of = 1 m/s on the DTA 4000.

3. Model set into free vibration and data recording commenced for 50 seconds at 80 Hz.
Three runs were taken.

4. Base plate is turned manually to the next yaw angle.

S. Steps 1-4 are repeated until yaw angle reaches 100°.

6. Wind tunnel is turned off and a damping run is taken three times with no wind. These runs
are used to calculate the structural damping.

7. Yaw angle reset to -10° and wind tunnel adjusted to next wind speed.
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8. Steps 3-7 are repeated until the wind speed reaches 5 m/s.
9. Model section removed and next section installed on leaf spring. Steps 2-8 are repeated.

4.2.3.3 Calculating the Damping Ratios

Calculating the damping ratios involved the application of the logarithmic decrement method.
The raw data files from the tests consisting of the volt counts were used. The same Fortran77
program as was used to obtain the model natural frequencies was used to extract the peak
values from the raw data. Then, by hand, the two peaks corresponding to an approximate
half-amplitude decay were extracted and the damping value could be calculated using the
logarithmic decrement equation:

1 4,
5= 2"nlog(A ) 4.2)

here A, represents the first peak selected, 4, represents the peak corresponding to the half
amplitude decay, and » is the number of peaks in between. Equation 4.2 gives the damping as
a fraction of critical.

For each section, the structural damping was first calculated for each run. These calculations
involved using the runs where the wind speed was zero. The average of all the appropriate
runs was used as the overall structural damping ratio of the section. The structural damping
ratios for each section were calculated using various numbers of decay cycles (1) to ensure
that the structural damping ratios were not amplitude dependent. This was necessary because
during the test runs, the initial amplitude was not always the same (initial amplitude was
always triggered manually). For all five sections, varying the number of peaks (7) had little or
no effect on the overall structural damping ratio. Total damping values were calculated for
the runs where the wind speed was not zero. The aerodynamic damping was then the total
damping minus the structural damping.
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4.3 Results
4.3.1 Structural Damping Ratios
The following are the structural damping ratios obtained for the test sections. Because of the

number of runs taken, each sectional damping ratio was observed in relation to the others and

any values that did not appear within a reasonably range were ignored as outliers.

Section # Structural Damping
(% of Critical)

1 0.8190
2 0.7936
3 0.7654
4 0.7881
5 0.7737

Table 4.2 Structural Damping Ratios
4.3.2 True Wind Speed

In order to more accurately obtain relationships between the damping values and wind speeds,
it was necessary to use the true wind speed values when studying the results. For each run,
the true wind speed can be calculated from equation 4.1. Three runs were taken for each
section, wind speed, and yaw angle configuration. A good approximation would be to
average the wind speed over the three runs and use this as the true wind speed value. Figures

4.3 (1-5) present the true wind speed values for each test section and yaw angle.
4.3.3 True Yaw Angle
The free vibrations of the test sections always occurred about a mean position. For the case

of no wind, this mean position corresponds to the case of no static deflection. As the wind

speed was increased, and as the sections became more bluff, this static deflection was seen to
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increase. A static deflection greater than zero results in a different wind yaw angle incident
on the section. Because of this, it was necessary to calculate this mean deflection so that the
true yaw angles could be investigated. In order to find the true yaw angle, the mean voltage
deflection for the strain gage was found for each separate run. Using the calibration results
from the strain gage (Section 4.2.3.1), this mean voltage reading could be extrapolated to the
tip of the leaf spring to obtain the angular displacement of the tip. The model sections
themselves were sufficiently rigid so as to move in a rectilinear fashion following the spring
tip. This way, the tip angular displacement of the spring would give the overall increased yaw
angle on the model. The true yaw angles are presented in Figures 4.4 (1-5). Looking at the
results, we notice that even in the extreme cases, the increase in yaw angle was within a few
degrees of the assumed yaw angle. For this reason, subsequent analysis results using the

assumed yaw angles is used for simplicity and will not introduce significant error.
4.3.4 Aerodynamic Damping Ratios

The aerodynamic damping ratios for each section were obtained by subtracting the
appropriate structural damping ratio. Plots of aerodynamic damping versus uncorrected yaw
angle are presented in figures 4.5 (1-30). Plots of aerodynamic damping versus wind speed
are presented in Figures 4.6 (1-17). Also, as part of the study, it was found useful to examine
the effects of the sectional width to depth ratio (W/D) on aerodynamic damping values.
Graphs of aerodynamic damping versus W/D are shown in Figures 4.7 (1-17).

4.3.5 Self-Excited Oscillations

At the outset of the testing, it was desired only to investigate the effects of yaw angle on the
aerodynamic damping ratios of various cross sections. Through the wind tunnel testing, it
was also noticed that some sections exhibited what appeared to be self-excited oscillations in
the smooth flow. These oscillations were triggered after the initial induced vibration was
damped out and in some cases the oscillations were quite noticeable. To investigate these

self-excited vibrations, root-mean-squares (RMS) of the fluctuations were calculated from the
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test data. For each run, the last 1000 data points (corresponding to the last 12.5 seconds of
the test run) were used to calculate the RMS values. The selection of these data points was
arbitrary but in all cases, by looking at plots of the damping traces, it is quite evident that the
initial vibration had been damped out by this point. For each section, the average RMS for
the case of no wind was subtracted from each of the runs corresponding to non zero wind
speed to correct for any background vibrations which may have been present from the initial
free vibration. The corrected RMS value is calculated as

were 0 is the corrected RMS value, 0 ., is the actual RMS values calculated using the test
data, and 0, is the RMS value corresponding to the average of all the free vibration test runs
for the section under consideration. In some cases, 0, was greater than 0 ., , and for these

cases it was assumed that no self excited oscillations existed so 0 _ was taken as zero. Figures
4.8 (1-5) show the self excited oscillation RMS values versus yaw angle for each section.
Each graph contains the results for all the wind speeds tested. Alternatively, Figures 4.8 (6-
10) present similar data but for individual wind speeds containing all five sections on each

graph. All the RMS values presented in these figures are in terms of volt counts.
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Chapter S
Application of Damping Results

S.1 Comment on the Applicability of Model Sections

In order to be able to draw conclusions from the test data in terms of actual prototype bridge
performance, it is necessary to compare some of the common dimensionless parameters which
are used to predict prototype calculations based on model sized tests. If tests are performed
under conditions, which when scaled to actual size, represent scenarios that are not of good

simulation, then some interpretation is required in order to apply test data.

In the case of bridge vibration, a commonly adopted dimensionless parameter is the reduced
velocity. The reduced velocity is defined as U/n, B . Here n, is the natural frequency of
vibration in the #* mode (in our case the first mode only is treated), B is a linear dimension of

the structure and is taken as the width, and U is the mean wind velocity on the section.

Following is a comparison of typical reduced velocities for actual bridge models during

construction phases compared against the five sections used in the present tests:

Bridge / Section| First Lateral | Width(m) | Wind Speed Reduced
Frequency (Hz) Range (m/s) | Frequency Range

Normandie 0.111 223 10-55 404-222
Kao Ping Hsi 0.153 345 5-100 0.95-18.9
Tatara 0.0663 253 5-60 298 -35.8
Meiko-Chuo 0.128 37.7 10 - 80 2.1-16.6

Section 1 [ 3.125 0.0127 1-5 25.2-126

Section 2 2.174 0.0254 1-5 18.1-90.5
Section 3 1.852 0.0381 1-5 14.2-709
Section 4 2.222 0.0127 1-5 354-1772
Section 5 1.852 0.0127 1-5 42.5-2126

Table 5.1 Comparison of Reduced Velocities
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In the above table, the Wind Speed Range for the first four bridge models is reported as the
full scale equivalent. As well, the values reported for the four bridges (Normandie, Kao Ping
Hisi, Tatara, and Meiko-Chuo) were taken from Kimura et al. (1998).

In looking at the table, we see that in terms of a prototype response, the majority of our test
section results represent extreme wind conditions which would likely have a lower probability
of occurrence during construction phases than over the completed life of the structure.
However, increasing span lengths lead to a reduction in natural frequency values thus leading
to higher reduced velocities for the same shape cross section and incident wind velocity.
Therefore comparable prototype reduced velocities are not unforeseeable. From the figure, it
appears that Section 3 in our tests more closely represents a true bridge section. Regardless

of this fact, however, the tests do provide some interesting discussion.

Another set of dimensionless parameters, those dealing with geometric dimension ratios, are
also of relevance. For lift deflections, it is now quite common to modify the lift coefficient
slope according to the aspect ratio. The aspect ratio is defined as the ratio of the bridge
length divided by the width. For our test sections, however, all the model lengths were the
same and because some of the sections shared a common width, the aspect ratio would not
appear to be an applicable parameter. Instead, another dimensionless parameter was used; the
width to depth (W/D) ratio. All five model cross sections were unique so there were five
different W/D ratios. In examining the effects of this parameter, some interesting
observations were made.

5.2 Damping versus Cosine of Angle

The aerodynamic damping for any section and wind speed will change with the incident yaw
angle. The assumption of cosine proportionality has been experimentally verified for flat
plates in vertical vibration (Kimura [1991]). For horizontal vibration of bluff cross sections,
however, this assumption has only been extended in the absence of experimental test data

(Huang [1995]). The results from the present experiment do shed some light as to the validity

51



of this cosine assumption. Figures 4.5 (1-25) present the aerodynamic damping versus yaw
angle for each section and wind speed. As well, Figures 4.5 (26-30) present the same data
but at each different wind speed with all five sections on each graph. With the exception of
obvious outliers in the data, each section and wind speed was fitted with a cosine curve using

a regression analysis (the cosine curve is shown as a solid line on each figure). The form of
relation was taken to be §s = AE,_,cos 8. The constant 4 was found by trial and error

through regression analysis. A value for 4 was assumed, then modified until the sum of the
squares of the experimental and theoretical curves was a minimum. Under the theoretical
quasi-steady method, 4 would take the value of unity. The &,., value was taken as the
average of the three experimental runs for the case of zero yaw angle. Comparing the
experimental results with the regression line fits, an interesting observation can be made. As

the wind speed increases, combined with a decrease in the W/D ratio of the section, the

following trend becomes more and more evident:

1. At a yaw angle around 20°, the experimental aerodynamic damping begins to fall below the
cosine regression curve.

2. At a yaw angle around 60°, the experimental aerodynamic damping appears to be greater
than the cosine regression curve.

These observations are quite significant and the effects of changing the aerodynamic damping
on the overall buffeting response will be examined in the parametric study in Section 6.2. For
now, it is only important to point out the discrepancies observed between the experimental
evidence and the cosine approximation. This observation is interesting because it may serve
to explain the occurrence of higher lateral buffeting responses in the 30° yaw angle range
which were observed in some wind tunnel studies of cable-stayed bridges during their
construction phase (see Section 3). Keeping all other factors constant, a lower than expected
damping ratio will result in a higher RMS response.
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Another useful method of comparing all the results is to calculate the root-mean-square
(RMS) of the experimental data from the regression analysis cosine fits. The results are
shown in Figure 5.1 and are presented as RMS versus mean wind speed for each section.
Section 3 shows the least scatter from the cosine fit, followed by Section 2. Section 1 is a
slightly higher than sections two and three but considerably lower than Sections 4 and 5.
Sections 4 and S show much more scatter about the regression line and this scatter appears to

increase non linearly with an increasing mean wind speed.

Figures 5.2 (1-5) present the RMS values for each section as a function of the yaw angle.
Also, Figures 5.2 (6-10) present a similar relationship but for individual wind speeds.
Decreasing the W/D ratio has the effect of increasing the scatter of the data over the full
range of yaw angles. Increasing the mean wind speed for a particular section also has the
effect of increasing the scatter over the full range of yaw angles. For all the sections, the
RMS values are relatively constant over the full range of yaw angles when the wind speed is
low. As the wind speed increases, the scatter becomes more random over the yaw angles.
For Sections 4 and 5, the scatter exhibits a peak at an angle of 60°. Section $ also reveals a
peak around 20°, whereas Section 4 shows higher RMS values near 0°, while showing lower
values at 20°. Section 3 has RMS values which are fairly constant over all wind speeds, with
the exception of 5 m/s, where a sharp peak occurs around 70°. Section 2 exhibits similar
characteristics as Section 3, with the same sharp peak. This section also has somewhat of a
peak in the 20° range, becoming increasingly noticeable with increasing wind speed. The
RMS results are consistent with the observation of lower than theoretical damping at 20° and
higher than theoretical damping at 60°.

$.3 Damping versus Wind Speed

Figures 4.6 (1-12) present the aerodynamic damping as a function of the wind speed for the
full range of yaw angles tested. Each figure includes the results for each of the five sections
tested. Alternatively, Figures 4.6 (13-17) show the same results but each section is plotted
separately with the full range of yaw angles shown on each figure. All the experimental data
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is fitted with a linear regression line which extends through the origin in each case. The
extension through the origin was used because at zero wind speed, the aerodynamic damping
is zero for any section at any yaw angle. The results for the case of 90° yaw angle are not
fitted with a linear regression line. For this particular case, the aerodynamic damping values
are all very close to zero as the theory would predict. No further comment is necessary for
this case. The quasi-steady assumption would require the aerodynamic damping to be a linear
function of the mean wind speed. For each section and yaw angle, this general trend is seen
to quite well upheld. The experimental results fit with good accuracy about their linear
regression lines and there is not a large difference in the amount of scatter between various
sections and yaw angles. Figure 5.3 shows the RMS versus yaw angle for each section. All
values are relatively constant with an average value of 0.93. Comparing this to the standard
deviation values obtained in Section S.2 above, however, we see that this average value is
more than twice the highest value of all the data in Section 5.2. This indicates less certainty in
the assumption of a linear relation between the aerodynamic damping and mean wind speed
although an RMS value of 0.93 would still be considered to be quite low.

Figure 5.4 presents the slope of the linear fits against the yaw angle for each test section.
Looking at this figure, a trend is seen to emerge: at each yaw angle, the lower the width to
depth ratio of the section, the higher the slope of the damping versus wind speed linear
regression line and so the sharper the change in damping with increased wind speed. The
results shown in Figures 4.6 (13-17) indicate that for a given section, increasing the yaw angle
tends to decrease the slope of the linear regression line. This is to be expected, and at 90°, the
theoretical slope should be zero. Although this case is not fitted with a linear regression line,

the surrounding yaw angles (80° and 100°) would appear to be close to the value as expected.
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S.4 Damping versus Width/Depth Ratio

The Figures 4.7 (1-12) present the graphs of aerodynamic damping against sectional width to
depth ratios for each yaw angle. Each figure contains the results for all five wind speeds
tested. It was desired to investigate whether or not a general trend could be applied to the
data. It was found that by applying a logarithmic type fit of the form

Earo = A In(W/ID) + B, all the test data could be quite reasonably represented. The
constants 4 and B were obtained through the linear regression, which was performed in this
case through a trend line fitting analysis in an Excel spreadsheet. The discrepancy between
the experimental values and the logarithmic fit equations is represented by calculating the
corresponding RMS values for each wind speed. Figure 5.5 shows the RMS values versus
the yaw angle. The RMS values are relatively constant over the entire data field with an
average value of 0.94. This is comparable to the average RMS value obtained from the linear
damping versus wind speed fits discussed in Section 5.3 and indicates that the logarithmic fit
is a good choice. Of note, the RMS values for 1 m/s seem to drop off sharply when the yaw
angle reaches 90°. An attempt was also made (although not reported here) to fit the data

with an exponential type equation of the form £ = 4 ?*'®"  however the RMS values for
this regression were higher than those of the logarithmic fit. The exponential fit did not seem

to accurately represent the data at lower width to depth ratios, where the aerodynamic

damping values seem to increase sharply.

Looking at the constants 4 and B from the logarithmic regression fits, some comment can
also be made. Figure 5.6 shows the constant 4 versus wind yaw angle for each wind speed.
In general, as the wind speed increases, the values of 4 seem to decrease. Here, for all cases,
A values are below zero. At the lowest two wind speeds, 4 is relatively constant until 50°
when it shifts to approach zero as the yaw angle approaches 90°. Although the 90° case is not
shown on the graph, the graph of aerodynamic damping versus width/depth for 90° (Figure
4.7 (11)) shows a scatter of values with very low aerodynamic damping, reflecting the quasi
steady assumption. As the wind speed increases, a region between 30° and 60° emerges

where A falls away from zero. This trend is most pronounced for the 5 m/s case whereas it is
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only slightly noticeable for the 3 m/s case.

Figure 5.7 shows the constant B versus yaw angle. Values of B are always positive showing
an increase with increasing wind speed. At the lowest three wind speed, B is approximately
constant until 40°, upon which it begins to decrease towards zero. At 3 m/s, this decrease is
sharper than the case for 1 m/s. For the 4 m/s and S mVs cases, the same general trend is
apparent, except that at a yaw angle of about 40°, B shows a slight increase prior to starting is
decline to zero. The graph of B versus yaw angle also represents aerodynamic damping

versus yaw angle for Section 1 because the width to depth ratio for this section is unity.
5.5 Self-Excited Oscillations

It is difficult to draw any clear conclusions regarding the self-excited oscillations which were
observed under various flow conditions. Because it was not known prior to the experiment
nor expected for these oscillations to occur, we will not undertake a rigorous study, but

instead bring them to attention to perhaps lead way for a later study.

The RMS values of these fluctuations were calculated as described in Section 4.3.5 above.
Results were plotted for both individual sections (Figures 4.8 (1-5)) and individual wind
speeds (Figures 4.8 (6-10)). Some very general conclusions can be drawn as to the likelihood
of a certain section to be susceptible to these self-excited oscillations. For any given wind
speed, the majority of significant oscillations appears to occur in the 0°- 30° yaw angle range.
At higher yaw angles, the oscillations are not nearly as pronounced. This fact was also
supported by observations made during the actual experiments, when in some cases,
significant oscillations occurred in this 0°- 30° yaw angle range. The magnitude of the
oscillations increases with a corresponding decrease in the W/D ratio of the section indicating
that more streamlined type sections are less likely to be susceptible to vibrations of this sort.
Increasing the mean wind speed had the overall effect of increasing the magnitude of the
oscillations for all sections and yaw angles. The natural frequencies of these oscillations were
observed to be the same as the first mode lateral frequencies of the models.
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Bridge sections are usually designed to withstand flutter type oscillations relatively early in the
design stage. Flutter oscillations are generally characterized by dominant cross-wind motion.
The horizontal oscillations observed in this case have a similar dynamic to the vertical flutter
case, however a lateral type flutter is not known to exist in bridges yet. A possibility for these
instabilities may be due the evolution and frequency of the vortex pattern shed as the incident
flow strikes the leading edge and passes both over and along the section. The unsupported
end may cause a vortex pattern, which by its orientation, produces a lateral force. As an area
of further study, it would be worth investigating the flow patterns which are formed for this
particular case.

5.6. Summary of Results

The following conclusions and comments can be made following the experiments and data
analysis:

1. The cosine approximation is generally valid for sections with higher W/D ratios. For these
sections, the experimental scatter about the cosine regression line was minimal for all wind
speeds. The cosine approximation provided an excellent fit for Section 3. For sections
with lower W/D ratios, the experimental data showed an increasing amount of scatter with
increasing wind speed and decreasing W/D ratios--characterized by the peaks at 20° and
60° discussed in Section 5.2. For these sections, the cosine approximation may not be the
best fit for the data.

2. The assumption of aerodynamic damping increasing linearly with an increase in mean wind
speed was experimentally verified for each individual section and yaw angle. This is an
interesting observation in particular for sections with lower W/D ratios because for these
sections, damping versus yaw angle indicated some definite deviation from the cosine fit,
yet the relation between wind speed and damping remained as assumed through the quasi-
steady analysis. For individual sections, plotting the slopes of the linear fits against yaw
angle revealed a decreasing trend with increasing yaw angle. This trend appears to be

57



approximately linear for sections with higher W/D ratios, but for lower W/D sections, this
trend becomes increasingly more non linear.

. From all the observations, the W/D ratio of the sections was the common link for all the
data trends. Damping plotted against yaw angle showed increasing scatter with decreasing
W/D ratio. Damping plotted against wind speed showed an increasing slope with a
decrease in W/D. Perhaps the most interesting observation occurred for the damping
versus W/D plots, which showed a definite logarithmic trend. Although not attempted in
this study, it would be interesting to examine whether the constants 4 and B from the

logarithmic regression could be expressed as functions of wind speed and yaw angle.

. The occurrence of the self excited oscillations was indeed interesting. The presence of
these oscillations at lower yaw angles may be responsible for reducing the ability of the
structure to withstand buffeting loads and may serve to partly explain the higher buffeting
response observed at non-zero yaw angles in some of the experimental studies mentioned

in Section 3. An attempt to better explain these self excited oscillations is an interesting
area of future study.
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Chapter 6
Parametric Study

6.1 Theoretical Versus Experimental Aerodynamic Damping

Before applying the test results in :alculating hypothetical buffeting responses, it was
necessary to compare the experimental damping results against the theoretically derived
values. In order to derive the theoretical damping expression, an appropriate model was
required to describe the actual test setup.

The aerodynamic damping equations from 2.32 and 2.65 are derived for multiple degree of
freedom systems. The model used in this experiment can be modeled as a single degree of

freedom torsional spring. Figure 6.1 presents the model and other relevant information
needed in the derivation.

The equation of motion for the torsional displacement © is
JO+C,0+K,0=M, (6.1)

where J = mL? / 3 is the polar mass moment of inertia; C, = 2w,J § is the torsional damping

L
coefficient; K, = w’Jis the torsional spring stiffness; and M = _f ydF is the externally
0

applied torque moment. In the above definitions, m is the mass per unit length of the model

section, L is the length, and w, is the natural frequency of the system.

The external force dF acting on a strip of width dy and height D will be due to the relative
wind velocity on that strip:

= 2pUDC, [y, B+y(1)ldy (6.2)

where U, = U'+u(t,y)+x = U +u(1y)+y© and C,[ y, B+y(1)] is the drag force
coefficient accounting for both the spanwise change of the drag force at ya v angle 8 and

incremental yaw angle change y(¢) = tan™' (v(¢)/(U" +u(1)))=~ v(£)/ U (Kimura [1998]).
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By ignoring smaller terms in U? and linearizing C,[ y. B+ y(#)] as

Cp(3. B)+(dCp(y. B)dB)(v(1y)IU"), the strip force dF will reduce to

1 dC,(y B)

aF =3 dB

DU [U'+2u(ty)+yO]Co(y. B)dy + 5 DU ey) 6.3)

The second part of 6.3 is the same as was derived by Kimura (1998). From here, we can
employ the concept of self-excited forces:

The aerodynamic damping term can be derived by considering only the self-excited term in the
torque moment. The self-excited force term arises from the structural motion under the

action of the wind and includes only the velocity term © . Considering only the self-excited

term pDU’ yC,(y,B)dy© | the self-excited torque moment becomes:
L

M,=pD U(.f yCpo(y. B)dy)@ (6.9)
0

Substituting 6.4 into 6.1, and collecting terms gives:

L
J@+[2woJ§-pDU'fyzCD(y,B)dy]@+K¢@=0 6.5)
(1}

The aerodynamic damping is defined as the condition when the term inside the brackets equals

zero:
DU

Euro =2

2w J

o

© Sy

y’Co(y. By (6.6)

Notice the consistency between the above form and 2.65. Also, if the original strip

assumption is employed, C( y, B) becomes constant along y and simply equal to Cp. The
above form will then reduce to 2.33.



To retain a similar form to Kimura (1998), 6.6 can be reduced to (although not equivalent to)
_pDU’'cosB

L
————— | y*Cp(3. B=0 6.7
B = s Y Colr8=01y 6.7)
where the perpendicular component U’ cos 8 is used as the effective wind velocity and the
normal force distribution is taken as the value for 8=0 . Making this simplification essentially
eliminates any contribution from the lateral component v().

To obtain the drag force distribution, experimental results were used from Kimura et al.'s
(1998) experiments and adjusted to fit our model sections. Adjusting the drag force
distribution simply involves multiplying the Cp(0) and Cn(Z) values obtained from Section A2
(of Kimura et al.'s experiments) with the ratio of the steady state drag force of our model
section over Section A2. The steady-state drag force values for the test sections used in the
current experiment were found from ESDU (1986), which are reported for a cantilever type
bluff body. Although for the current model sections the presence of the finite length torsional
spring likely has the effect of reducing the actual drag force near the support and so reduces
the overall drag coefficient, the effect is presumed minimal so that the ESDU (1986) steady-
state drag force can be employed. For Section A2, steady-state drag coefficients are obtained
from the test data at 0° yaw angle. Following are the values used for the calculation:

Section Co Co (0, B=0) Co (L, B=0)
A2 1.1 1.05 0.96
1 1.9 1.99 1.81
2 14 1.46 1.34
3 1.15 1.2 1.1
4 1.6 1.67 1.53
5 1.34 1.4 1.28

Table 6.1 Steady-State Drag Coeflicients

Using 6.7, theoretical damping values can be compared with the values obtained from the
cosine regression fits. Figures 6.2 (1-5) compare the values for each section at each wind
speed. For each section and wind speed, the true wind speed from Figures 4.3 (1-5) was used
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to calculate the theoretical aerodynamic damping. The true wind speed used was taken as the

average for all the yaw angle for each section and wind speed.

Looking at the results, it is observed that all theoretical damping values are greater than the
experimental values. This is contrary to that observed by Huang (1995) who reported lower
theoretical values. The table below shows the ratio of theoretical to experimental values for
each section and wind speed. For each section and wind speed, the ratio in the table
represents the average of all the yaw angles.

Section # 1 nv/s 2m/s 3m/s 4m/s S /s Average
1 1.97 1.99 2.1 2.03 2.06 2.03
2 1.75 1.87 1.75 1.75 1.82 1.81
3 1.99 1.83 1.73 1.81 1.8 1.83
4 1.46 1.58 1.6 1.59 1.66 1.58
5 1.15 1.2 1.26 1.32 1.44 1.27

Table 6.2 Ratio of Theoretical to Experimental Aerodynamic Damping Values
6.2 Lateral Buffeting Calculations Using Experimental Data

As a final investigation, it was desired to examine the effects various different aerodynamic
damping ratios had on the overall RMS response of our model sections. From buffeting
theory, reducing the overall damping of a system will increase the overall response. The
magnitude of this response increase for different overall damping values needs to be
investigated to determine if the differences between the experimental, cosine regression, and
theoretical values has an appreciable effect on the RMS response. If, say, doubling the total
damping, only decreases the peak response by 1%, then it is quite reasonable to assume that
the theoretical model can be used without introducing much error. If the increase is the in the
order of 10% or higher (for example), then the theoretical model may not be relied upon to
give an accurate picture of the response and firther study is required.
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The first step in setting up the calculations was the selection of an appropriate theoretical
model. The model selected was similar to Kimura et al.'s (1998) model, except that the
exponential forms for the along-wind and lateral coherence were used. A description of the

theoretical model can be found in Appendix C and will not be discussed here.

The incident wind parameters were selected for the models in an attempt to represent a
realistic wind model. For this, three different wind cases were selected using different length
scales. For each wind case, a value for L} and /, was set and the remaining values calculated

using the appropriate relationships (see Appendix C). Following is a table describing the wind
characteristics for the wind cases:

Wind Case | [*(m) | L’(m) L (m) L? (m) 1, (%) 1, (%)

WCl1 0.01 0.0021 0.00012 |1.42E-005 10 8.03
wC2 0.02 0.0045 0.00030 |4.22E-005 10 8.03
WC3 0.03 0.0070 0.00052 | 7.98E-005 10 8.03

Table 6.3 Incident Wind Properties for Theoretical Buffeting Calculations

The results from the calculations are presented in Appendix D. Each page presents one

section subjected to a particular wind case for all five wind speeds.

The objective of this study was to investigate the effects of changing the aerodynamic
damping and how the RMS responses may be subsequently affected. Looking at the results in
general, the following comments are summarized:

1. Comparing the RMS values obtained using the experimental damping tests results (or
cosine regression equations) with the RMS values obtained using the theoretical damping
expressions, it is observed that the noted differences in damping do generally result in
significant changes in the RMS values. This trend is consistent for the full range of resuits.
A sample selection of the results comparing RMS responses using the experimental
damping results (in this case using the three run average values) with responses using the
theoretical damping values are shown in the following table:
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Section | Wind Case W'uzc‘ijs;;eed Yaw Angle ?‘%ig:':;c; %iglg;esnce
1 1 1 0 46 29
1 2 3 40 53 66
2 1 2 20 44 30
2 3 4 60 51 31
3 2 1 30 41 9
3 3 5 50 46 31
4 1 2 10 38 40
4 2 3 50 28 26
5 2 4 0 31 43
5 3 5 30 43 75

Table 6.4 Selected Theoretical Buffeting Response Calculations for all Test Sections

Although the above table is only a sample, it demonstrates the importance of an accurate

theoretical expression for the aerodynamic damping term as the percent differences reported

in the last column are significant.

2. In Section 5.2, it was reported that as the wind speed increased, combined with a decrease

in the sectional width to depth ratio, the experimentally obtained aerodynamic damping

values fell below the cosine regression curve in the 20° yaw angle range and rose above the

regression curve in the 60° yaw angle range. For Sections 4 and §, the results from the

parametric study for wind speeds of 4 and 5 m/s are examined below. The table below

compares the differences in calculated RMS values at the critical yaw angles where the

experimental results are furthest away from the cosine regression curve:

Section | Wind Case | Wind Speed | Yaw Angle | % difference | % difference
(m/s) in damping in RMS
4 1 4 10 17 19
4 1 5 70 438 23
4 2 4 70 43 20
4 2 5 10 15 20




Section | Wind Case | Wind Speed | Yaw Angle | % difference | % difference
(nv/s) in damping in RMS
4 3 4 10 17 14
4 3 5 60 50 26
5 1 4 20 22 27
5 1 5 60 89 44
5 2 4 60 103 45
5 2 5 20 34 45
5 3 4 20 22 19
5 3 5 70 100 41

Table 6.5 Theoretical Buffeting Response Calculations for Critical Yaw Angle Cases

The percent differences for the RMS values using the experimentally obtained damping versus
the damping obtained from cosine regression again illustrate the impact and importance of
accurately describing the aerodynamic damping term. The cosine approximation is used based
on the existing theoretical framework for aerodynamic damping with varying yaw angle yet
when RMS values are compared against the experimentally obtained damping, a noticeable
difference is seen. This may be a cause for concern because calculations using existing theory
may predict responses significantly different to those actually observed. This final point
stresses the need for further investigation of the aerodynamic damping parameter and the

development of a more accurate theoretical framework.
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Chapter 7
Concluding Remarks

7.1 Suggested Further Study

The model test and subsequent analysis results have provided some interesting areas of study
and discussion. Much like any experimental study, however, there are still areas which
require further examination in order to more completely understand the processes involved.
As a result, the author would like to suggest the following areas which may make interesting
further study:

1. To more closely relate the test data in terms of actual bridge response, the same tests as
were carried out in this research could be undertaken using sections and test setups which
more closely represent true bridge sections. This would lead to a more practical
application of the experimental results. Extending this concept, the model sections could
be designed to incorporate the stay cables of the bridge.

2. The lateral fluctuating velocity component v is also an area which requires further study.
Expressions for S, and S. are quite common and readily obtainable from field data, but
accurate expressions for S, are not as common. As well, expressions for the lateral
coherence R.. are usually taken to be the same as R.., and further study is required to
determine more accurate models of this parameter as well.

3. The changing spanwise drag force coefficient is also another interesting area. The linearly
varying model utilized in this study is a more refined approach than the strip theory, but
still should be investigated further for its applicability for different cross-sectional shapes.
As well, because spanwise drag force measurements are obtained from sections which are
not moving, it would be worthy to investigate how the spanwise drag force distribution
changes with time on a laterally oscillating body.



4. An investigation into the observed self-excited oscillations to further clarify the conditions
of their occurrence also serves as an interesting subject. This might be accomplished by
utilizing flow visualization techniques whereby the actual flow pattern around the
oscillating body may be observed and studied.

7.2 Conclusion

At the outset of the experimental testing, it was desired to examine how a changing yaw angle
affected the lateral aerodynamic damping for various bluff sections in different wind
conditions. Results from the experimental testing and data analysis concluded that the validity
of the cosine approximation is affected by the sectional width to depth ratio as well as the
mean wind speed. The lateral flutter-type instabilities observed were interesting and require
further consideration. The parametric study showed that small changes in the aerodynamic
damping can indeed have a noticeable effect on the RMS response. Overall results suggest

that a more rigorous study is required for the lateral aerodynamic damping case.
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base plate (detail similar on )
other side of stand) Strain gauge Aluminum
connection block
clamped to spring
steel
— Aluminum support stand
Strain gauge wires
Attached to support
stand and base plate
Figure 4.1 (a) - Support Stand
Plywood base plate
Graduated markings

& (from -10° to 100°)

Hole drilled for
exciting rod

44—
/ Wind direction
Hole drilled for
strain gauge wires
Attached model

Top view

Figure 4.1 (b) — Base Plate
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Figure 4.8.1
Self Excited RMS vs. Yaw Angle
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Figure 4.8.2
Self Excited RMS vs. Yaw Angle
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Figure 4.8.3
Self Excited RMS vs. Yaw Angle
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Figure 4.8.4
Self Excited RMS vs. Yaw Angle
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Figure 4.8.5
Self Excited RMS vs. Yaw Angle
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Figure 4.8.7
Self Excited RMS vs. Yaw Angle
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Figure 4.8.8
Self Excited RMS vs. Yaw Angle
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Figure 4.8.9
Self Excited RMS vs. Yaw Angle
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Figure 4.8.10
Self Excited RMS vs. Yaw Angle
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Figure 6.1 — Model for Theoretical Derivation of Aerodynamic Damping
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Fortran77 Routine
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*  .program finds all peak values for the entire run
* .and prints to the output file along with their
* _.relative positions within

PROGRAM PEAKS

REAL SVALUE,MEAN, VALUE,PREV,NEXT,TPREV, TNEXT,DATA(4001,10),
+ PEAK(1000,20)

INTEGER SUM,M,J,N,A,B,NFILES K,C

CHARACTER INPUT*11,0UTPUT*11,0UT2*11

PRINT *, 'Enter the name of the input data file in quotes’
READ *, INPUT

PRINT *, 'Enter the number of damping runs in the data file'
READ *, NFILES

OPEN (UNIT=2,FILE=INPUT,STATUS='0OLD")
DO 88 A=1,4001
READ(2,*) (DATA(A,B),B=1,NFILES)

88 CONTINUE

DO 89 B=1,1000
DO 90 C=1,20
PEAK(B,C)=0
90 CONTINUE
89 CONTINUE

PRINT *, 'Enter the name of output file #1 in quotes w/extension'
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READ *, OUTPUT

OPEN (UNIT=3,FILE=OUTPUT,STATUS=NEW’)

IF (NFILES.NE.2) THEN

PRINT *, ‘Enter name of 2nd output file in quotes w/extension’
READ *, OUT2

OPEN (UNIT=4,FILE=0OUT2,STATUS=NEW')

END IF

K=l

66 SUM=0
SVALUE=0

DO 6 M=2,4001
SUM=SUM+1
SVALUE=DATAM.K)+SVALUE
6 CONTINUE
MEAN=SVALUE/SUM
N=1

DO 7 J=3,3000

VALUE = DATA(J,K) - MEAN
PREV =DATA(J-1,K) - MEAN
NEXT =DATA(J+1,K) - MEAN
TPREV = VALUE - PREV
TNEXT = VALUE - NEXT

IF (TPREV.GE.0.AND.TNEXT.GE.0) THEN
PEAK(N,2*K-1)=VALUE
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PEAK(N,2*K)=J-1
N=N+1
END IF
7 CONTINUE
K=K+1
IF (K.LE.NFILES) THEN
GOTO 66
END IF

IF (NFILES EQ.2) THEN
DO 91 A=1,1000
WRITE (3,81) (PEAK(A,B),B=1,4)
81 FORMAT (2(F6.1,1X,F5.0,1X))
91 CONTINUE
END IF

IF (NFILES.EQ.9) THEN
DO 92 A=1,1000
WRITE (3,82) (PEAK(A,B),B=1,10)
WRITE (4,83) (PEAK(A,B),B=11,18)
82 FORMAT (5(F6.1,1X,F5.0,1X))
83 FORMAT (4(F6.1,1X,F5.0,1X))
92 CONTINUE
END IF

IF (NFILES.EQ.10) THEN
DO 93 A=1,1000
WRITE (3,84) (PEAK(A,B),B=1,10)
WRITE (4,85) (PEAK(A,B),B=11,20)
84 FORMAT (5(F6.1,1X,F5.0,1X))
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85 FORMAT (5(F6.1,1XF5.0,1X))
93 CONTINUE
ENDIF

END

178



Appendix B
Free Vibration Responses
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Appendix C
Buffeting Analysis used for the Parametric Study
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Appendix C
BufTeting Analysis used for the Parametric Study

C.1 Turbulence Length Scales
The along-wind turbulence length scales were set to be approximately 5%, 10%, and 15% of

the model length. With the along-wind scales set, the other scales were determined from
ESDU (1975), using the following empirical relationships:

L =252 0% (C.1)
L2 =102/ 0% (C.2)
Li=512"%) 0% (C.3)
L}=312"%7%" (C4)

In the above expression, z is the model height above ground and was taken to be the height of
the support stand, 0.305 m. z, is the roughness length of the surface and was first calculated

from C.1 using the set value for L . The other length scales were then calculated using this
roughness length. The lateral length scale L was taken to equal L: from C.4 because no

other formula was available. These equations and assumptions were similar to those used by
Kimura et al. (1998).

C.2 Turbulence Intensities

The along-wind turbulence intensity was selected as I, = 10%. Using this set value, the
following ratio taken from Panofsky and Dutton (1984), was used in order to calculate the
lateral intensity:

I,:1,=239:1.92 (C.5)

With the turbulence intensities, the variances o2 and o2 could then be calculated from 2.9.
The expression in C.5 was also used by Kimura et al. (1998).
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C.3 Modified Buffeting Analysis for Torsional Spring Models

The equation of motion for the models used in this study is
O+2w O+ w O0=M,IJ (C.6)
The damping term on the left hand side will be the sum of the structural and aerodynamic

damping. The total torque moment M, will then be due only to the fluctuating along-wind and
lateral components of the incident wind:

L
M,= [ ydr (o))
0

Taking dF from Equation 6.3 and ignoring the self-excited term (which now appears on the
left hand side as the aerodynamic damping term), M, becomes

L L d
M= oDV [ yuiC, By + L2 [ yurin Zou2 Bl C®)

[

The usual procedure to obtain the spectrum of the generalized torque moment, S., is applied
here. The procedure involves taking the Fourier transform of C.6 with C.8 replaced for the
torque moment. After applying the transform, the spectrum of the torque moment is
generalized by accounting for the cross-dependence of the wind velocities at differenct points
yI and y2 along the model. The general procedure can be found in Kimura (1991) and will
not be repeated here. The generalized torque moment will be

S.(n)=(pDU Y[ ,! yly2S,.(yly2in)C,(y1, B)C,(y2, B)dyl dy2 +

2L L
pDU _.dC,(yl,B)dC,(y2 B)
( 3 ) ) .!ylyZSw(yl.y2.n) P ap 92
(C.9)
The response spectrum for the angular displacement will take the form
So(nm) = —1={H [n)'}x, (n}’S . (m) (C.10)
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For the models used in the experiment, it is reasonable to assume that they will vibrate only in
one mode. Higher mode vibrations would require the stiff leaf spring to be excited by a high
energy input at a high frequency. Using this assumption, the response spectrum for each
section will be narrow banded, with the majority of the response energy concentrated at the
first mode lateral frequency n,. Using this, the mean square response for the angular
displacement can be evaluated discretely as

nn,
o= m|x.("r)|zs.("r) (C.11)

In C.11, the aerodynamic admittance function is used from the modified expressions presented
by Irwin (1977).

C.4 Evaluation of S.(n)
The evaluation of the generalized torqure moment in C.9 requires the evaluation of two
complicated double integral expressions. The double integral expressions can be simplified by

making some assumptions outlined below.

The expression for the along-wind and cross-wind cross-spectrums S,, and S.,, respectively,
can be reduced using Xie et al. (1989) to the following expressions:

S (Y1, y.n) =8 cos’ BR_ (¥,, y,,n) + S’ sin’ BR_ (y,,¥;.n) (C.12)
and
S (Y1, y2,n) =S sin’ BR_. (¥,,¥:,n) + 8’ ,cos’BR_(y,, ¥,n) (C.13)

The expressions for the along-wind and cross-wind coherences R, and R.., respectively, are
taken to be represented here by the exponential forms:

R.(y,y3,n) = e oor"0eme (C.14)
and
R, (¥, yy,n) = e 27708 (C.15)
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where ¢; is taken as 7, c; is taken as 14, and 4 y=|y,— y| is the along-span separation

distance.

These forms of coherence are not as accurate as the von Karman forms (see Section 2.3), and
at lower n values, the above expressions tend to infinity. To solve this problem, a method is
employed similar to Irwin (1977):

If we assume that over the spanwise region of significant velocity correlation, the mode shape,
force coefficient, and force coefficient slope with respect to the yaw angle, are all relatively
constant, then their correlations become unity and can be removed from the integrand in C.9
leaving

zz L pDU 2L L
S.(n)=(pDU) {.!Su(}’u)’z- dylayz( ) .!,!Sw(yl’yz' )dy,dy,

(C.16)
Substituting C.14 and C.15 into C.12 and C.13, respectively, equation C.16 will be reduced to
an expression having four integral expressions of the form

L L
{ I e dy, dy, (C.17)

where C equals ¢, n/U’ cos B or c,n/ U’ cosB.

The double integal in C.17 will lead to a good approximation of the mean square response
from C.11 when the frequency 7 is not close to zero. As » approaches zero, a useful

expression for C.17 needs to be found.

The integrand in C.17 can be rewritten as

L L
.! (.! e'“’dyz)dyl (C.18)

The term inside the brackets can be further reduced to
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N L~y

!e_c‘”a)’z"' .r e dy, (C.19)

0

The first term in C.19 applies when y, > y.. Here, 8 y = y,—y,and dy, = —d A | so the first

term reduces to
s

0
~-[e»da=[ec%da (C.20)

h 0

The second term in C.19 applies when y; < y;. Here, A y = y,—y,and dy, = d 4 , reducing

the second term to
L-y
| e~da (C.21)
[1}
Adding C.20 and C.21 leaves
L 1— -CL
Jevaa= =2 (C.22)
o C

This expression is independent of y;, and when integrated in C.18 with respect to y; becomes

equal to

L -
L(1-e) (C.23)

As n approaches 0, C approaches zero in C.23. Taking this limit results in C.23 becoming
equal to L°.

In the analysis, the integral in C.18 was evaluated discretely for various values of n. As»n
approached zero, the integral increased significantly from zero. For these cases, the integral
was taken to be equal to the limit L?, which in turn resulted in more accurate values for the

overall buffeting response o5,.
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Parametric Study Results
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Section 1 Wind Case
Pu: 1.23 ms Tux_ 0.01 ™
' — M 1 % _
Yaw W_ﬁ;"_'L W_MTE{_M '_E?MS | RMS (theory) | RMS (avg) |
0 2.364E-03_| 465103 03 0. 0.021 0.027
10 2.329E-03_| 4.580E-03 | 2.3946-03 | 00024 0.0018 0.0024
20 | 2222605 | 4370603 | 23606-05 | 00012 | 00009 0.0012
30 2.0486-03_| €.0206-03 | 2.2556-0: 0.00072 0.00055 _ 0.0007
40 1.6116-03 | J.583£-:03 ] 1. 0 0.00048 .00037 0.00049
50 5206-03 | 2.989E-0: 1481203 | 0.00033 0.00026 0.00033
60 182603 | 2328603 | 9116604 | 000022 | 000079 0.00023 |
70 8.087E 1.591E-0 6. 1262-04 0.00013 0.00012 0.00014
80 4. 1066 6.080E-C 3. 232E.-04 0.000074 0.000069 0.000075
90 o.mooj_o.oooe«ar‘ 1.7836-04 | 0.00002% 0.000025 0.000024
Section 1 Wind Case ]
Us —2074 ma Tux 0.01 ™
— W T % ‘
Yaw | Aerod Aerod ASrod MS [RMS favg) ]
TW&%" T —7—?‘_;. 03 'ﬁ_l. _To‘ﬂql‘ _%La 0.066
10| 38HEGI | 7723603 | 37P0E.03 | 00058 00037 | 00056
[ 20| 3603800 | 7369E.00 | 1990609 1 0.0037 0.0018 0.0026
30 | J.404E-03 791E-03 | J.196E 00015 | 0001 0.0015
40 | 3071 007803 | 9. ] ™ 0.00064 0.00092
— %0 | 23266-03 O41E-0. 2.7316-03 ). 0.0004 0.00056 |
60 | 1.965.03 | 19216C ~893E-09 0004 | 000031 0.0004 1
70 1.3446-03 | 2.682E-0: ~J05E-00 00027 0.00022 D.00027 |
80 C.8256-06 | 1.962E. 8.788-04 | 000018 | 000017 0.000106
%0  OOCE .000E+00 | 2234E-04 | 0.000069 | 0.000080 | 0000065
[ Section 1 Wind Case 1
U= 3.227 ms Lux 0.0 —m
— ] 70 % ‘
Yaw Aevod (cos) | Asrod Aerod MS (cos EMSM RMS (avg)
0 5803603 | 1.2208-02 484E-03 _b'!_L..z 0.11 022
10 714203 ] 1. 661 0.016 0.0008 0015 |
20 453E. 147€-02 | 56026-00 0.0074 0.0041 0.0073 ]
30 0256-03 "OS8E S0976-03 | 0.0039 0.0022 0.0039 |
(40 | 44403 | 9. 44 ] —0.0013 0.002
T30 | 373603 |7 3.741E-03 0.001. ~0.0008 0.0013
60 | 29016-03 | 6.1016.03 | 297609 0.0008 0.00057 .00087
[ 70 | 19086-03 | 4173603 | 2091E.09 0.00088 0.00049 0.00065
(80| 1.0086-03 | 2119603 | 9 0I2E 04 00058 0.00048 0.0008
90| 0.000E+00 | 0.000€+00 028E-04 0.00026 0.00026 000025
Sechon 1 Wind Case 7
Pu: 4.047 s Lux 0.01 m
7] 10 % ‘
Yaw Aemd@ wm Aerod (avg) MM M’SM FM§M
0 7550603 | 1.5006-02 | 690403 | 02 0.7 0.22
70 7438603 | 1.507€-02 | 8.0976-03 | 0018 00068 | 0015 |
=20 | 7098 1.430E. 7231603 | 00074 0.0041 0.0073 |
30| 6341203 ; G41IE0T | 00039 1 00022 | 00039
40 ] 7.1 6458603 | 00022 | 00013 1 0002
%0 | <.  896E-03 | 4. —00013 | 00006 | 00013 ]
[ 60 | 377763 | F651£.00 | 2611600 | 000087 | 000057 1000087
%01 256200 1 325409 [ 20088-03 | 000088 | 000049 | 0.
[ 80 I 13126:03 | 2657800 | 1182803 1 0000361 000048 0.0006
[ 90 | 0.0006+00 | 0000E+00 | 1.3716.04 ] 000026 0.00026 0.00025 ]
Section 1 Wind Case 1
U= 4.947 ns Lux Jm m
Tu 10 — %
Yaw | Aerod Asrod (theory) | Aerod (avg) | [_RMS (cos) | RMS (theory) | RMS (avg] avg
0 9.0716-03 | 1870602 | 1.0076-02 0.26 0.15 0.26
[ 10| 89039600 | 1842602 | 8776600 | 0633 0.011 0.022
[~ 20| 83534800 | 1738802 | P04E03 1 007 0.0033 0.012
30 1 7 7. 7350603 | 00053 | 00028 0.0054
40 | 6045603 | 1433802 1 796000 1 00028 100077 0.0027 |
%0 | 56831603 | 1. S19E-03 0.0016 0.00094 0.0017
60 | 450503 | 93536030 | 8 196E [™0.0011 1 0.00060 0.001
70 | 2102603 | 6396603 | 471 '0.00060_ | 00006 | 000078 ]
80 | 187503 | 324 - 000081 | 000064 | 0.00084
90 | 0.000€+00 | O 00 477E-04 0.00038 | 000038 | 000034 ]
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’h 2 [~ Wind Case 1
Us | 1212 ma Tux 0.07 m
— " 10 %
Yaw Am?z Asrod (the Asrod AMS (cos) | RMS 'L_ug@‘
0 _maﬁ_ﬁw‘ £ 21 0
10 "I64E-03 | 2.089E-03 "409€-03 0.0011 0.00096 0.0011
20 - ™ 2.2006-03 964E-00 | 000033 | 000047 | 000054 ]
30 ~2006-03 | 2.101 1.2606-03 | 000032 | 0.00028 0.00032
40_| 1.061E03 | 1. 1300E-04_| 000021 __| 000018 0.00021
30 1 _8.906E "S80E-03 | 3 4I2E 0.00014 000013 | 0.00015 |
80 | 69527 213E-03_| 374304 | 0000099 | 0. 0.0001 |
< TE 83002.04_| 1361804 | 0000063 | 0. 5000064 |
2.406E-04 | 4.210E08 | 2 102€-04 0.000038_|_0.000037 0.000038
90 | 0000E<00 | 0.000E+00_| 1150606 | 0000013 | 0.000013 0.000013
Section 2 Wind Case
Us 1.967 s Tux 0.01 m_
[ 1 %
Yaw | Aercd Aercd (heory) | Aerod “RMS RMS (1t AMS (avg)
[0 | 2122603 %&9 _ﬁ%‘z __o%o. —%’Lo._ 0.044
10 ; 03 | 39176-00 | 1.683-03 | _ 0.0028 0. 0.0020
7.9946-03 | 3 2093603 | 0.0013 0.001 5.0013
7836603 | 1400 11850600 | 000069 | 000055 0.00069
40 6266.0] | J.047E-03 F70£-03 000041 | 0.00033 0.0004
I64E03 | 255709 2368-03 | 000026 | 000022 | 0.00027 ]
60 "081E-03 | 1.969€-09 "955E-04 | 0.0001 0.00016__|__ 000019 |
70 | 72566 1. g’“ 6.6296-06 | 0.00013 0.00012 0.00013 |
80 | 36858 6.9106-04 247604 | 0. 0.000089 0.000098 ]
™90 | 0.000E+00 | 0.000&~ 925604 0.000034 0.000034 0.000033 ]
[ Section 2 Wind Case. ]
Us 2.9 ms Lux 0.01 m
"I 10 % _
Yaw_| Aerod (cos) |Aerod (theory) | Aerod [RMS (cos) | RMS (theory) | RMS (avg)
[0 | 31616-03 5.906E-09 _az#as-oalL 0.095 0.069 0.094
10 2.1336-03 5.016E-07 | J.043E-03 00057 | 00047 | 00058 |
20 | 2909803 49E03 | I230E-03 | 0.00%6 0.0019 0.0025 |
(T30 | 275500 | 8714803 | 2800603 | 00013 | 000098 0.0013
40| 2437603 | 4.524e-03 | 2356609 | 000073 D.00055 0.00073__|
[T 50 | 204503 | 3.7966-03 | 1.7966-03 1 0.00044 0.00034 | 0.00045
60 | 1.591E-03 | 2 9506-09 316E-03 | 0.0003 0.00025 | 0.00032 ]
70 "080E-03 | 2.0206-00 132E-00 | 000029 | 00002 1 000027 ]
80 S24-04_| 102505 | 7608606 | 000019 | 000018__| 000018
90 | 0.000E+00_| 0.0006+00 | -1. [0.000074_] 0000074 | 0000075 ]
[Sechon 2 [_Wind Case ]
U= 3931 ms Lux 0071 m
& 10 %
Yaw Asrod (cos) | Aerod (theory) Aerod (avg) Eusm Eusm RMS (avg)
[0 | 45086-01 | 7909€-03 | 4.3266.03 0.16 0.17 0.16
10 4439600 | 7709600 | 4.465%E-00 | 0.0095 | 00066 0.0094
20 4236603 | 74326-00 | 4. 0.0042 0.003 0.0039 |
™3 |904E-03_| 6.8506.00 | 4.1296-03 | 0.0021 0.0015 0.0021 |
[ 40 | 5453€-03_| 6059603 18603 | 00011 000081 | oo0011__|
50 | 26986-00 | S0B4E.03 | 24606-03 0.00062 0.00047 0.00066
— 60| 2254200 | J9332-03 | 10303 00041 0.00036 | 000045
70 | 13562600 | 2705603 | 159903 0.000: 00003__ | 000035 ]
80 | 7826604 | 1.373E-00 | 7920604 0.00031 0.00028 | 0.00031
[ 90 | 0000€+00 | 0000E+00_| -1.387€-04 | 000013 0.00013 0.00014
 Secton 2 [ Wind Case
U= 4942 ms Lux 007 m
— N 10 %
Yow | Aercd ASrod Aerod RMS (cos) | RMS (theory) | RMS (avg) ]
0 431E-00 | 96930 | S168E __z‘?Lo. 0.16 0.25
10 5349600 | 9.7436-03 ] 0016 | 000954 0014
— 20| 8104e-03 | 92976-03 | 520503 | 00064 0.0042 0.0064
501 470ec03 | 86800 | 4525600 | 0002 1 00031 0.0032 |
0 4.161E-03 | 7579603 | 4451603 0.0016 | 0.0011 0.0015
20 | 3491 [T€.3596.0) | 1266603 | 0.00064 0.0006 0.0008
=40 | 166-03 | 4.947E-0. 965E-00 | 0.00057 0.00043 | 0.00055
70 | 1.6566:00 | 398460 03 0.00049 0 — 1000045 ]
80 9.4I1E-04 | 1.7106-03 | 9.411E-04 0.00045 0.0004 0.00045
90 | 0000E+00 | ©0.000€+00 08 | o0ooo21 | 000021 ] _ 00002 |
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@_ Wind Case 7
U= ] Lux _0.01 —m
= u 10 %

Yow (Ao Theor)| Aeve ™ (RS tecey) | RS (o) ]
™0 | 7.5066-00 | 8.0796-04 0.01 0. [ oo012__|
10 ] 1.5156-00 | 6.392£-04 0.00067 | _0.00059 | _0.00068
20 | ] 445E-0)_| 7149604 0.00032__|__ 000020 | 000032 |

30 332603 7.903E-04 0.00019 0.00017 0.00018 |
0 178E-0) | 4.2926.04 | 00001 0.00011 0.00012__|
30 ] L.890E-04 | 5.649E-04 0.000083 000076 0.000082
(80 7 690E-04 | 3.649E-04 0.000037 | 0000054 | 0.000037
— 70 S 260E-08 | 4.065E.04 0.000036 0.000036__| _0.000097 |
80 2.670E-04 186E-04 | 0.000024 0.000024 0.000024
90 | [0 000E+00_ 0.0000081 | 0.0000001 | _0.000008 |
[Section [~ Wind Case
U= ms Lux 0.01 m
M 10 %
vaw gj'w_'m " Aerod (avg) | AMS (cos) | RMS (neory) | RMS (avg)
454600 | 2.656E-03 | 1.9676-03 ﬂ"""‘m 0.028 0.034
7 ) 816£-03 | 1.1586-03 | 00018 | 0.0013 0019
2496E-03 | 1.185-03 | 000083 | 00007 0.00077 ]
1.2626-00 | 0.00044 | 000037 | 000044
40 2005603 | 1.196E-03 0.00025 0.00022 0.00025
50 ~7076-03 | 9.5626-04 0.00016 0.00014 0.00016 |
"320E-03_ | 6.698E-04 0.00012 0.0001 D.00011__ |
090E-04_|_ 5 901E- 0.000087_| 0. 7 .000006__|
80 4610604 | 4839E-04 | 0.000065_| 0000063 | 0.000062
90 0.0006+00 | 2 150E-< 0.000024 0.00002¢ 0.000023
Section Wind Case
Us Lux 0.01 m
— u 10 %
Yaw Aerod (theo Aerod RMS RMS Eusm
0 T‘Eu -an'_iﬂﬂ'm _Fg!L 0.056 0.068
10 2 191€-00 | 3.7906.03 | 1.894E-03 | 00037 0.003 0.0039 |
20 | J616E-03 | 1.9606-03 | 00017 0.0013 0.0017 |
30 ~3.3306-03 B42E-0 0.00004 0.00068 0.00085 |
40 2 9406-03 6S8E-0: 0.00044 0.00037 0.00045
%0 4 7. 384E-0C 5.00026 0.00022__|__0.00027 |
&0 [7.9246-03 | 1.2026-03 0.00019 0.00016 000019
70 8108 1.3166-0 1.067€-03 0.000135 00014 0.00014
™80 6.600E-04 | 4.717E-04 0.00013 5.00012 0.00012
[ 90| 0000E+00_ 39666 000049 00004
Section
U=
Yaw
0

hd 0
Vs
Aerod (7 Aerod (avg) | RMS (cos) | RMS (theory) | *ﬁ'ﬁs_m ‘
Tm.r _o_.%-i' 0.12
0.0068 | ™0.0069 |

10 2.0046-0]_|_5.081 2 732603 | [ 0.0051 |

20 4.646E.03 | 2 406E-03 0.000 00022 | __ 0.0031
30 | 446860 | 2.936E-03 | 00013 | 0.0011 0.0015
40 2 (—22106-03 | 000073 | 000037 1 000073 |
30 | 7.8306-0 | 3316603 | 1.616E-03 "0.0004 0.00032 | 0.00041 |

60 580€-03 225€-03_| 000028 | 000024 _|_ 000029 |
70 1.765-03 ~S87E-02 0.0002¢ | 000021 | 000022
— 80 8.960E-04 | 6.24IE-04 0.00021 | 00002 | 0.0002
90 | ] 3 [0.000088_| 0000088 | 0000087 _|
Section wind Case

Us ms Lux 007 m

— M 10 %

Yaw_] Aerod (cos) |Aerod Aorod RMS (cos) | RMS (theory) | RMS (svg)

0 6.0056-03 | 3 202E-0 0.19 0.14_ 0.2

10 3.4 6.2096-03 | 3.626E-0C 0.01 0.0072 0.0098 |
20 5.9256-03 | 3.313E-0 0.0044 0.0032 0.0044

30 8460603 | T 0.0021 D.0016 0.0022
40 | 2663£-0] | 4.5306-03 | 22766-03 | 0.001 000 70011 __|
— % 40503 | 2197603 | 000053 | 0.00041 0.00054 |
60 1526-03 | 1.700E-03 0.00036 0.000) 1000048 ]
70 2 1566-03 | 2 149€-03 0.00032 0.00027 0.00027
N
—a—

§|
sl
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[~ Wind Case
Us 7.19 mws Lux 0.01 m
W 10 % e
Yaw ‘WE{E@_‘_@W r_%'ﬂ_w [ AWS (cos) | RMS (theory) | RMS (avg) ]
0 3 00 | 57206-00 | 33026-03 0.04 0.032 0.04
10 J%Wl 3420603 | 0003 | 00027 | 00034 _
20 3. 2006E-05 | 421803 | 00017 | 00014 | 00017
30 | 31638-00 | 4614E03 | 3153803 | 0007 0.00003 0.001
40 2. 708800 | 4.081E-00 | J.0256-03 | 000067 | 000057 | 0.00065
[ 30 1 2348603 | 3424663 | 2356603 | 000048 | 000041 | 000048 ]
60 826E-00 | 2064600 | 20126:03 | 0.00034 00003 | 000039 ]
7% 249E-0) | 18226-0) | 1096603 | 000022 | 00002 | 000022 |
80 4IE-08 | 9250604 | 2 .699E-04 0.00014 0.00013 0.00014
™90 | 0.000E+00 | 0.000E+00 | 2 185E-04 0.000049 0.000049 | 0.000047 |
Is.num 3 [~ Wind Case 1
U= | 2068 s G| 001 m
_ — n 10 % o
Yaw_| Aercd (cos) JAerod Asrod (avg) MS (cos) | AMS (theory) | RMS [avg)
0 5.8506-03 | 9.2566-03 083€-03 0099 0071 0.11 ‘
10 8762603 | 9.1106-03 | 5.6166-03 0.008 0.0058 0.0087
20 | 34906-00 | 8700603 | 1 00028 0038 |
30 | 3067E-03 | 8018600 | 33I81E-03 0.0021 0.0018 0002 |
40 | 4482605 | 700603 | 8011803 | 00013 | 000096 ] 00012 ]
3.761 3051203 | 4.2006-03 .00085 | 000065__| 00008
2923800 | 4.629€.00 | 345503 00061 0.00049 0.00056 |
70 1| 20016-03 | 3166603 | 24736-03 0. 0.00038 0.00042
80 | 1.016E-03 | 1.608E-03 | 9.058£-04 0.00035 0.00032 0.00036
90 | 0000E+00 | 0.000E+00_] _1.949€-04 5.00014 0.00014 0.00014
Section 4 [ Wind Case
U= 2906 ms —Lux 0.01 —m
[ 10 % ‘
Yow | Aerod Adrod (theory) | Aerod (avg) | RMS (coa) | RMS (theory) | RMS (avg) |
0 | 306E-00 | 3.060E-02 | 7.546E-03 0.18 0.044 0.19
10 10E-0 INED2_| 7214803 0.014 0. 0054 0.016
S42E00 ) 7 604E07 0.0066 0.0044 1006
30 92060 1S8E-02 | 7.559€-03 0.0035 0.0024 0.0034
40 399E-07 024602 | 7489603 | 0002 0.0014 0.0018
50 | 5365603 | €593E-00 | 6.167E-09 00012 ;00008 0.0011
—% T 720 ] _@W 100067 0.00078 ]
[T 70 | 285403 | 4.5726-03 | J.599€ ~—0.00073 000058 5.00066 |
T80 | 1449603 | 2327 (T7.4856.03 | 0.00064 000036 0.00064 |
90 | 0000E<00 | 0000E+00 | 1.4106-04 | 00003 0.0003 0.00029 |
@ ] [ Wind Case
U= 3939 ms Tax 001 m
. [ 10 %
Yaw Asrod Asrod Aerod (avg) RMS (cos, RMS RMS
0 1.109E. ﬁ?%"t 9 430€-03 _Li'Lo.z _Moj 0.31
10 "0926-02_|_ 1737602 | 0066E-03 | 0.021 0074 0023 |
™20 "O42E-02 657602 | 9749603 | 0.009 0.0063 0.01
30 | 9604c-03 827E.02 | 1.0196-02 0.0051 0.0033 D.0040
=40 | 849603 IS1E-02 | 9.479E-03 0.0027 .00 0.0025
- A KK 839403 | 00016 | 000 0.0014
80| A8176.03 | 704903 | 00012 0.00083 0.0009¢
™90 | 1703603 | 60316-00 | 3.429€-09 0.001 0.00078 0.00083 |
80 | 1.926E-00 | 3.062€.03 | 2 274E-0: 0.00099 | 0.00084 0.00094 |
[ 90 | 0000E+00_| 0000E+00 | 4245604 0.00051 | 000051 | 0.00047
Section 7] Wind Case ]
Us 4.943 ms [T 0.01 ™
— M 10 %
Yaw | Aerod Aerod Aerod (avg) | _RMS RAMS —RMS (avg)
— 0 v.'ﬁ%"“f‘mzvsoz 1.327€-02 04 0.24 04
10 INSE02 | 2 197E-02 111802 0.091 0.018 0.036
20 . 2846.02 | 2000602 | 1.2266-02 0014 0.0064 0.014
5 . 156E-02 1.917E-02 1.241505 03575 0044 .0067
40 T. 7. 1.1608-02 | 0.0037 0.0023 0.0034
%0 1E03_| 1422602 | 1.099€-02 0.0021 10013 0.0017
60 | 667503 | 1107E02 | 1.000:02_| 00014 00098 00017
70 | 4.566£-03 "569€-00_|_6.749€-03 0.0013 0.00096 0001
T80 | 23186-03 | 3843603 | 212103 0.0014 10011 0.0013
30 _|_0.000€> 0000E+00 | 627904 ] 00008 /0008 0.000

el
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|Scwan 5 Wind Cas 1
U= 1.22 mws Lux 0.01 m
- [ 10 %
Yaw_|_Aerod Aevod (ihe Asvod +ﬁc US (cos) | RMS (i RMS (avg) |
0 r 4,851 0. 0.042 0.046
10_| 4701E-03 | 5405603 | 196603 | 00038 0.0035 0.0047
20 4.406E-03 | 5.158E-03 | 4.353€-03 | 0.007¢ D.0018__I 00019
30 | 4134603 | $75E03 4.374E03 | 000 0.0011 00011 |
40 | J.65/E-03 | ¢.205E-03 766E -0 0.000 .00071 0.00076
%0 0886-03 S528E6-03 | 3421E-0C 000055 | 000052 | 000053
60 | 2307603 | 2744E-03 | 2 890E.0: 000041 | 000039 | 000038
70| 1639803 | 187900 | 2230600 | 000029__| 000028 | 000026 _|
80 | 8289e-06 | 9500804 | 9J96E-06 | 00002 | 000019 ] 0.00019
[90_| 0.0006+00_| 0000E+00_ | -12406-03 | 0.000075 | 0.000075_|_ 0.000075 |
Section S wind Case
r_u- 2,081 s Lux 0.01 m
— Ty 10 % _
Yaw Asrod Asrod (theary) | Aerod RMS (cos; RMS (theary) | RMS (avg)
0 n._ni% 9.962€-03 _i_‘._v%".ozaeo. 017 0.092 012___|
10 7.7116-09 | 9.2206-09 | 6 602E-0: 0.0084 00073 | 0.0094
20 7356c-03_| @798£-03 “131E-0: 0.004 0.0035 0.0047
30 | 6.7816-03 | 0 108E-03 | 6.6506-03 | 00022 0.0019__|_ O
40 | 3098603 | 7 6610603 | 00013 0.0012 00012 ]
%0 503E03 | 6018603 | 647503 0.0009 000871 0.00077 |
80 | 39156-03 | 4661E-00 | S5076E-03 | 0.00068 0.00062 0.00059 |
70 2678600 | 12026-03 | 3675603 | 000056 | 000052 0.00049
80 J60E-03 | 1.626E-03 731 000048 | 000046 | 000045
90 ) 000E+00_|_0.000€+00 406E04_| 000021__| 000021 _| 00002
Section 5 Wind Case
F_u- 2999 s Tox 0.01 m
. Tu 10 % —
Yow_ | Aerod (cos) [Aerod (theory) | Aerod (avg) | RMS (cos) | RMS [tr MS (avg)
0 1.067E-02 4902 | 9.1176-03 0.19 0.16 0.22
10 1.050E-02 r.mW—Tz— 9 494E-07 0.015 0012 0.016__ |
20 1.002E-02 26 9.297E-03 | 0.007 0.0057 0.0074
30 | 9238603 | 1.1686:02_| 9.511£.03 0037 00013100036
[ 40 | 817109 | 1034E-02 | ©6.399€-03 10021 0.0017 00018
%0 6.856E-03 67603 | 9.234E-03 0013 0.0011 0.001
[ 60 5.030E-03 | 6.746E-03 | 7 .966E-03 00099 0.00085 | 0.00075
70 | 3640600 | 615603 | S7076-00 00089 .00079_| 0000
80 ) 2 3436-03 |2 871E-03 0.00087 .00001 0.00075 |
90 | 0.000€+00 | 0.000E+00 | 2 183£-04 0.00044 D.00044 oﬁoooa——*z
[ Secton [ Wing Case 1
U= €.074 ms Lux 0.07 m
u 10 %
Yaw_| Aercd (cos) [Aerod (theory) | Aerod (avg) | AMS (cos) | RMS (theory) |_RMS (avg)
0 "399€E-02 " 833E-02 _magﬂ'r. 02 0.31 0.26 0.34
10 1.3726-02 "805E-02 | 1.199E-02 0.024 0.018 ;gz_‘r
E mﬂ viﬂﬁ v.ﬁiﬁﬁ 3.511 653 1014
% "206E-02 387602 | 9.716E-0 | 00057 0.0044 0.0069
40 067€-02_| 1404E-02_| 1.260E-02 0,003 0.0024 0.0026___|
%0 8.0506-03 1786-02 -290E-02 0.0019 0.0014 0.0013
80 | 6.964E-03 . 164£-03 413602 | 0.007. 0.007 1 0.00073 |
[~ 70 | 4.764£-07 | 6269600 | O 18403 | 00013 0.0011 D.00089
E E“IEE 3.1 6.313-41 0.0014 0. 90_12 0.001
™90 | 0.000E+00 | 0.0006+00 | 3.379€-04 0.0008 0.0008 0.00075
Section L] Wind Case_
P“u: 4.939 ns Lux 0.01 m
_ u 10 % _
Yew_| Aeod (cos) |Aercd [ Aerod (avg) | RMS (cos) | RMS (1 RMS (avg)
0 1.544E02 | 22226-02 | 1.321E-02 0.45 0.31 0.53
10 32002 | 2188802 | 1. 00 0.024 0.04
20 451E02 | 20886-02  623E. 0.016 0017 0.023
30 337602  924E-02 088E-02 0.0087 0.0056 0.0098
0 “1836-02 ~T02E-02 a1E-02 | 0.0042 0.0029 0.0035
30 9.924E-03 1.4286-02 561E.02 | 0.002: 0.0016 0.0015
0 | 7720603 1.917, 1. 461E-02 0.001 0.0012 0.00096
[~ 70 | 5281E-03 | 7.60CE. (T 1.057-02 | __0.0016 0.001. 0.00099
80 | 2681E03 | 30603 ] 0.0019 0.0016 0.0013
90 | 0000E+<00 | 0000E+00 | 62726:04 | 00012 0.007; 0.001




E‘ 7 Wind Case 2
us 1.23 ms Lx” 0.02 m
— [ 10 %
Yaw | Aercd Aerod (1 Aerod RMS TRMS (theory) | m
0 —2%_03 a".cs'@'v 09 | 2534E-03 _a?Lo. 0.036 __?o%_

10 2.3296-03 | 4.5006-03 | 2.394E-03 0.0079 0.0050 .00
™20 | 2222603 | 4370603 | 236003 | 0.0042 0.0032 0.0042 |
30 204800 | 4028E:03 | 2235203 | 00027 | 0002 | 00026

<0 811 2569E-00 | 1.5646-03 | 00018 0.0014 0.0019
% S206-03 | 2969600 | 1481603 | 00013 | 0001 | 00013

1826-09 | 2325603 | 9.1182-04 0.00068 00074 | 000082 ]
[ %0 087E-04_| 1301807 | 6 1266 0.00052 0.00046__| 000054
80 4.106E-04 8.000E-04 | x 0.00027 D.00026 0.00028
[ 96| 0.0006+00 | 0.000€+00_| 1.783€-04 0.000006 0.000086 | 0000083
@_ 7 [~ Wind Cese F]
U= 2074 ms Lux 002 m
[ 10 %

Yow | Aerod Aorod ASrod RM3 (cos) | RMS (theory) | RMS
™0 a_n&levs-oa "0426-00 | 4.006E-03 0.12 0.08 0.12
™10 3871 723603 | 3. [ 0.019 0.012 0.079
™20 3.69.36-03 369600 | 2.999E-03 )0096__ | 00064__|_ 00092
™% J404E-03_| 6.791E.03 | 3.196£-03 ).0056 00038 | 0.0057 |

40 2011E-00 | 6.0076-05 | J.0036-03 10035 | 00024 | 0.0035
[ S0 | 2526603 | 504103 | 2731E:03 0.0023 0.0017 0.0022

0 | 198503 | 3921 - 00016 | 00012 | 00016
70 304E-03 | 2682609 - IOSE 03 0.001 0.00086 0.001
% 82508 | 1.962E-03 O 00007 ] 000062 | 000067
[T 90 | 0000E+00 | 0.000E+00 | 2 254E-04 0.00025 0.00025 0.00024
Fs.:mn T Wind Case H

U= 3227 s Lux 0.02 m

— __ Iu 10 %
Yaw | Aerod ASrod ] RMS (cos) | RMS [TRMS (avg) ]
0 ad%’ T _Stﬁ“gL" #L N 5“ 1? Eé;

10 3714803 1.202602 | 6.619€-03 0.04 0.022 0.096
20 | 54506.03 | 1147602 | S6026.03 002 | 0017 0.019

30| 502503 | 1.056£-02 | 5.097£-03 0.011 0.0063 0.01
[ 40 | 4.44%-03 . J47E-0) | 4.416E-03 0.0062 00038 .0063
30 | 373603 | 764300 | 3741600 00009 | 00025 1 0.0039

60 290100 | 6.101E:00 | 2 90786-03 0.0026 0.0018 0.0026
[—70 | 1985603 | 4173603 | 20916.0: 0.0019 0.0014 10019 |
% 006600 | 2119603 |9 0922 04 0.001% 0.0013 0015
9% 000E+00 | 0.000E+00 | 2028E< 0.00061 0.00087 0.00059
Section ] Wind Case 2
F‘u: 4.047 —mA a1 002 m

_ T 10 %
Yaw Aerod (cos) | Aerod Asrod RMS RMS RMS (avg)
0 SE0E-03 | 1.5006-02 | €.904E-03 _?Lo.a 0.2 04

10 7 438E.03 1.5076.02 | 8037E-03 0.058 0.03 0.052 |
20 | 7.0068-00 | 1.496E 231 [ 0027 | o015 0.027 |
30 | 6.5416-03 | 1.3256-02 4116-03 0.014 0.0083 0.015
40 S 7862-00 1.172£-02 . 450603 0.0082 0.0048 0.0076 |
30 | 405503 | 9896E03 | 4650603 | 00049 | 0003 1 00049
™60 A777E-03 | 7.651E-03 | J811E-03 0.0034 00022 | 00033 |

70 25636-03 | 5234603 | 2906603 | 00026 1 0002 0.0025
T80 | 1312603 | 2657603 | 1.1526.03 0.0022 00016 | 0.0023 |
[ 90_ | 0000E+-00 | 0000E<00 | 1971604 | 000098 | 000096 | 000094 |
&- ] [ Wind Case 2

Us= 4.947 ms Lux 0.02 m

u 10 %

Yaw | Aerod (cos) |Aerod Asvrod RMS RMS RMS avg) ]
'—b_'_é"l_‘_aon X I8 B a"%"roe —L%L'r.oors ﬂ%‘ _Mo.z 0.48

70 03| 1842602 | 87976603 | 0076 | 0.0 0077
™20 | 05246-00 | 1.7586:02 | 7.0426-03 0.037 0019 | 0043
3% 7.8566-03 | 1620602 | 7.5506-09 | _ 0.02 0.01 0.02
(T30 | 6049803 | 1433502 | 706003 1 0011 1 O 0.07
% 18831803 | 1202602 | 43519603 00062 I 0003 | 00064
6 | 4535£03 | 9.3536-03 ] 5 136£-03 0.0042 0.0026 0.0039__|
70 31026031 6396603 | 4194603 0.0034 ~0.0023 0. ms".:
% "5756-03 | 3240603 - I8IE-O 0.0031 0.0024 0.0032
[ 90| 0000E+00 | _0000E+00_|_6.477€-04 0.0074 00014 0.0013
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Section 2 Wind Case 2
U= 1.212 mws — L 002 m
— u 10 % _—
Yow | Aerod _2{!.3!1"’“ WQ'ML'——'WS LRMS (theory) | RMS (avg) |
o0 ﬁé%' | 2426203 323603 003 0.031 0.036
10 J64E-0) | 2369€-03 ~4096-03 0.0041 0.0035 0.004
20 302E-0)_| 2260E-0) | T1I64E:03 | 0002 | 00018 0.
30 200603 | _2101€-03_| 1260603 | 00012 __| 00011 .0013
7] “0681 . . 90 -04 0.00083 00073 0.
[ %0 | 8.006E04 -S60E-03_| 5 432€-04 0.00058 ,00052__|__0.00062
60 | 6.927E-04 213603 | 3. 743E-04 0.0004 00096 0.00042
[ 70_| 4739€04 J00E-04_| 3 361E-04 000025 | 000024 0.00026__|
80 2406604 | 4.2106-06 | 2 1026-04 0.00014 0.00014 0.00015 |
20 | o 0. 1753604 | 0O 0. 14 0.000048 |
F_‘-z' 2 Wind Case 2
us 1.987 s Lux 002 m
u 10 %
Yaw | Aerod Aerod (theory) | Aerod (avg) | _RMS (cos) | RMS (theory) | RMS (avg)
0 | 2122600 | 19786-00 | 2.004€-03 0.095 0074 0.093
10 2.090E-03 | 391 1.085%-03 | 007 | 00078 0.01
20 | 1.994E-03 | 3730609 | 209303 | 00048 | 00038 0047
8J0E-00 | J44 [ 7.6506-03 | 00027 0.0021 0026 |
[ 401 1626600 | 3047600 | 1.7706:00 | 00016 00013 0.0016
™30 "364E-03 | 2 857E-03 1.2306-03 0.001 0.00007 L0011
60 "061E-03 "989E-03 | 7.9556-04 | 0.00072 0.00062 0.00076 |
70 250K -04 "J60E-03 | 6.829¢-04 0.00051 0.00046 | 0.00051
[~ 80 | J16856.06 | 6910606 | 1.247E-04 0.00036 0.000: 0.00037
90| 0.0006+00 | 0.0006+00 | 1 225 4 0.00013 0.0001- 000012
[Secton 2 Wind Case 2
U= 295 ma Tux 0.02 m
— —rtd 10 % —
Yaw | Aerod Asrod [Aerod (avg) | RMS (cos) | RMS (theory) | RMS (avg)
0 3181E-03_| S 906E-03 | 3270€-03 _?)_o. 0.1 02
70| 3130600 | S8166-00 | J043E-0: 0021 | 0015 0.021
[ 20 | 2969E-03 | 55496-03 | 3258E-0: 00098 0.00 10093
30 | 2.7556-03 | 51146-09 | 2 608E-O: 0.005 00037 0.005
40 2437600 | 4.5246-03 | 2 I58E-0] 00020 | 00022 0.0028
S0 | 2045603 | 3.796E-03 | 1.796£-03 0.0017 00019 | 00018 |
80 | 1.591 1] [ 0.0012 D.00098 0.0012 |
(™70 "088€.03 |2 020E-03 132E-03_ | 0.00097 D.00078 0.0009
% B24E-04 | 1.025%-03 "608E-04 | 0.00072 0.00067 0.0007
™90 | 0.0006+00 | 0.000E+00 | -1.520€-05 | 000020 | 0.00028 0.00028 |
Section 2 Wind Case 2
Us 3951 ms Lux 902 m
— lu 10 % e
Yaw Aerod (cos) | Aerod Aerod (svg) RMS (cos) | RMS (theory) | RMS (avg)
[0 | 4508603 | 7.909€-03 | €.J26E-03 0.34 0.24 0.35
01 439603 | 7 7803 | 446 oT | 0034 0.024 0.034
[ 20| 4236600 | 7432603 | 4872£.0: 0016 0.011_ 0013
[ 30| J004E0 | 6.8506-03 | 4 129€-0: 0.0081 0.0058 0.0078 |
[ 40| 3453603 | 6.059€-03 | 3189603 0.0042 0.003 0.0044
(TS50 | 2698603 | S084E-03 4606-03 0.0024 0.0018 0.0025 |
60 2054800 | J.955£-03 | 1. <03 _|__00017 | 0001, 70017 |
70 | 1.5426-00 | 2705-03 | 1.509€-03 0.0014 0.0012 30014
80 | 7620604 | 1.3706-03 | 7 920E-04 0.0012 0.0011 0.0012__ |
[ 90 | 0000E<00 | 0.000E+00 | -1.387E-04 00005 00005 000052 _|
|s.ann 2 | wing 2_
U= 4.942 s Lux 0.02 m
— W 10 %
yaw Aerod (cos) | Aerod Aevod RMS (cos; RMSM RMS
0 acaTéﬁLTM.om-aa _raéme 03 +o._ 0.34 0.5¢
10 8.I49E-00 | 9.7436-03 | 3439-03 0.05 0.034 0.052__|
™20 | 571042-0) | 9297603 | 85205600 | 0024 0.01 0.024
T30 | 4704E.03 | €568£-00 | 4.525€-03 | 0012 0.0081 0.012
40 | 4.161E-03 579603 | 4.451E-03 0.0061 0.0042 0.006 |
[T 30 | 3491203 | 6. 326809 0.0032 0.0023 0.0033
60 | 2716603 | 4.947E-03 | 29656-03 0.0022 0.0016 0.0021
™70 | 1.6586-03 | J.064E-03 | 2.350E-03 0.0019 0.0015 0.0017
00 | 9.431E-06 718603 | 9.411E-04 0.0017 0.0015 0.0017
[ 50| 0000£<00 - = 0.00079 0 0.00075
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Section 3 [~ Wind Case 2

%_1% 3 Lux 0.02 m_
" 10 %

Yaw_| Aercd (cos) |Aerod (tf Aerod AMS (cos) | RMS (theory) | RMS (avD) |
[0 | 7.716E-04 _'50%94' 03 | 80796-04 0.027 0.023 0.026
10| 7 30904 STSE.00 | 6392604 00023 | 00022 0.0025 |
(20 | 7.2506-04 445203 | 7.149E-04 00012 | 00011 0.0012
30 8.602F-04 "392E-00 |7 903E-04 0.00073__| /00071 __|
40 3 911E-04 178603 | 4.2926-04 0.00048 0.0004 0.0005
320 | 4960604 | 9.8506-04 | 5649604 | 000036 | 0.00031 0.00039 |
™80 | 36586 - 690E-04 '3 640€-04 0.00023 | 000022 | 000023 |
70 | 26398 260E-08 | 496504 000015 | 00014 | 000074 |
80 1. § | 1.186E-04 0.000092 | 0.00009 ~0.000092__ |
[ 90| 0000£+00 | 0.000E+00 [™6.00009 | 000003 | _0.000029
[Section 3 [~ Wind Case 2

U= _ml 7 —Lux 0.02 m

o 10 %

You T Aared G % Asrod RMS (cos) | (o) [AMS (heory) | RMS (avg)
—06 | 7. ~I67E-03 0. 0.064 0079 |

10 4326:03_| 2616603 | 1. [ 00088 000% | 00071 |
20 J66E03 | 2496E:03 | 116500 | 00032 0.0026 0.0032
30 ~280E.03 | . 202E-03 0.0017 0.0014 0017 |
™40 7.1146-03 | 2.035E-09 1.196E-04 0.00099 | 000085 | 000098
%0 L IE-06 | 1.707E-0: 5626 -04 0.00064 | 000056 | 0.00064

60 | 7 260E-04 " I26E 0% 8 698E - 0.00046 | 0.00041 0.00045 |
— 70| 49726:04 | 9.090E-04 | 3001E-04 0.00034 0.00032 0.00033__|

80 2.504E-04 | 4.6106-04 4.839£-04 0.00025 0.00024 0.00024 |
90 | 0.000E+00 | 0.0006+00 | 2150606 | O. 0000069 | _0.000006 |

Us 299 ) Lux 0.02 m

_ Tu 10 %

Yow | Aerod (cos) |Aerod Aerod RMS RMS “RMS (i

R N L T T, 2o AT AR S v R m v

10 2.1912-00 | 3790603 | 1.894E-07 0.014 0.011 0015
(™20 | 2091E-03 | J.6166.03 "960E-03 0.0063 0.0051 00064
—30 | 1.92 [ 3.309€-0: "842E.07 00032 | 0.0026 0.0032__|
[0 1.7056-03 | 2.940£-03 .658E-0C 0.0017 ] 0.0014 0.0017 |
%0 - 47403 " 384E -0 0007 | 0.00087 0.001
™60 X “924E-03 " 2026-03 000074 | 000084 | 0.00072

70 810E 1.3168-03 067E-0J | 000039 | 000056 | 000056
—80 | x 6.600C-04 | 4.7176-04 | 000048 1 000046 | 000047 |

0.000£+00 | 0.0006+00_| 3368E:04 | 000019 | 000019 ] 000018 ]
Is«::m 3 Wind Case 2
us 4.009 ms Lux 0.02 m
— [ 10 %

Yaw | Aerod (cos) JAerod Asrod RMS (cos) _| RMS (theory) | :m

0 Tﬁféﬂ"’"i—s%lv 3.0686-03 03 —%’Lo. 0.29

10 2.0042-00 | 50012-00 | 2.7326-00 | 0023 0.019. 3025 ]
20 | 2675503 | 4.8406-03 | 2 406E-03 011 0.0085 5012 |
[ 30 | J463E-0] | 4.4686-03 | 2.396E-03 0.0049 0.0043 00057 |
™40 | 2101803 | J3.932-03 | 2210603 | 00028 | 00022 | 00028 ]
80 | 7.830E-03 | 3316603 | 1616£-03 0.0016 00012__|__ 00076 ]

60| 1423603 | 2360603 225603 0.0011 0.00091 0.0011__|

70 9.796E-04 1.7656-0:  507E-03 0.00092 0.00081 0.00083 |
T80 | 4.9436-06 | 6 960E-04 249E-04 0.0008 000075 | 000078 |
[ 90| _0.000€> X [ 208E-05 | 000034 | 000034 | 000033 |
lsm 3 Wind Case 2

U= <899 ms Tux 0.02 m

— [ 10 %

Yaw_|_Aerod (cos]_|Aerod (theory) | Aerod RMS (cos) | RMS (theory) | RMS (svg)

0 3503E-03 | 6.005:-03 | 32026-03 0.44 0.32 0.48

10 3.4506-03 | 6.2096-03 | 1626E.03 0037 .027 0.036
20 | J2926-03 | 5925603 | 23136-03 0.017 901210017 ]
30 3 821 [ 0.0002 0006 | 00094 |

40 2683601 | 4.0306-03 | 2276603 0004 | 0003 | 00042
%0 ] $.0536-03 | 21976-03 0.002 0.0016 0.0021

60 | 1.751E-03 | 3.1526-03 | 1.7006-03 00014 | 00012 0.0014
70 | 71.1906-03 | 2.156E-03 | 2 1496-0 0.0012 | 00011 0.0011
80 | —7.0956-03 | 9.7176-04 00011 | 0001 1 __ 0001 |

90 | 0.000E+00 | 0.0006+00 | &.618E-05 0.0005 0.0005 0.00049
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F& 7] [“wind Case 2
U= 7.19 mws L | 002 m
1 7] 10 % —
Yaw Aerod (cos) | Aerod Asvrod RMS m RMS
™0 K B‘kl—-aaL' —55@03 _ﬁa -ww" 0. :921_1 0.058 0.0
10 397603 _| 3247603 | 3429603 0011__| 00083 | 0012 |
20 | J439E-03 | 5006600 | JI421E-G3 0. —0005 | 0006
30 | J163E-03 | 4.6146-03 | 21556-03 | 00030 0.0032__ 0.0038 |
[ 40 2. 700603 | 4.081E-03 | 2023603 | 0.0026 0.0022 0.0025 |
B0 | 2348803 | d4246:00 | 23882083 | 0.0019 0.0016 0.0019 ]
[ 60| 1826203 | 266400 | 20126.0) | 00014 | 0001 0.0013__|
70 1.249€-00_| 1.8226.0) | 1000603 | 000087 | 000079 00089
[ 80| 6343E04_| 02506-06_| 2693£-04 | 000051 0.00048 0.00054
90 1000E+00 | _0.000€+00 1052-04 0.00018 | 0.00018 0.00017
[Section 4 Wind Case 2
us 2,068 ms Lux 0.02 m
— " 10 % -
Yaw | Aerod Aerod ASrod RMS (cos) | RMS (he MS
S T £ I F M BT 2o NN SR M
10 | A762600 | 9110605 | 56186-03 0.027 002 _ 0028
20 | 5496600 | 8700603 | 5366603 | 0074 0.01 0.014
™30 | 8067603 | 8018603 | 5381E-03 | 00079 0.0058 0.0076
40 | 4 462E-03 | 7092603 | SO11E-03 | 0.0049 0.0037 0.
30| 3761 ["35951E:00_| 4200603 | 00033 0.0026 00631 |
@& | 2 [T4629603 | 45503 | 0.0024 0.0019 0.0022
[~ 70| 2001E-03 | 3.166E-09 | 2473€-03 0.001 0.0015 0.0016 |
80 | 1.016E [ 1.6086-00 | 9.0506-04 0.007. 0.0012 0.0014
90 | 0000E+00_| 0000E+00 | 1.3492-04 | 000033 0.00053
Section 4 [[Wind Case 2
Us 2906 s Lux 0.02 m
M 1 % ‘
Yow | Aerod Aerod (iheory) |_Aerod (avg) | RMS [cos) | RMS (theory) | RMS [avg) |
0 | 8346£.03 | 3.I68E-02 | 7.546E-03 0.3 0.034 0.35
70 8.2196-00 | 1317602 | 7214603 | 0048 | 00% 0.053
20 | 7042609 "256E-02 | 7.604E-03 | 0024 0.016 0.024
—30 | 7. T1586-02 | 7 .520€-00 0013 0 0089 0.013
40| 6.3936-00 | 1024602 | 7489203 | 00075 | 0.0052 0.0067
35 8590600 | 6167603 | 00047 | 00034 0.0043 |
60 | 4173600 | 6684€-03 | 5246609 | 00034 | 00026 0.003
™70 | 2854600 | 4572603 | 25996-03 | 00028 | 00022 0.0025
80 | 1449603 | 2321E-03 | 148503 | 0.002¢ 00021__| 00024
90 | +00 | 0.000E+00 4106-04_| 0001 0.0011 0001
Sechon s wind Case 2 =
U= 9.939 e Lux 0.02 m
M 10 %
Yaw | Aerod Asrod Aorod [AMS (cos) | RMS (theory) | RMS (avg)
0 —EL‘L_cyv.me-az 1.769E-02 ﬁ—a _Q&o. 0.32 0.57
10 1.0926.02 | 1.7376-02 | 9.0866-03 | _ 0.073 0.047 >.085 |
20 1.0426-02 1.6576-02 | 9.749€-00 | _ 0.036 0.023 7030 |
30 604E:00 | 1327602 | 1.01902 | 0019 0012 1018
40| 8496203 | 1351602 | o4 001 0.0069
% T 129603 | 1.1946-02 | 8.9942-03 0.0061 0.0042 0.0054
60 5.5456-03 | B.817-00 | 7049603 | 00044 | 00032 0.0030
%0 | 3179303 | 6031 3429600 | 0004 | 0003 1 00032 |
80 | 19262.03 | 3062£.09 00030 | 00032 | 00036
[ 90| 0000E+00_| 0000E+00_| 4245604 0001 0.0019 0.0018
[Secton 4 Wind Case 2
Us 4.943 s Cux_ 002 m
— [ 10 %
Yaw | Aerod "Aerod Aerod (avg) | RMS (cos) | RMS (theory) | AMS (avg)
™0 | 1335602 | 221302 2TE-02 —;—Lo. 3 0.43 0.73
10 1.0156-02 | 2 1976-02 T11E-02 0.1 0.062 0.12
™20 - ™2 0806-02 2206-02 0087|0031 052 ]
3% 156E-02 | 1.9176-02 241602 0027 0076 1025 |
%0 " 020E-02 “695E-02 “160E-02 0014 0.0088 013
%0  581E-03 422602 "099E-02 0.0078 0.005 0.0064
&0 675200 | 1107602 | 10006-02 | 0003 1 00037 | 00041 |
70 €5668-00 | 7569603 | 6749603 | 00051 | 00037 | 0004
80 | 2318603 | 164303 | 3121 0.0053 0.0043 10048
90 | 0.000E+00 | 0.000E+~00 0.003 "0.003 ).0027 |
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I Section 1 Wind Case K]
U= 123 ms Lux_ 0.0 m
"] 10 %
Yow | Aarod (coe] | Aerod (heony] | Aerod avg) | RMS (cos) | RMIS (theory) | RMS (avg) ]
2364€-03_| 4.651E-03_| 2 534€-03 0.061 0.046 006 |
0 2329600 | 4. 2 394€-03 0.013 0.011 0.014
20 | 2222600 | 4370603 | 2360603 | 00084 | 00083 | 00082
[ 30| 2048603 | 402600 | 223805 | 00085 | 00042 | 00054
40| 1.811E-03_| IS6IE-00_| 1.5646-00 0039 0.0031 0.0041
% | 1 1.481E.63 10020 | 00023 __| 00029
&0 1182600 | 232300 | 0116E0¢ | 0002 0.0017_ 0.0021__|
% 1.301-03_|_6.126E-04 0.0012 0001__| 00012 |
8 4.106-04_| 8000E04 | 3 I0E-O 000037 | 000054__| 000058
(90 T000E+00 | 0.0006+00 | 1.7006-04 | 000016__| 000016 | 000015
Fsm 1 [ wind Case K]
Us 2074 ms Lux o._EE m
_ _ 7] 70 % e
yaw Agrod Agvod Aerod RMS RMS RMS (avg)
— 0 | Tﬁ'ﬁ%‘ T _7_?;.34 03 _T&L'_"EL“ a3 ﬂ"g'_.w _émL‘J. 0.16
70| 3871600 | 772009 | 3779603 | 0036 0.024 1036
~20__| 3693600 | 7.069E-03_| 3999€-00 0019 0013 0.019
30| 3404€-03_| 6791€:03 | I 196E-03 0o012__| 00079 .012___|
40| 3011E:03_| 6.007€-03_| 3003€-03 0.0074 00052 0.0074
% | 2%%E03 | 8041800 | 2731E03 | 0. [ 00037 00049
60| 1065200 | 39212-00 | 1893600 | 0. ).0024 0.0035
70| 1344603 | 2662E03 | 1.3056-03 | 00020 .0019 00027 __|
) 602504 | 1.0626-03_| 8708E-04 0.0015 0013 0.0014
90 [000E+00_| 0000E+00 | 2254604 0.0003 0005 0.00048
| Saction 1 [ Wind Case 3
U= 33227 ms tux__| 003 m
— u 10 %
yaw Agrod Aevrod RMS RMS (theory) | RMS
0 ﬁ‘%‘ 1. 4%%3 '—_:ggl_o. 02 '—Te.xm'
10 {7146-03_| 1202£02 | 6619603 | 0.076 0.044 069
—20 $450600 | 1.147€-02_| S5602£-03 004 023 1039
30 5025603 | 1056602 | 5097603 | 0023 0.013 0.022
%0 4445601 | 9I47E0_| 441603 | 0013 .0082 0013___|
%0 7 843€-03_| 3741E03 | 0. 0. 0.0064
[ 60| 2001805 | 610103 | 2078£.03 0,008 0.00¢ 00037 |
¥O_ | 100500 | 4173603 | 20912-00 | 00042 0.0031__| _ 00041
80 i, 2119€00_| 90026+ 00039 | 00026 | 00033 |
[ %0 J000E+00_| 0000+ 04 0.0013 0.0013__| 0001
| Section 1 [“Wind Case 3_
Us (X214 ) Tux 0.03 m
_ u 10 % -
Yaw Aerod (cos) ] Aerod \orod RMS MS
o . X m—‘%’-——aﬁ“"’— _(_""z.ﬂ_” __gw"‘o.
70 T30 | 1. [}/ X] 017 0.050 0.1
20| _7.096E-00 . 231E-09 0.056 0.031 0.055___|
[ 30| 6541603 | 1325602 | 6.411E-03 0,031 0017 0.031
40| 3756E0) | 1172602 | 6430E-00 00 0071 _ 0.016
—_ 30 | «85303 | 9 < —0.011 0.0066 0.011
60 | 3777603 | 7€51E£.03 | 3811E-03 00073__| 00048 .0073
70__| 2580600 | 5234E:03 | 290803 00056 0.004 10054
[ 80 | 1312603 | 265700 | 1.152E-03 00048 0.0039 0.0049__|
[ 90| +00 | _0.0006+00_| 1.371€-04_| _ 0.0G2 0.002 0.002
Section 1 [ wind Case 3
U= 4.947 [ Lux 0.03 m
e ] 10 % —
Yaw Asrod Aerod Aerod (avg) RAMS RMS (theory) | RMS (avg)
0 9.071 1.8706-02_| 1.007E-02 _'gg'_o._ 0.36 0.64
10 893E-0) | 1042602 | 87760 0.15 0076 0.15
20| 8524600 | 1.7986-02_| 7.042E- 0.076 0.04 0.088 |
. [ 1.620E-02_|_7.5506-03 0.041 0.022 0.043
[ 40| 6049600 | 1433602 | 7I60E03 | 0023 | 0013 | 0022
%0 | %a3 1.202E-02_ | S 519E-0: 0.013 0.0077 0.014
60 4505€-00_| 9 I5€.00 136E-0: 0.0091 0.0056 0.0085
70| 3102603 | 6J96E-03 | 4 194c:03 0.0073 0.005 0.0064
A 48E: I0E-03 2 000521 oooee__|
[ 90 | 0000E<00 | 0000E<00 | €477E-04 0.0031 0.0031 00027 |
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[Section 2 [[WindCase 3_
U= 1.212 s Lux 0.03 m
— — W 70 %

Yow_| Aerod Asrod (i Asrod RMS (cos) | RMS (¥ AMS (avg)
"b—_.méEL a3 '_ng{.g”'z 03 PTE%LL —osg"o. 1 0.044 0.05

10 J64E-0 | 2360E00 | 1. 0.0062 0.007 0.0082 |
[ % 02E-03 | 2260603 | 1.364E-03 0.0063 0.0037 0.0043
30 200E-03_| 2101 1. 269603 00027 | 00023 0.0027
[ 40 081803 | 1. . 399€-04 0.0018 0.0016 0.0019
30 906E 04 -S60E-03_|_ 5 432€-04 0.0013 00012 00014

60| 6.927E o4 21309 |37 00009 | 000083 | 000096 |
70| 473904 J00E-04_| I S61E-04 0.00036 | 000052 | 000057 |
[ 80 | 2406E-04_| 4.210E-04_| 2 102€-04 0.00031 0.0003 0.00031
[ 90| 0000E+00 | 0.000€+00_] 1.1506-04_| 0.000092_| 0000092 | 000009 |
M 2 {"Wind Case K]

U= 1.987 ms Lux 0.03 m

_ Iy 10 %

Yow | Aerco(cos) |Aerod (theory)} Aerod(avg) | RMS (cos) | RMS (theory) AMS
[0 | 271226.00 | 39786-03 | 2304E-03 0.14 [X] 0.13
10| 2090603 | I917E:03 | 188303 0.02 0,016 0021___|
[ 20 | 1994603 | 37306:0)_| 20936-00 001 0,000 0.01
30| 18388 J445E-07 | 1.850603 | O 0.0046__| 00057 |
[ 626E-00 | 3 047E-00 | 1 770E-C 10035 | 0.0028 0.0054
— % J64E-0)_| 2 857E-00_| 1.2366-04 0023 0.001 0.0024 |

60 T.061E-00 | 1069E-00 | 7 958E 0.001¢ 0.0014 0.001
[— 70 25804 J60E-03_| 66296 0.001 0.001 0.0011
[ 80 | 3685E.04 | 6910604 | 1.247E 0.00078 0 00073 0.00087
[ 90| 0000E+00 | 0000E<00 | 122504 | _0.000027 0.00027 000026
Section F] [“Wind Case 3

T Y e Lux 0.03 m

[ 10 %
Yaw_| Aerod Aerod Aerod [_RMS (cos) | RMS (theory) | RMS
R 11 Y M MY 17 % S M £ R M|

10 130E-05 | S816E-03_| 3043603 0.04: 0.031 0.043
20| 2080600 | 8540600 | 3258803 | 0021 0.015 002 |

0 | 275803 | 5114603 | 2808603 0.011 0.0001 0.011

40| 2437603 | 4.524E:01_| 2 3566-03 0.0061 0.0046 0.0062__
(30| 2043£00 | 37962-03 | 179603 | 00037 | 00029 00039 |
[60_| 1591600 | 1.J16£.03 | 00026 | 00021 00027 |
[ %0 | 1068609 | 2020600 | 1132600 | 0002 | 00017 | 0002 ]

80 | 5824E-04 | 1.0256-03 | 760806 | 00016 0.0015 0.0015

90 | 0000£+00 | O [-1.320e:05 | 00006 | 00006 -0.0006

F] [ Wind Case 3
U= 3951 ) Lux 0.03 m
_ [ 10 %

Yaw_|_Aercd Aerod Aerod _RMS (cos) | RMS (theory) | _RMS [avg) |

0 4.% 4 a.ﬁ%L_b'M.a .34 05

10| €400E0) | 7789803 | 448503 1071 0.05 1071

4236500 | 7432600 | 4872%0) .034 0.024 031

30 | 3004E-03 | 6.850E-03_| 4.129€-03 0.018 0012 0017___|
40 430603 | 8050603 | 1183603 00092 00068 | 00096 |
30| 2858E:00 | 3064e:00 | 2460603 | 00033 | 0004 | 00056 |
(60 | 2254£:03 | 398503 | 1906203 0.0037 0.0029 0.0038
[ J0_| 1542600 | 2705-03 | 1509603 | 0003 0.0025 0,003
[ 80 | 7826604 | 1.9736:03 | 7920606 | 00026 0.0024 0.0026__|

90| 0.000€+00_| Z -1.387€-04_| 00011 | 0007 0.0011
&n 2 [Wind Case 3

U= 4.942 ms L | 003 m

—_— u 10 % ‘

Yew_| Aerod (cos) |Aerod Aerod (evp) | RMS (cos) | RMS theory) | RMS (svg) |
o0 | Ta"vs"'z'ﬂ-oa 989303 | 516803 | 076 0.46 078

70| 5349603 | 9743603 | 54396.0; 011 0.071 011

20 | S104E-03 | 9297€-00 | S205%.0: 0.052 0.034 0051__|

4704603 | 8360600 | 4325603 | 0026 0.018 0027 |
(40 | 4161803 | 7579E-03 | 4431603 0013 0.0091 0013
%0 491 [ 63%E-03_| 3268603 | 00071 | 00051 | 00073 |
[ 60 | 2716603 | 494703 | 296503 0.0048 00036 | 00047 |
[ 70| 18566:00 | 3384603 | 2353603 | 0001 | 00033 0.0038
[ 80| 0431804 | 1.7186:03 | 9411E-04 0.0038_ 0.0033 00038 |
90 | 0000E<00 | 0000E+00 | 23579604 0.0017 0.0017 0.0016_




@_ 3 Wind Can K]
U= | 1.193 ) Tux 0.09 m
~ 10 %

Yaw | Aerod Aerod (1 [ Aerod RMS (cos) | RMS (i “RMS (avg)

] - 7166-04 —5%‘”‘ rré'a 04 0.04 _%XL& 0.039
10| 7 309&-04 - S15E-03 - 392E.-04 0.0052 0.0045 0.057
20 |7 250€-04 44503 | 7 149E-04 0.0026 0.0023 0.0026
30 | 6.682€-04 ; [~ 7.903€ 04 0.0018 0.0014 0.001¢
40 591164 178603 | 4.292E-04 0.0071 0.00098 0.001
—%5 4.9606-( . O90E -04 3.649€.04 0. 00007 | 000075 |
80 | 3  690E -04 3.843€-04 0.00053 0.00049 | 0.00083
70 | 263904 5360804 | 48204 | 000034 | 00002 10000
% 1.340E-04 | 2.670E-04 906504 | 00002 | 000019 | 00002 |
™90 | 0.000E+00 | 0.000£+00 J96E-05 | 0.00003% | 0.000059 | 0.000059
& 3 [~ Wind Case 3

U=_| 2064 ms Lux 003 m

[ 10 %

Yaw | Aerod Aevod ( W{Emg RMS RMS m

] ﬁ?ﬁm J67E-03 _6"?L.1 "'_om.os 012 |
™70 4326-00 | 2616£-03 S T58E-00 0.014 0012 0.015
20 IB8E-0) | 2496E-03 185600 | 0.0068 0. 2.007 |
30 | 12%€00 | 2 282603 | 00037 | 00031 0.0037

174603 | 2033203 | 1.196€-03 | 00022 0.0019 0.0022
%0  JAAE-O4 1.707€-03 | 9.5626-04 0.0074 0.0013 0.0014
60 | 7 260604 1.3268-03 | 8.696E-04 0001 | 000092 0.001
% 4.9726-04 | 9.090E-04 5 901E-04 0.00075__|__ 0.0007 .00074
80 | 4E-04 | 4.610E-04 4.039E.-04 000054 | 000052 0.00052
90 0.000E+00 | 0.000E+00 | 2.1506-04 0.00019 | 0.00019 0.00018 ]
@‘ 3 [ Wind Case 3
U= | 29 mws x| 009 m
Tu 10 % ‘

Yew | Aerod Aerod (¥ Aerod _RMS (cos) | RMS (neory) |_AMS (avg) |
0 Tﬁg—m —mauee%L_iT&&w‘-oa 'ﬂ'&g 02_ 0.24

10_| 21916-00 | 3790603 | 1.894E-03 0.029 0.023_ 0.03
20 2.0916-00 | 3.616E-03 "960E-03 0.014 D.011 1014

30 1.9276-03 | 3.300E-03 1.842€-00 0.007 L0057 0.0071

~F05E-09 948E-03 1.658E-03 0.0030 ).0032 0.0030
% A30E-03_| 247403 | 1. 0.0023 0.00 0.002)__

€0 113603 | 71024E:03 ~2026-03 0.0016 0.0014 0.0016
™% 6 106-04 31660 ~087E-03 0.0013 0.0012 0.0012
T80 | 386404 | 6.660-04 47176 0.00 0.001 0.001
™50 | 0.000E~ 0.0006+00 | 3.960E 0.00047 0.00041 0.00030 |
Fs.mm 3 Wind Case 3

Us 4.009 m/s Lux 0.03 m ‘

— N 10 %

Yaw | Aercd Aevod Asrod —RMS (cos) ] 'kﬂ?_mmz RMS (avg) | favg 1
| . —'ié%Lzu 'Z—ag)'r -03 ’m‘%"*——&‘a 0.34 044

10__| 2004603 | 3081E-03 | 2732603 | ] 0.04 0.054
20 26756-03 | 4.8406-03 | 2406503 0.024 0.018 0026 |
30 ] 4.46 [ 2336E-09 ~0.011 0. 012
(40 | 21818-03 | 39526-00 | 221063 ] 00062 0.004 0.0062

1.800E-0 J16E0I | 1616E-03_| 00034 0.0028 | 00036 |
€0 1.423E-03 03 1.025E-03 0.0024 0.002 00025 |
70 . PICE 1.765%-03 1.587E-03 0.002___ | 0007 0.0018 ]
80 | €946 "8 960E-08 | 6.243E-06 | 00018 | 0007e 0.0017 |
[ 90| 0000€+00 | 0000€+00 | 6208605 | 000073 | 000073 0.00072
Eﬂbﬂ 3 [ Wind Case 3
Us <899 mws Lux 0.03 m
—_— (M 10 %

Yaw T Aerod Aerod Aerod (avy) | RMS (cos) | RMS (theory) | RMS (ave) ]
'TTE&‘%‘WTE&%L 3 'Tég_'_—wa __;"w‘o.

10 3 6209600 | 3626603 | 007 1 00% 1 0078
20 | 3292603 | 85025603 | 3313603 0.036 0.026 0.036

3034E-03 | S 460E-0) | 2821803 0.018 0.013 0.018
40| 2683603 | 683003 | 2276603 | 00087 1 00066 0.0093 |
% 2252603 | 40536-03 | 2197603 | 00045 | 00035 0.0046 |
™60 | 1.7516-03 | 3152600 | 1 7006.0: 0.0031 | 00025 0.0032 |
[T70 | 1.7986:00 | 2156£:00 | 214909 | 00027 | 00023 0.0023
(80 | 6.0832-06 | 1.095E-03 | 9 71704 0.0025 | 0.0023 0.0023
[T90 | 0.0006+00 | 0.000E+00 | 6616605 0.0011 0.0011 0.0017
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3 [ Wind Case 3
Us 122 ms Lux 003 _ m
W 10 %
Yow 1 Aerod Agrod Asrod [RWS (cos) [ RMS (theory) | RS (avg) |
0_| 477%03 489E-00_| 4.851E-03 0.17 (K] 011
70| 4.7016-03 | 8403600 | 41 0025 | 002 0.027__|
20| 4406E07 | 3156600 | 4550E03 | 0014 0.013 0014
(T30 | 4134803 | 4753E-03 | 437403 | 0.0080 D.0006 0.009
40 637E0) | 420503 | d766e.03 | 00086 0087 0.0065
30| J088E-00 S28E-0) | 1421600 | 00049 .0046 0.0047 |
60 | 2387E00 | 2744e-03 | 2890803 | 00037 | 00035 0.0034
[~ 70| 1630603 | 1.0776-03 | 2230603 | 00023 | 00024 0.0023
8 | 8289604 | 9590604 | 939604 | 00016 0.0016 0.0016
90 | 0.000E+00 | 0.000€+00 | ~).2406-05 | 0.00055 | 000055 0.00055
lsm L] | _wind Case 3
U= | 2081 s x| 003 m
- "] 10 % 2GS
Yaw | Aerod Aerod (theory} | Aerod NMS RMS MS
_'b_‘—fﬁ%’“ 9.362E-00 ’TF&L%L .36 _o%;_![ 028 |
10| 711603 | 9.2206-03 | 6.602£-03 0.056 049 .063
20 I58E-00_| @798E-00 | 7.131E-03 003 0.026 .031
3 781E-03_| 0.106E-0 | 6650€-00 0018 0.015 0018
[ 40 S00E03_| 71 '610E-00 0.01 0.0090 0.01
% 039€-03 018E-03 | 647503 | 00077 0.0069 0.0066
60| J013E03 | 4681t 5076E-03 0.00% 0.0054 0.0052__|
70| 2678603 | 1202600 | 16756-03 | 00048 0.0044 0.0042__|
[ 80 | 1.3606-03_| 1.626€-00_| 1751E-03 | 00039 0.0038 _ 0.0037
(90| 0000£+00_| 0000€+00_| 2406E-06_| 00017 | 00017 00016
[Secton 3 Wind Case 3
us 2999 ) Lux 0.03 m
e 10 %
Yow_| Aerod Asrod Aerod k'u'?sg 1 AMS fineory) | ANS (avg)
[0 | 106 .34 —F—ré%‘.n 0 038 | 054
10 1.050E02_| 1. [ 9.434€-03 071 0.08 0.11
20 | 10026-02_| 1.2686-02 | 9397E-03 0.053 0.043 .056
X0 | 925 160€.02_| 9311E:03 0.029 0.024 ).028
[0 | 8171E-03 | 1.004E-02_| 9399€-03 0017 0014 0.015
S0__| €636E-03 | 867300 | 9.2M4E-00 0011 0.0091 0.0086
[ 60| 5330600 | 67e6E00_| 7. 0.0084 0.0072 0.0064
[ 70| 3640603 | 461503 707€-03 0.0074 0.0066 0.0058
% | 1832200 | 2343600 | 28NE-03 | 00071 0066 0.0061
TW@— <00 | 2183604 | 00033 0035 0.0034
[Secton Wind Case 3
U= 4074 s L 0.03 m
_ M 10 % _
Yaw | Aerod Aerod Asrad RMS [cos) | RMS (theory) |__RMS (avg)
0 r'.asasﬁ‘m 1.9.135"’!!-02!”' 1.266E.02 0.78 0.59 .85
70| 1.372€:02_| 1.8056-02_| 1.1996-02 0.16 012 0.18
% 0902 | 1722602 | 1017E02 0.084 0.064 01
[ 30| 1206602 | 15876-02 | 9716E:03 | 0043 0 035 0.055
) 06 404E-02_| 1200602 | 0025 0.019 0.021
%0 083€-03 | 1.1786-02_| 1.2906-02 0.016 0.012 0017
60| 6964E-00_| 9164E03 | 1413602 0011 .009 0.0061
70 | 4764€00 | 626903 | 81 0,011 0.009 0.0074
80 | 2419603 | 3185600 | 4651603 0017 0.0 0.0064
90 | 0.000E+00_| 0.000E+00 | 3379€-04 0.00 [ G.0065 0.006
Sechon L] wind Case 3
us | 493 ms Lux 003 m
e I 10__ 1L % —
Yaw | Aercd Aerod Aercd (avg) | RMS (cos) | RMS (theory) | RMS (avg)
0 1.544E02 | 2222602 | 1.321€-02 1.12 0.76 1.3
10_| 1520602 | 2188602 | 1.307€-02 0.23 0.16 0.27 |
[ 20 | 1451602 | 202_| 9623603 0.12 0.082 0.17
[ 30 | 13976-02_| 1.624E-02_| 1.0886:02 0.064 0.044 0.077___|
(%0 | 1163602 | 1. 1421E02 | 0034 0.024 0.020
50| 9924603 | 1420602 | 1.561E-02 0.019 0013 0012
(60 | 7720603 | 1.111E.02 | 1461602 0014 0.01 0.
70| 3281800 | 7éooe-03 | 1.057e-02 0.014 0.011 0.0082
[ 80 | 2681E.03_| J8se€d3 730€-03 0011 0.013 —_oo1 |
90 | 0.000E+00 | 0000E+00 | 6272604 | O 0.0096 0.0065
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