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Abstract

Cable-stayed bridges are an efficient and elegant solution to bridging long spans. Though a widely
used structural system, several significant issues are still unresolved regarding a cable-stayed bridge’s

petformance, particularly with respect to the response of the cables to wind.

As tension members, stay cables have a very low diameter-to-span ratio such that the effect of
bending stiffness on a cable’s vibration characteristics is inconsequential. Coupled with this, stay
cables have very litde internal mechanical damping, thus they are quite susceptible to dynamic
excitation. Several vibration mechanisms have been identified, however for some, including the
potentially more damaging mechanisms, the required conditions and generating mechanisms are not

completely understood.

Aerodynamically, a stay cable is simply a circular cylinder exposed to wind. A circular cylinder
positioned normal to airflow is a touchstone topic in the fields of aerodynamics and fluid mechanics.
A circular cylinder inclined to airflow, from a fundamental viewpoint, has been given very little

attention considering the body of work concerning the former case.

The objective of this study was to determine the characteristics of the airflow about an inclined
circular cylinder, and to determine and clarify necessary conditions for the generation of galloping
vibrations and high-speed vortex vibrations in dry, inclined stay cables. A wind tunnel study was
conducted in which a static circular cylinder was exposed, at varying relative wind-cylinder angles, to
wind speeds corresponding to a Reynolds number range of 1x105 to 6x105. Surface pressure data was
recorded to determine both the instantaneous and time-averaged pressures and forces on the section.
Using the matrix computation software Matlab, programs were written to evaluate and analyse lift and
drag forces, and pressure, lift, and drag coefficients. From the extensive data compiled, several
significant conclusions concerning flow about an inclined or yawed cylinder and about the galloping

and high-speed vortex vibration phenomena result.

Concerning flow about an inclined circular cylinder, the drag force coefficient is generally lower for
lower relative inclination angles. This trend reverses over a small range of speeds within the critical
Reynolds number range. Note that this and the following findings are based on the minimum

inclination angle tested of 54.7°.



v

The rate of reduction in the drag force coefficient through the critical Reynolds number range is
larger for larger relative inclination angles. The drag coefficient values converge during the drag crisis,

regardless of the relative inclination angle.

The net lift force that appears during the drag crisis initiates at a lower wind speed for lower relative
wind-cylinder angles. The upper bound at which this net lLft force disappears does not seem to be
affected by inclination angle. The magnitude of this net lift force is smaller for cylinders inclined at

smaller inclination angles.

As with a circular cylinder positioned normal to the flow, a Strouhal number of about 0.2 can be used
to predict the Karman vortex shedding frequency for a cylinder inclined to the flow, however the

inclination angle must also be considered in addition to the wind speed and cylinder diameter.

The results of this study indicate that the Glauert-Den Hartog criterion—long established as a
necessary condition for galloping of bluff bodies—is applicable in predicting the conditions for the
galloping of dry, inclined cables. Conditions necessary for this galloping mechanism include, but are
not limited to, a relative wind-cable angle of 60°, with the airflow in the critical Reynolds number
range. This form of galloping appears to be velocity-restricted and is potentially related to the flow
regime characterized by the formation of a single-laminar separation bubble. A significant span-wise

correlation in the dynamic lift coefficient is evident under the above conditions.

An estimate of mechanical damping required to prevent galloping vibrations was evaluated. The
resulting required damping is significantly higher than levels present in typical existing stay cables,

indicating susceptibility of existing prototype cables to galloping vibrations.

No indication of 2 relatively low frequency mechanism was found in this test to assist in further
explaining the limited-amplitude, high-speed vortex excitation witnessed in a previous dynamic model
wind tunnel test. As evidence of this mechanism is restricted to wind tunnel tests of dynamic models,
perhaps the formation of axial vortices—thought to be the cause of this phenomenon—is dependent
upon motion of the cable or model. Future wind tunnel testing concerning this phenomenon using
dynamic models should include particular attention paid to scaling parameters, including Reynolds

number and Strouhal number.
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Nomenclature

Symbols

a A vibration amplitude

B A linear dimension

c A constant

Co Aerodynamic Drag Coefficient

C. Aerodynamic Lift Coefficient

Cn The coefficient of aerodynamic drag
based on the force normal to the axis
of an inclined cable, in the along wind
direction.

Mean pressure coefficient

o O

Cable diameter
F A force

Fp A drag force
Fr A lift force

Fn A drag force normal to the axis of an
inclined cylindrical section

f Frequency
fo Natural frequency
fe Frequency of vortex shedding
Iu Turbulence intensity
L Length

Mass per unit length
P Pressure
pu Static offset pressure
Re Reynolds Number
r Model radius
Se Scruton Number
S Strouhal Number
U Mean wind speed

Ucrir  Critical wind speed
A% Velocity
V: Reduced Velocity

y A general displacement

Xt

A general velocity

A general acceleration

Angle of attack, model spring rotation
angle, an angle

Prototype cable yaw angle
Logarithmic Damping Decrement

Relative angle between cable axis and
mean wind direction

Angle of attack

Prototype cable inclination angle

v Kinematic Viscosity of Air, 0.150
cm?/s at 20°C

p Air Density — 1.225 kg/m3

® Radial frequency

o Damping ratio

Abbreviations

CFRP Carbon Fibre-reinforced Polyester

FFT

Fast Fourier Transform

HDPE High-density Polyethylene
NRC National Research Council of Canada
PSD  Power Spectral Density

Subscripts

—

vz g

Pressure tap index
Lift component
Model

Drag component

Prototype



Chapter 1: Introduction

In recent decades, cable-stayed bridges have been used with increased frequency due to their ability to
efficiently bridge long spans at a lower cost than the more traditional suspension bridge. Longer
spans, resulting from advances in construction materials and technologies, as well as accepted analysis

methods, have produced new challenges for designers.

From a wind design aspect, stay cables have traditionally been examined largely for wind drag forces
transferred to the deck and pylons. Beginning with the Tacoma Narrows Bridge failure in 1940,
dynamic effects due to service and climatic loading have been closely scrutinized with respect to the
bridge deck and pylons. The cables, themselves, have only more recently been regarded as dynamic
elements. Significant stay cable vibrations were first. observed in the 1970’s: on the Koehlbrand Bridge
in Germany in 1974 (Ruscheweyh, 1999), and in 1976 on the Brotonne Bridge in France (Wianecki,
1979).

Because of their very nature, combined with their uses, cables are very sensitive to dynamic effects. In
structural applications cables are used as long-span tension members. A small cross-section can be
used to effectively support a substantial load. In cable-stayed bridge construction, 200 mm diameter
cable may span 400 m—a depth-to-span ratio of 1:2000—and therefore the contribution of the
cable’s bending stiffness against lateral displacement is inconsequential, relative to other factors.
Combined with this, a cable’s structural self-damping is extremely low, and as a result vibrations may

be excited relatively easily by mechanisms caused by normal climatic and service loads.

The behaviour of fluid flow around a circular cylinder positioned normal to the flow direction is a
touchstone concept in the fields of aerodynamics and fluid mechanics. Myriad studies have
investigated this topic, and the resulting dynamic mechanisms and behaviour are well documented
and generally accepted. Though closely associated, a relative unknown is the behaviour of a circular
cylinder inclined or yawed to a flow. Such a configuration is, however, widespread, including stay
cables, marine risers, guy wires, power transmission lines, and so forth. Research has tended to focus
on such specific applications rather than the fundamental concept, and as a result comprehensive

mformation is quite limited.

Several vibration phenomena have been identified in bridge stay cables over the last thirty years, and
in some cases remedial measures to suppress the vibrations have had to be implemented after the
bridge was complete—always a costly endeavour. Many variables affect a cable’s dynamic behaviour

including the type of cable used, the length, the magnitude of tensile force, the cable surface, the



meteorological conditions at the site, and the architecture of the bridge. More recently designers have
attempted to account for potential cable vibrations, however accurate prediction and adequate

suppression of all forms of vibration has not yet been achieved.

Of the known vibration phenomena, the excitation mechanisms of several are well explained. Two
forms of vibration—dry, inclined cable galloping, and high-speed vortex vibration—are not yet well
defined. There have been few observed incidents of these two phenomena on prototype bridges.
They have, however, been reliably produced in wind tunnel tests. As bridge spans—and costs—
increase, consideration during the design phase of damaging vibrations in the finished bridge becomes
more essential. Results of several research studies have included limited information about galloping
and high-speed vortex excitation of inclined cables. These phenomena were usually not the focus of
the studies but rather an unexpected result. Usually these phenomena arose during testing focussing
on another particular type of cable vibration: rain-wind vibration. Consequently, published
information concerning galloping and high-speed vortex excitation is not altogether complete.
Previous studies have begun to define the conditions required for galloping or high-speed vortex
vibration to arise. There is not yet, however, a definitive set of aerodynamic requirements and thus no
definitive set of design criteria for cable-stayed bridges yet exists. Some researchers have proposed
criteria for galloping instability. Subsequent findings have provided enough evidence to bring these
criteria into question, though not enough evidence to render them invalid, and so further study is
necessary. Further, and more critical, could these forms of cable vibration occur to a damaging degree
on prototype bridges, existing cable-stayed bridges around the world could suddenly be rendered

inadequate.

The study presented in the following document involves measurement of surface pressure variations
about 2 static model of an inclined cable caused by airflow in a wind tunnel. These extensive pressure
measurements allow determination of both the mean and time-dependent flow characteristics about
the cable model. Unlike many other previous studies in which high-speed vortex vibration and dry,
inclined cable galloping have been observed, the focus of this study is to investigate these two
phenomena specifically. The objective of this study is to further examine and clarify flow properties
about a circular cylinder inclined to airflow, and particularly to examine the required conditions and
excitation mechanisms behind dry, inclined cable galloping and high-speed vortex excitation. As well,
this study. will further clarify the relationship between the two phenomena. Specifically, through the
use of pressure time history data, the applicability to dry, inclined cable galloping of the Glauert-Den
Hartog criterion—long accepted as a necessary condition for galloping instability of a bluff body—

may be determined. As well, the influence of Reynolds number, signifying the relationship between



the flow’s inertal and viscous forces, and conspicuously absent from previous studies, will be

examined.

A general overview concerning stay cables and the associated vibration phenomena is presented in the
following chapter. This summary includes descriptions of the various types of cable typically used for
cable-stayed bridges, the vatious known vibration phenomena that affect stay cables, and the existing
and some proposed methods of suppressing and controlling stay cable vibrations. Chapter 3 presents
a review of the existing knowledge regarding the characteristics of flow about a.circular cylinder, as
well as a thorough review of the two specific aerodynamic mechanisms forming the basis of this
study: galloping and high-speed vortex vibration of a dry, inclined cable. Chapter 4 provides an
overview of the experimental approach, including a description of the model and the wind tunnel
facilities, and an outline of the extensive testing regime. The analysis and discussion of the study
results are presented in Chapter 5, with the conclusions and recommendations for future study

summarized in Chapter 6.



Chapter 2: Stay Cables and Vibrations

2.1 Typical Composition of Bridge Stay Cables

Cable used for bridge stay cables has evolved over the years as better systems have been developed.
The first modern cable-stayed bridges wete built using wire rope comprised of helical coils of steel
wires (Vitlogeux, 1995). As with all bridges, longevity is extremely important, and so the cables must
be protected from weather and fatigue. Corrosion protection of these first cables consisted of using
an inert substance to fill gaps and voids between the strands, and subsequently coating the cable with

a thick, protective paint. Later wire rope cables were composed of galvanized wire.

Lock-coil cables soon became the preferred choice over wire rope for stay cables. Lock-coil cables are
comprised of an inner core of the traditional round steel wires, galvanized against corrosion, and
sutrounded by two or three layers of galvanized, interlocking, Z-shaped strands. Sometimes a few
additional intermediate layers of wedge-shaped strands are used between the core and the outer Z-
shaped strands. The outer strands provide a smoother, tighter surface, and due to the tight fit of the
specially-shaped strands, the density of lock-coil cables is significantly higher (up to 30%) than wire
rope (Gimsing, 1983). As a result, a smaller diameter 1s required to provide the same material area.
These cables can be additionally protected through filling any voids with a protective paint, oil wax, or

polyethylene.

Parallel wire strands of significant size have also been used on various bridges. Whereas wire rope has
strands wound around a central wire, parallel wite strands are simply a group of parallel wires. Such
strands require wrapping to confine the wires together, but have the advantage over wire rope and

lock-coil cables in that no strength or stiffness is lost due to the helical winding of strands.

Though wire rope and lock-coil cables are still used, longer cables prompted a progression to cables
comprised of a bundle of parallel strands contained in a steel, and later high-density polyethylene
(HDPE), duct. The strands are usually 7 mm or 15 mm diameter. The duct would normally be
injected with grout or oil wax for protection against moisture; the wires could also be galvanized for
added protection. This system provides the beneficial characteristic of imiting bending stresses in the
cable due to the independence of the strands, however this also reduces what little bending stiffness

the cable would otherwise possess.

Parallel strand cables have led to cables comprised of individually protected, parallel strands. Each

strand is made of galvanized wires, its voids filled with oil wax, and the strand covered with HDPE.



The cable comprised of these strands is covered with a polyethylene duct for protection and better
aerodynamic characteristics. Each strand in a parallel strand configuration can be installed and

tensioned separately.

Stay cables have also been made of pre-stressing bars. This option receives limited attention on large
bridges as pre-stressing bars have a low fatigue resistance, and their installation requires heavy

equipment (Virlogeux, 1995).

Future stay cables could include the use of composite materials employing carbon fibre. Compared to
a steel cable, a carbon fibre reinforced polyester (CFRP) cable, equivalent in load capacity, would be

of significantly lighter weight and smaller diameter.

Several issues must be addressed with respect to the choice of cable for any given bridge. Cost, of
course, is a concern for any project. Installation of the cables can be a significant factor. Lock-coil
cables of the scale used in long-span cable-stayed bridges are extremely costly, and due to their size
(say 200 mm diameter and 300 m long) can be extremely difficult and costly to install. With the
option to install each strand individually, protected parallel strand cables do not require such large

equipment for their installation.

Given the desired design life of a bridge, maintenance is another significant issue in the choice of the
cable system. Little maintenance is desired since replacing cables can be extremely difficuit and costly,
and so cables must be adequately protected from fatigue and corrosion. High internal damping is
effective in preventing fatigue. Parallel strand cables were originally grouted with cement to prevent
corrosion. Frequently fatigue issues arose, and when the cement was substituted with oil wax, the
behaviour of the cable seemed to improve; the oil wax provided an increased level of damping. CFRP

cables have significant durability potential in that corrosion is not a concern as it is with steel cables.

Lastly, aerodynamic considerations play a patt in the cable selection. The surface texture of lock-coil
cables and wire rope can affect the drag and aerodynamic behaviour of the cable. Conversely, a
parallel strand cable is larger in diameter than a lock-coil cable, and so a larger drag force results than
with lock-coil cables. For the Normandy Bridge in France, better than half of the horizontal bending
moment created in the bridge deck is due to wind drag on the cables (Virlogeux, 1995), and so a

change in the cable diameter can have significant consequences on the overall design.

Using CFRP cables would significantly lessen the wind drag seen by bridges of lock-coil or parallel
strand cable construction—a reduction of 15-20% in wind loading for a large cable-stayed bridge is

conceivable (Ostenfeld and Larsen , 1992). CFRP cables, being significantly lighter than steel cables,



are significantly more susceptible to vibrations. Furthermore, needing a smaller cross-sectional area
than a steel cable in order to carry the same load, the resulting overall bridge structure could be more
flexible, further complicating the aerodynamic behaviour. At present, cost of CFRP tends to prohibit

its consideration.

2.2 Vibration Characteristics of Stay Cables

Considering their length—in some cases far exceeding 400 m-—and composition, stay cables have
virtually no effective bending stiffness. This coupled with extremely low/virtually no internal,

structural self-damping, relatively small forces may excite cables to relatively large amplitudes.

The vibration characteristics of a stay cable are quite complicated. Stay cables, of a scale of interest to
the present study, have a fundamental frequency in the range of 0.3 Hz. to 3 Hz. A cable’s self-weight
induces sag which is also dependent upon the tension in the cable. When the sag becomes large
enough it affects the vertical vibration frequency by raising it, whereas the horizontal, or sway,
frequency is initially unaffected by the sag. Frequencies and vibration characteristics can be further
complicated by the flexibility of the supports; the pylons and especially the deck are far from being

fixed supports in the classical, analytical sense of the term.

Struan;ral self-damping values of bridge stay cables typically range from 0.01% to 0.2% of critical
damping. The type of cable used, as described in Section 2.1, affects very much the level of self-
damping. Normal engineering practice would assume up to 3% — 5% of critical damping for
traditional structural building systems of steel or concrete: fully an order of magnitude greater than
that of the best case for cables. Further, vibrations in normal structures can usually be controlled with
an economical increase in the stiffness or adjustment in the mass of the structural system.

Unfortunately little can be done to economically raise the effective damping of stay cables.

The consequences of uncontrolled cable vibrations are obviously serious. Damage from fatigue or full
rupture of the cable or the cable anchorage would require expensive repairs, at best, or even
catastrophic failure of the bridge structure, at worst. Even if the structure is perfectly able to
withstand such vibrations, serviceability requirements limit movement of the deck for safe passage of
traffic. As well, public perception needs to be considered; at the worst extreme, a bridge perceived to

be unsafe is as useless as a bridge that is unsafe.



2.3 Stay Cable Vibration Phenomena

Bridge stay cables have been witnessed to vibrate in various manners, depending upon the specific
cable characteristics and the environmental conditions in which the vibration occurs. The various

phenomena include:

* Vortex shedding vibration

* Buffeting

®  Wake effects/resonant buffeting

®  Parametric excitation

® Aerodynamic instability, including:
»  Reynolds number-related instability
* Rain-wind induced vibration
*  Dry inclined cable galloping

* High-speed vortex excitation of dry, inclined cables

2.3.1 Vortex Shedding (Aeolian) Vibration

The behaviour of flow around a circular cross-section is principally influenced by viscous and inertial
forces and may be characterized by ranges of Reynolds number. Reynolds number is the ratio of

inertial forces to viscous forces and is given by:

R, =—= @.1)

where U is the flow velocity, D, the diameter of the section, and Vv, the aitfflow’s kinematic viscosity.

Flow around a circular cylinder at very low velocity (Re=1) follows the surface and detaches at the

most leeward point; it is dominated by viscous forces. As the velocity of the flow is increased,

corresponding to Re~20, the pressure around the cylinder will not be sufficient to keep the flow
forced against the body’s surface on the leeward side and inertial effects begin to dominate. The flow
detaches prematurely (this location is referred to as the separation point) and a region of eddies forms
at the leeward side of the cylinder. This slow moving region of eddies—the wake—is bounded by a
shear layer extending from the separation point on each side of the body. Outside of this shear layer 1s
the faster moving free airflow. As a result of the difference in flow velocity on either side of the shear

layers, the shear layers tend to roll up on themselves, forming vortices. Increasing the flow velocity

further (30<R.<5000) sees the flow separation point organize into a line along the cylinder where the



shear layers roll into line-like vortices extending along the cylinder. Such vortices are formed and shed
from alternating sides of the cylinder, and move downstream slightly slower than the adjacent flow.
This phenomenon is also known as Kirman vortex formation. The frequency, f. (Hz), of the vortex

shedding is given by the well-known Strouhal relation:

f =— (2.2)

where U is the mean wind speed, D, the diameter of the cylinder, and S,, the Strouhal number;
circular cross-sections typically have a Strouhal number of approximately 0.2 (Simiu and Scanlan,
1996). Increasing the flow velocity still further causes the flow across the surface to become turbulent.
The separation point will no longer be an organized line, and thus organized vortices will not form;
the flow in the cylinder’s wake becomes turbulent. Further information on this subject is presented in

Section 3.1.1.

This alternating vortex formation results in alternating pressure variations, and thus forces, acting on
the cylinder, normal to the flow direction. Complications arise in a system where the cylinder is
allowed to move. When the frequency of the vortex formation matches the natural frequency of the
cylinder, the pressure variations drive the motion at that particular frequency and resonance results.
Additionally, the movement of the cylinder, itself, alters the flow and controls the formation of the
vortices. At this point, were the flow to increase slightly, the frequency of vortex formation would still
be governed by the cylindet’s motion and resonance would continue; the motion would not be

suppressed. This phenomenon is called lock-in; refer to Figure 2-1.
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Figure 2-1: Vortex shedding frequency with wind velocity over elastic
structure (from Simiu and Scanlan (1996))



The lock-in phenomenon is, thankfully, self-limiting. With increasing amplitude, the shedding pattern
loses its uniformity and breaks up; thus the maximum sustained vibration double amplitude tends to

be limited to approximately one diameter (Blevins, 1977).

As stated in Section 2.2, stay cables have a fundamental frequency in the range of 0.3 — 3.0 Hz. As the
diameters of cables used for cable-stayed bridges are relatively small (150 — 250 mm diameter), the
critical wind speeds that cause resonance in the lower modes are very low. Consequently the energy
acting on the cable is very low, at worst producing very small amplitude vibrations. At higher wind
speeds, higher modes of vibration may be excited, but as the frequency of vibration increases,
mechanical self-damping also increases. Vibration amplitudes due to vortex shedding are usually in

the order of a few millimetres, and, though fatigue has to be considered, these vibrations are not

usually a great concern. A logarithmic damping dectement of 6>3% is recommended to avoid fatigue
problems (Stubler ez 4/, 1999). This value usually has to be higher anyway to suppress other forms of

vibration.

2.3.2 Buffeting

Buffeting is unsteady, random loading resulting from fluctuations in the oncoming airflow. Generally
this is not a harmful phenomenon for stay cables, though as with vortex shedding, fatigue may be a
cause for concern. Vibration amplitudes tend to be limited due to the high tension in the cable
supporting the dead load of the deck and the relatively small projected area exposed to wind. (With
high-voltage transmission lines however, the tension is a function of the cable’s self-weight alone, and
so buffeting effects are more serious.) Buffeting can pose problems if sudden shocks are induced into
cross tie cables (to be discussed in Section 2.4.2) with insufficient pre-tensioning. As well, some
researchers propose aerodynamic instability may occur in bridges composed of two planes of stay
cables as a result of buffeting. In theory, if the wind speed is such that the travel time of the flow
from one stay plane to the next corresponds to half of a cycle of the deck’s torsional vibration mode,
the buffeting may excite motion in the deck (Virlogeux, 1998). In randomly fluctuating airflow, this

phenomenon is not likely to result in prolonged excitement.

2.3.3 Wake Effects/Resonant Buffeting

Thete are different manifestations of this phenomenon however they all resuit from the same
mechanism. Fundamentally, a stay cable’s dynamic behaviour can be significantly altered by the

airflow resulting from the close presence of another element or obstruction upwind.



10

A wake effect mechanism with the potential for serious consequences is the response of stay cables
located leeward of bridge pylons. As mentioned in Section 2.3.1, because of the relatively small
diameter of a stay cable, critical wind speeds that cause lower mode resonance in cables through
vortex shedding are quite low. Bridge pylons have a width in the order of several metres, ind thus
high winds may cause vortex shedding at a frequency in the range of the cables’ fundamental
frequencies. Consequently, the cables may experience high energy buffeting of a harmonic nature
(resonant buffeting), and large amplitude vibrations may occur. Limited possibilities exist for this

phenomenon due to the inclination of the cables relative to the pylons.

Occasionally, to limit cable size, twin cables are used in lieu of a single stay. The two cables are spaced
relatively close together and if the wind is incident along a line joining the two cables, the second
cable may be influenced by the wake of the first. Again the critical wind speed producing vortices at a
resonant frequency is rather low, therefore possessing low energy, and so the result would not be very
significant. However, if the cables are close enough—in the order of a couple of diameters—the wake
of the first will excite the second. This resulting movement will then have an effect on the flow
around the first, upstream cable, thus increasing the effects on the second, and so on; a vicious circle
develops. This phenomenon appeared in the cables of the Yobuko Bridge in Japan, where the
downwind, 76 mm to 84 mm diameter cables, spaced two diameters from their upstream twins,
vibrated to approximately two diameters (Yoshimura ez /, 1995). This phenomenon disappears as the

distance separating the two cables increases.

A similar effect occurs among the individual, parallel strands of a stay not yet enclosed by a duct. This
usually only occurs during construction. The external strands may be excited by the wind and vibrate,
contacting the inner strands. The result is a significant level of unsettling and undesirable rattling
called ‘breathing of strands’ (Virlogeux, 1998). This action is suppressed once the duct is installed

over the strands.

2.3.4 Parametric Excitation

Vibrations of stay cables can be excited by motion in the anchorage points. A cable’s self-damping is
very low, and so even small movements of the deck or pylons due to wind or traffic loads may cause
large amplitude motions in a stay cable. This mechanism can be especially serious if the fundamental
frequencies of the stay cables and those of the overall structure coincide. This was shown to be the
case of the Normandy Bridge during design were it not for the presence of cross tie cables to raise the
fundamental frequencies of the stays to higher modes (Vitlogeux, 1995). However, rectifying such a

problem is not necessarily as simple as modifying the frequencies of the cables. In 1995, cables of the
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Second Severn Crossing in England experienced extremely large amplitude vibrations. Engineers
determined that occasionally the deck motion corresponded to the frequency range of the cables.
Cross tie cables were installed to restrict the cable oscillations, which they did, however with the ties
in place the vibrations of the deck increased substantially (Stubler ez 2/ 1999). This behaviour seemed
to indicate that the deck was indeed exciting the cables; the cables were accepting energy from the
deck movement, and acting like dampers. Unfortunately, once restricted, the cables could no longer

accept the same level of energy, thus the amplitude of deck vibrations increased.
Stubler ez a/ (1999) suggest two critetia to consider with regard to parametric excitation:

Appearance and comfort (at U=15 m/s):
—E < 0.0006, where a is the amplitude of vibration, L the cable length

Admissible deviation angle:

a o . _ .. :
— < —, where O is the admissible deviation angle at the cable anchor point.

L

2.3.5 Aerodynamic Instability

Several phenomena that could, and do, result in aerodynamic instability in stay cables have been
identified in the last few decades. Reynolds number effects on stability are relatively minor compared
with the other three phenomena described in this section. Rain-wind induced vibration has been seen
to be a very serious phenomenon, while dry, inclined cable galloping and high-speed vortex excitation,

though potentially serious, are relative unknowns.

The latter three phenomena are specific to inclined cables. A section in airflow, symmetric about the
flow vector, does not experience sustained lift; no resultant force transverse to the flow exists. As
soon as a section loses the property of symmetry, it will experience a resultant lift force. When rain 1s
present, various factors cause the rainwater to vary the shape of the section, causing instability. Called

rain-wind vibration, this is discussed in Section 2.3.5.2.

Round cables present a circular section to winds normal to the cable axis, and a symmetric elliptical
section (of varying aspect ratio dependant upon the relative angle between wind and cable) to winds
from any other direction. And so, an outright resultant lift force, independent of wind speed and due

to the cross-section geometry, will not occur. However, winds acting on a stay cable from angles
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other than normal to the cable axis may cause vibrations and instability due to a more complicated
flow regime initiated by the relative angle between wind and cable axis. This is discussed in Sections

2353 and 2.3.54.

2.3.5.1 Reynolds Number-related Instability

At a certain critical range of Reynolds number (given by Equation (2.1)), there is a significant and
abrupt reduction in drag (40 — 60%). This critical range is also affected by the roughness of the
section’s surface; a rougher surface will have a lower critical R, value. A cable vibrating parallel to the
wind direction experiences a fluctuating relative wind velocity. If this range of fluctuation corresponds
to the critical R, range, a drag crisis may occur; as the cable sways into the wind, the relative velocity is
higher corresponding to a lower drag force—swaying with the wind, the relative velocity is lower,
corresponding to a higher drag. These two mechanisms combine to continuously augment the
vibration amplitude. This has been a significant source of problems for power transmission lines,
made worse by the contribution of helical sttanding on the effective roughness, however, though stay
cables are not immune to such excitation, no problematic instances have been reported attributed to

this phenomenon.

2.3.5.2 Rain-wind Induced Vibrations

Rain-wind induced vibrations of inclined cables emerged during the mid-1980’s as one of the greatest
concerns of bridge engineers. Under certain wind conditions, large, limited amplitude vibrations
seemed to occur when it rained, but did not occur under the same wind conditions without rain. This
phenomenon is quite significant as large amplitudes may be experienced under relatively low wind
speeds. Beginning with Hikami and Shiraishi (1988), field observations and wind tunnel testing by
several researchers have clarified quite specific conditions conducive to this vibration mechanism.

These conditions are:

* moderate rain. Neither light drizzle nor a downpour is conducive to such vibrations.

* wind speed of 6 — 18 m/s, with the majority of the cases documented in the range of 8 — 12
m/s. The resulting reduced velocity (Equation (3.6)) range has been observed to be 20 — 90.

* fundamental frequency of cable vibration in the range of 0.6 — 3.0 Hz
* cable diameters ranging from 140 mm — 225 mm
* Reynolds number in the transition range from sub-critical to critical: 6xX10* — 2X105

*  cables on the leeward side of the pylons; the wind is tending to lift the cables
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* cable inclination of 20° — 45° from horizontal (though rain-wind vibrations have also been
observed for nearly vertical hangers on arch bridges)

* angle of azimuth of the stay plane relative to the wind direction of 20°~60° (Some give this
range as 30° — 80°)

* a certain small-scale roughness on the duct (usually polyethylene), akin to a build-up of dirt
and grit under normal service conditions

* the bridge location usually in close proximity to a large body of water, or with relatively flat
surroundings, indicating that a low level of turbulence and fairly uniform flow over the cable
length are required

These conditions cause the formation of two streams of water on the cable. One stream forms on the
lower face of the cable duct, drawn by gravity. The other stream forms on the upper face of the cable
duct, produced by the combined effects of gravity, wind, and capillary action. The presence of these
two streams effectively alters the cross-section of the cable resulting in a change in the aerodynamic
forces acting on the cable, thus oscillations result. This phenomenon has been found by Japanese
researchers to be directly linked to the existence of the upper stream, however others (Ruscheweyh,
1999b; Verwiebe, 1998) have shown vibrations can occur with just the lower rivulet. In fact, Verwiebe
(1998) found there to be three distinct types of rain-wind vibrations: a predominantly across-wind or
a predominantly along-wind vibration involve both upper and lower rivulets; the third involves only
the lower rivulet, with the resulting motion predominantly across-wind, though including a significant

along-wind component.

As vibrations arise, the inertia of the water streams, combined with the motion, cause the water
streams to move circumnferentially on the cable surface at the same frequency as the cable vibration.
This motion, in turn, produces cyclical changes in the aerodynamic response by varying the separation
point of the flow, thus cyclically changing the lift and drag forces and increasing the oscillation

intensity (Ruscheweyh, 1999b). It is a sort of self-sustained oscillation.

Observed rain-wind vibrations have tended to be in the plane of the cables, though with some
transverse motion. The peak-to-peak responses of vibrating cables have reached up to two metres

(Matsumoto ef @/, 1992)—obviously a serious concern for designets.

In cases where no specific measures are taken to break up the formation of the upper stream, Irwin

(1997) suggests the following Scruton number limit to avoid rain-wind vibration problems:
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where m is the mass/length, 8, the logarithmic damping decrement, P, the air density, and D, the
cable diameter. For typical stay cables, the logarithmic decrement should therefore be greater than 3 —
6% (Stubler ez 2/, 1999).

This phenomenon has been well studied, and the mechanism is well desctibed, qualitatively. As well,
various methods have been developed to suppress such vibrations. However, no definitive answer
exists as to whether or not this phenomenon will occur on a given bridge, or exactly how much
damping is enough to suppress these oscillations. And so, though the mechanism is well established,

studies are required to determine effective, reliable and practical prevention and control.

2.3.5.3 Dry, Inclined Cabie Galloping

The unstable, aerodynamic phenomenon of galloping has long been associated with power
transmission cables, particularly when the cables have been partially coated with ice by freezing rain.
The ice, driven by wind and gravity usually forms on one side, towards the bottom; the resultant
cross-section is somewhat egg-shaped. The aerodynamic forces caused by this alteration may cause
extremely large-amplitude vibrations resulting in clashing with adjacent cables or, ultimately, failure of
the cable or its connections to the transmission tower. Referred to as negative aerodynamic damping, the
aerodynamic forces augment the vibrations rather than suppress them. The galloping mechanism is

further explained in Section 3.2.1.1.

So-called dry, inclined cable galloping was first reported in wind tunnel studies conducted in Japan. It
differs from the traditional form of galloping in that it occurs for cables of circular cross-section!.
This type of vibration has not, however, been expressly observed in actual bridge cables; Irwin ez a/
(1999) claim, “Some field observations appear more consistent with galloping than rain/ wind oscillations”, though
no specifics are given. A potentially critical finding of some study results is that additional damping
does not seem to have a significant effect in controlling these vibrations. The onset velocity for
galloping motion increases only a small amount with an increase in damping, and therefore could still
lie within the foreseeable design wind speed range. The ramification of this result is that a potential
exists of many existing cable-stayed bridges being susceptible, theoretically, to this vibration

mechanism, and an attempt to prevent the problem though an increase in damping may not be

t Limited instances of conventional galloping of stay cables have been observed in the past. Matsumoto e o/ (1989b)
reported galloping of cables which were sheathed in a tube of hexagonal cross-section. Wind tunnel tests confirmed a

negative slope of the lift force coefficient, thus indicating galloping.
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effective. Subsequent study results have somewhat contradicted these initial findings, making them

appear relatively conservatve.

The actual aerodynamic mechanism producing this reaction has yet to be clearly defined, and there is
sufficient reason for discussion as to whether this is a practical problem, or even a legitimate one.
That it has not been expressly observed in prototype cables and seems to be very sensitive to support
conditions in wind tunnel studies, the phenomenon may be more a function of the supports in the
wind tunnel model than the behaviour of an actual cable. As well, perhaps motion witnessed in some
wind tunnel tests, heretofore described as galloping, was in fact imited-amplitude vibration in which
the maximum amplitude was not yet achieved and simply the limits of the test equipment were
reached. Further study is therefore needed to determine what problems, if any, are posed by this

mechanism.

This phenomenon is thoroughly reviewed in Section 3.2.1.

2.3.5.4 High Speed Vortex Excitation of Dry, Inclined Cables

Many of the most serious cable vibrations observed in the field have involved the rain-wind vibration
mechanism. Some observed vibrations, however, have been reported to occur without rain, and at a
much higher wind speed range than for rain-wind vibrations. This phenomenon has been attributed
to high-speed vortex excitation. These vibrations, which are of limited amplitude, occur at higher
velocities than those at which normal Karman vortex excitation (described in Section 2.3.1) would
excite the lower vibration modes. Though limited study has been performed concerning this
phenomenon, it is thought that the mechanism producing vibrations under these conditions involves
a suggested axial airflow along the back of the inclined cable. Matsumoto (1998) observed that
vortices shed from this axial flow would interact with vortices produced by Karman vortex shedding,
intermittently enhancing the Kéarman vortex. For their test, they found the Kirman vortex to be
enhanced at every third shedding by an axial vortex at a certain discrete wind velocity. The amplified
vortices would be produced on alternating sides of the cable, and consequently the cable would be

excited similar to, but to a much greater amplitude than, normal vortex vibration.

As with all vibrations, damping devices have been used to suppress these vibrations, however, as with
most vibration phenomena, the optimum amount of damping is not known. On the Meiko West
Bridge I in Japan, for example, cross ties between stay cables were originally installed on the bridge to

control cable vibratons, but the te-to-stay connections were damaged anyway due to severe
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vibrations (Matsumoto ef 2/, 1997). Much more needs to be known about this phenomenon in order

to predict it, and efficiently prevent or control it.

This phenomenon is thoroughly reviewed in Section 3.2.2.

2.4 Methods of Vibration Suppression

Suppression of cable vibrations is critical to the longevity of a bridge. Besides simple comfort and
peace of mind for those using a bridge, unwanted vibrations in the cables lead to fatigue of the anchor
points for which repairs are extremely costly. If a cable vibrates at 2 Hz for only, say, 2% of the time,
over the course of only one year this translates into over one million cycles. For bridges built with a

service life of 75 to 100 years, fatigue becomes a serious concern.

Several methods have been developed to suppress cable vibrations. These methods can be split into
two categories: mechanical and aerodynamic. Mechanical measures suppress vibrations through
damping or restriction of motion; aerodynamic solutions prevent vibrations by altering the airflow

such that the generating mechanisms do not occur. The choice of method depends on several factors:

» Efficdency — how effective a particular method is in suppressing all expected, or certain specific,
vibration phenomena. A certain method may adequately suppress certain vibrations, but not

others. It may even produce vibration mechanisms that would not otherwise occur.

®  Maintenance — what is required to maintain a suppression method over the design life. Some
methods may not require any ongoing maintenance, while others may require regular review and

maintenance to be effective.

= Aesthetics — how the suppression method affects the overall visual statement of the bridge. Some
methods may be concealed and will not alter the appearance of the bridge, while others will be

visually predominant and may detract from the appearance.

*  Cost— as with all things, cost can prohibit certain methods in some cases. Cost factors can arise in

capital cost and/or maintenance costs over the design life.

2.4.1 Duct Shape

The idea of altering the cable shape arose as a means of preventing rain-wind vibrations. Rather than
a smooth duct, the surface is modified to prevent the formation of the upper stream of water, thus

eliminating the precipitating factor for the rain-wind mechanism. Several different shapes have been
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tried. The first involved forming longitudinal channels along the length of the duct to prevent
transverse movement of water on the duct surface, preventing the upper stream from forming. This
modification was implemented on the Higashi-Kobe Bridge. The drawback to this solution is
twofold: the overall diameter of the cable is increased slightly, thus increasing the projected area
subjected to drag, and more importantly the irregular shape increases the drag coefficient
significantly—from 0.5 for a smooth cylinder to 1.35 for the new shape, in the supercritical Reynolds
number range (Virlogeux, 1998). As well, in an attempt to mitigate certain vibration mechanisms,
other mechanisms may appear. For this same surface modification, though rain-wind vibrations did

not arise, vibrations at higher wind speeds, and without rain, materialized (Matsumoto, 1998).

Other shapes investigated include the addition of helical fillets to the duct, and dimpling of the duct
surface—akin to a golf ball. The former, as tried on the Normandy Bridge, involved forming two
helical fillets in the duct surface, 1.3 mm deep with a pitch length of 600 mm. This alteration resulted
in an acceptable increase in drag coefficient from 0.5 to 0.63 in the supercritical Reynolds number
range (Virlogeux, 1995), while impairing the formation of a continuous upper water stream. The latter
modification was investigated by Miyata ez 2/ (1994). Extensive wind tunnel tests were performed on
cable models with varying degrees and patterns of roughness in an attempt to prevent rain-wind
vibrations. They found that the model with only discrete patches of dimples had a comparable drag
coefficient at sub-critical flow velocities to that of a smooth cable. The critical Reynolds number was
significantly lower than that of a smooth cable, and the drag coefficient dropped significantly at the
critical R. range, remaining approximately constant thereafter with increasing velocity. Thus turbulent
flow occurs at a lower velocity for the dimpled surface and the drag force at higher wind speeds is less
that that of a smooth cable. Testing under conditions that would produce rain-wind vibrations with
smooth cables, the dimpled cable remained steady; due to the lower critical Reynolds number,
turbulent flow began prior to the velocity range necessary for rain-wind vibrations. As stated in
Section 2.3.5.2, turbulent flow impairs rain-wind vibrations. Tests were also done without rain, and
unstable vibrations that occurred for the smooth cable did not occur for the discretely roughened
cable, indicating similar suppression of non-rain induced vibrations. This type of duct alteration was

implemented on the cables of the Tatara Bridge in Japan.

Matsumoto (1999) suggested yet another aerodynamic alteration involving the installation of elliptical
rings on the cable surface. At an appropriate pitch length, the rings control the flow field around the
cable such that vibration mechanisms would be suppressed. Wind tunnel tests support this
modification, though it has not been implemented on an actual bridge. One could foresee the

potential for problems arising as a result of ice accumulation, in certain climates, because of the rings.
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Shaping the duct provides an effective means of inhibiting vibrations, while minimally affecting the
aesthetics of the bridge, though one must realize the potential exists for unexpected vibrations to arise
when others are suppressed. In the case of the discrete roughness impressed on the cable surface,
there is a significant benefit of lower drag force at high wind speeds. Though there is an additional

initial cost associated, maintenance over the design life is minimal.

2.4.2 Damping Ropes (Tie Cables)

Tie cables are much smaller than stay cables, and simply tie the stays together—see Figure 2-2. They
have been used as both a permanent and a temporaty solution to suppress stay cable vibrations. The
cable array of a cable-stayed bridge is composed of numerous cables of varying lengths, and possibly
of varying angles of inclination. As a result, each cable has its own unique fundamental frequency. As
such, under a given set of circumstances, some cables will vibrate while other cables will not be
excited. In tying the stays to one another those cables not excited will act essentially as dampers for
those trying to vibrate. The ties stiffen the structure and restrict movement in the lower modes of
vibration and since higher modes require significantly more energy to occur, they are less likely to

appear under expected wind speeds.

Tie cables are frequently used to suppress vibrations

during construction or as a temporary measure when TIE CABLES

unexpected cable vibrations arise after a bridge is STAY CABLES
complete. Frequently ropes made of hemp (due to its
high internal damping) are attached to each cable and

anchored to the bridge deck.

On the Normandy Bridge, tie cables were used as a

permanent solution to alter the vibration frequencies

Figure 2-2: Tie cables

of the stay cables as their fundamental frequencies
were predicted to be in the same range as the
structural frequency of the bridge as a whole (Virlogeux, 1998). Had no action been taken, the cables
would have been quite susceptible to excitation caused by deck movement, and likewise the deck

could have been susceptible to excitation caused by cable vibration.

Tie cables may tie together some or all of the stays, or even extend to the bridge deck. Tie cables
suppress all types of vibration, though in some cases, such as rain-wind vibration, it may not be the

optimal solution. Raising the natural frequency of a cable above 3 Hz is thought to be sufficient to
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eliminate rain-wind effects, unless otherwise assured by damping (Virlogeux, 1998). As a result the
number of ties required may be high, and so combining tie cables with other suppression methods

may be warranted.

There are several drawbacks with the use of tie cables to suppress vibration. Most obviously they tend
to detract from the clean, elegant statement of a cable-stayed bridge. As well, unless the ties are pre-
tensioned adequately, their connections are liable to fatigue failure, or even rupture if they are fully
unloaded and then suddenly pulled taut by stay cable motion. A serious drawback arises if cross ties
are used as a remedial measure to mitigate vibration concerns after a bridge has been built. If ties are
not considered during design, their addition and subsequent tensioning alters the geometry of the stay
cables. The angles between the stay and the deck, and the stay and the pylon, are reduced, resulting in
an increased stay tension that directly affects the moments in the deck and pylon. As well, the change
in the angles may impose unwanted bending at the stay cable anchorage points. Finally, tie cables
directly restrict movement vertically but only indirectly restrict hotizontal motion, though this has not

been found to be critically detrimental to their effectiveness.

2.4.3 Hydraulic Dampers

A common remedy to controlling unwanted vibrations is the installation of dampers. The most
common and effective system involves two hydraulic dampers (essentially oversized shock absorbers
as on an automobile) positioned at opposing angles, normal to the cable axis, attached to the cable a
short distance from the lower anchor point, and extending down to the bridge deck. Hydraulic
dampers of this sort are quite effective, however as cable length increases, they become less so. They
incur greater capital cost on the bridge project, require monitoring and maintenance, and, since they
cannot usually be hidden from view, may detract from the aesthetics of the brdge. Also, as this
system damps the cable motion against the deck, parametric excitation cannot be effectively

controlled.

2.4.4 Other Methods of Suppressing Cable Vibrations

Recently, alternative methods of suppressing unwanted vibrations have been proposed. The first
described below has significant merit, while the second, though theoretically valid, is not likely to be
an acceptable option. The third and fourth are among several variations on the principle behind

hydraulic dampers.
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2.4.4.1 |Injection of Elastomeric Compound

Recently developed in France, and still in the testing stage, this process was originally intended as a
simpler means of protecting cable strands from corrosion rather than using the traditional, and
somewhat problematic, oil wax. The process involves injecting a visco-elastic resin to fill the cable
duct and coat the strands to prevent corrosion. The resin coating was found, unexpectedly, to possess
impressive damping characteristics. With the coating, the cable’s ability to interpally dissipate
vibration energy is increased. In testing performed on a test cable, the resin improved the damping
coefficient by a factor of two, and into the range considered adequate to suppress most cable
vibrations (Fargier and Stubler, 2001). This process seems to be a very effective method for
suppressing stay cable vibrations—aesthetics would not be affected, maintenance would seem to be

unnecessary, and there appears to be great efficiency potential.

2.4.4.2 Damper Cables

Cables under a tensile load have extremely low internal damping, thus the inherent problems with stay
cables. Slack cables (wire rope or lock-coil), however, possess a relatively high level of internal
damping due to inter-strand friction when the cable is bent. Such is the premise behind Stockbridge

dampers used to suppress vibrations in high voltage transmission cables.

Recently Sauter e a/ (2001) proposed using the same

mechanism to suppress vortex-induced vibrations in
DAMPER CABLES

stay cables. Curved damper cables mounted between STAY CABLES
adjacent stay cables would dissipate energy through
inter-strand friction caused by bending deformations
induced in the curved cable by the relative

movements of the stays. These curved cables could be

~=

mounted near the upper end of the stay cables, near
the pylon; see Figure 2-3. Sauter’s study into such
. . . Figure 2-3: Damper cables
damper cables show potential exists with regards to g P

the effectiveness of this system.

Though this is 2 novel, and potentially effective mechanism for controlling vibrations in stay cables,
maintenance issues aside, an engineer would likely be hard-pressed to convince those controlling the

architectural design of the bridge of the benefits of this system.
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2.4.4.3 Magnetic Damper

This system involves the use of a magnet to alter the behaviour of the cable vibrations. A magnet
apparatus is attached to the bridge deck near the lower cable anchor point, similar to the placement of
hydraulic dampers. The magnet is close enough for the cable to make contact when vibrating above a
pre-determined amplitude limit. This system assumes that aerodynamic damping corresponding to
higher modes of vibration is positive for the wind velocity range that produces instability in the lower
modes (Fujino ef a/, 2001). With large amplitude vibrations, the cable contacts and is held by the
magnet until the cable tension exceeds the magnetic force. At this point the cable detaches from the
magnet, and in so doing, higher modes of vibration are generated. Essentially energy is ‘transferred’
from lower modes to higher modes, and through positive aerodynamic damping at higher modes, the

energy is dissipated, thus the oscillation amplitude is reduced.

This system is a passive mechanism, and has been installed on Japan’s Ikara Bridge. It is thought a
semi-active device would significantly improve the effectiveness of this premise. Using an

electromagnet, the attraction and release points could be adjusted to maximize the energy transfer.

As with hydraulic dampers, this system involves greater capital cost, as well as monitoring and

maintenance, and may detract from the bridge aesthetics.

2.4.4.4 Friction and Viscous-friction Dampers

Another type of damper installed at the Jower end of cables involves a viscous-friction system. A rigid
sleeve extends for a short distance up the cable from the deck. The end of this sleeve supports a ring
of viscous material attached to the cable. Cable motion is suppressed through the absorption of

energy by the visco-elastic material due to the relative movements of the cable and the sleeve.

A similar sleeve apparatus has been used in conjunction with materials to absorb the cable vibration
energy through friction alone. The Uddevalla Bridge (formerly the Sunningesund Bridge) in Sweden
employs this system to limit cable vibration amplitudes greater than L /3000 (the longest cable is
about 210 m) (Kovacs ¢f 2/, 1999). In this system, mounted to the sleeves on sprung ring plates are the
soft friction partners, grey cast iron, which are pressed against the cable-mounted hard friction partners,
stainless steel. Thus, cable vibration energy is dissipated through sliding friction between the two.
Eight months after installation, no gross cable oscillations had been reported (Hjorth-Hansen et 4/,
2001).

The same deficiencies exist for these devices as for hydraulic dampers, save that their presence may

be less noticeable.
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Chapter 3: Literature Review

3.1 Characteristics of Flow About a Circular Cylinder

Characteristics of fluid flow about circular cylinders placed normal to the flow direction is an
evergreen research topic in the fields of fluid mechanics and aerodynamics. Though not entirely two-
dimensional, the flow behaviour can be adequately approximated as two-dimensional if the cylinder is
normal to the flow. For such a fundamental concept—fluid flow past a cylinder—surprisingly little
has been done to determine the behaviour of a flow past a circular cylinder inclined or yawed to the

flow direction.

3.1.1 Flow About a Circular Cylinder Placed Normal to the Flow Direction

Significant study of the characteristics and effects of flow about a circular cylinder placed normal to
the flow direction extends back throughout the 20t century and into the 19% century, and the
phenomenon still attracts much attention. The flow regime can be broken into several sections
spanning the flow velocity spectrum from fully laminar flow to fully turbulent flow. Each section caﬁ
further be broken into sub-sections based on the changing characteristics of the flow. Neither the
fully laminar state, nor the fully turbulent state is of particular interest for most applications; the
transition between the two states is the most practically relevant part of the full regime. Among the
extensive literature devoted to this topic, a thorough review and comprehensive compilation of
previous research is presented in two volumes by Zdravkovich (19972, 1997b). As well, ESDU 80025
(1980) provides comprehensive information concerning flow perpendicular to a circular cylinder,
including empirical data with which to predict the circumferential pressure distribution based on user-

specific parameters.

Flow around a circular cylinder is typically regarded as a two-dimensional phenomenon. Though there
are span-wise variations, simplifying the issue to nominally two-dimensional flow about a circular
section is sufficient for most applications. The behaviour of the flow and the resulting forces on the
cylinder are principally governed by Reynolds number (given by Equation (2.1)). Summarized from
Zdravkovich (1997a), flow about a circular cylinder can be broken into fifteen regimes within five
states (llustrated in Figure 3-1):

The first state is laminar flow which can be divided into three regimes:

= L1: no-separation (Re= 0 to 4 — 5), characterized by the flow being continuously attached to

the surface all around the circumference of the section
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L2: closed wake (Re=4 — 5 to 30 — 48), charactetized by the formation of a steady, symmetric

closed near-wake

L3: periodic wake (Re=30 -~ 48 to 180 — 200), characterized by the oscillation of the shear

layers (wake boundaries) at the confluence point of the wake—eddy formation

The second state is defined by transition in the wake and is divided into two regimes:

TrW1: far-wake (R.=180 — 200 to 220 — 250), characterized by the transition of the laminar

eddies in the wake to turbulence

TrW2: near-wake (Re=220 — 250 to 350 — 400), characterized by the transition to turbulence

of the eddies during formation

The third state is the sub-critical state of transition-in-shear-layers and is divided into three regimes:

TrSL1: development of transition waves (Re=350 — 400 to 1X103 - 2X10%), characterized by

undulations of the free shear layers

TtSL2: formation of transition eddies (Re=1X10% — 2x10? to 2X10* — 4x10%), characterized by
the formation of the transition waves into discrete eddies which then roll into alternate

eddies behind the cylinder

TtSL3: burst to turbulence (Re=2x10% — 4x10* to 1x105 — 2X105), characterized by a burst to
turbulence in the free shear layers; the formation of eddies occurs close to the rear of the

cylinder. Eddy (vortex) shedding is strongest in this regime.

The fourth, and usually most significant, state is the critical state of transition-in-boundary-layers. This

is the state in which the drag crisis occurs. It is comprised of five regimes:

TrBLO: pre-critical regime (Re=1x105 — 2X105 to 3X10° — 3.4x105), characterized by the
transition to turbulence in the free shear layers along separation lines on the surface of the

section

TrBL1: one-bubble regime (R.=3X105 — 3.4x105 to 3.8X105 — 4x105), begins with a
discontinuous fall in the drag coefficient and the formation of a laminar separation bubble on
one side of the cylinder resulting in an asymmetrical pressure distribution—a net lift. The

separation bubble is formed by the laminar separation of the flow from the surface of the
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cylinder, subsequent reattachment to the surface a small distance later before turbulent

separation.

* TrBL2: two-bubble regime (R.=3.8X105 — 4X10% to 5x105 — 10x105), begins with another
discontinuous fall in the drag coefficient and the formation of a second laminar separation

bubble on the other side of the cylinder. The net lift force disappears.

* TrBL3: supercritical regime (Re=5X10% — 10X105 to 3.5X106 — 6x109), characterized by the
irregular  disruption of the laminar separation bubbles span-wise and corresponding

suppression of periodic eddy formation

* TrBL4: post-critical regime (R.=3.5X106 — 6x106 to unknown), characterized by transition to

turbulence of the boundary layer ptior to separation

Finally, the fully turbulent state is divided into two regimes: T1, invariable, and T2, ultimate. The
onset Re value for the turbulent state is unknown and the flow characteristics can realistically only be

hypothesized due to the complications arising from compressibility in air and cavitation in water at

such high R, values.

Discussion of the results of the present study presented later will reference the above regime

classification.

The characteristics of the flow are also influenced by other parameters including surface roughness,
flow turbulence, blockage, and oscillation of the cylinder. Surface roughness effects, for example, can

greatly alter the onset of the Transition-in-boundary-layers (TtBL) state, as illustrated in Figure 3-2.



25

\ \ L TeW Tr SL TeBL T
2 \ 3 11,20 2 3 jo4,2, 3 4 I 2
ch\\ \ ! ;
y\ \ 1 !
N N ::!::5?:#‘-'. e, {
i \\\ — -:\'/ ‘ ‘.\ Cop !
L N e ¢ A Gasaamaals
1 2 S~ MHHH%H%H i Co !
. I3 l
¢l ™l ; : . % Co
1 fL"“ N {KH 4#&54% ﬁ I i ‘ﬁmm.

10? 10° 10¢ 107 Re

Figure 3-1: Variation of aerodynamic force coefficients for disturbance-free flow (teproduced from
Zdravkovich (1997a))

In the above figure:
Cp — mean drag coefficient; Cp= Cpp+ Cpt

Cpp — portion of mean drag coefficient due to asymmetric pressure
distribution on the upstream and downstream side

Cpt ~ portion of mean drag coefficient due to viscous friction on the sutface
of the cylinder

Cp’ - fluctuating fluid-dynamic drag coefficient
CL — mean lift coefficient
Cy’ ~ fluctuating fluid-dynamic lift coefficient
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Figure 3-2: Influence of Reynolds numbet and sutface toughness on drag coefficient (reproduced from
Simiu and Scanlan (1996))
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3.1.2 Flow About a Circular Cylinder Inclined to the Flow Direction

Most research related to examining flow characteristics about an mclined circular cylinder has always
had a specific goal or application at its root. Studies have involved numerous applications—from
inclined stay cables exposed to wind to marine risers exposed to wave action and so on—under very
specific circumstances. Consequently little information is available concerning flow about an inclined
or yawed circular cylinder from a fundamental viewpoint, and particularly when the flow is in the

critical Reynolds number range.

An early study was completed by Bursnall and Loftin (1951). Their study involved the determination
of the pressure distribution about a 2” (51mm) diameter, polished brass, circular cylinder at yaw
angles of 0° (normal to flow), 15°, 30°, 45°, and 60°, under smooth flow conditioﬁs throughout the
critical Reynolds number range, up to R.=5X105. Among their conclusions they reported that the
decrease in drag in the critical Reynolds number range became more gradual with an increase in yaw
angle. As well, at greater yaw angles the onset of the drag crisis was found to occur at lower wind
speeds. Concerning the pressure distribution about the cylinder, they found the laminar separation
bubble to be less well-defined with the cylinder yawed to 15° and 30° than it was with the cylinder
normal to the flow. The separation bubble did not appear for yaw angles of 45° and 60°. They
concluded generally that the flow and force characteristics could not be determined based solely on

the component of flow normal to a yawed cylinder.

Another potentially relevant study is presented in Aero Tech. Memo. 291 by T. H. Trimble and P. T.
Malone (July 1975) from the Aeronautical Research Laboratoties, Australia, entitled The normal,
tangential, lift and drag forces measured near R=10° on some circular cylinders inclined to large angles in an airstream.

Unfortunately this report is unavailable for release outside the Australian Department of Defence.

Mahar ez a/ (1985) performed testing on a rigid glass bar of finite length, varying the angle of attack
while maintaining a constant flow speed corresponding to Re=7.1x10% (sub-critical; no variation in

aerodynamic forces was found over the range of 1.4x103 — 7.1X10%). They found the mean drag force
to vary in a somewhat sinusoid relationship with the relative wind-cylinder angle from a maximum of
about 1.2 when placed normal to the flow down to virtually zero when aligned with the flow. They
also found the mean lift to vary with the relative angle. Positioned normal to the flow, virtually no net
lift was observed as one would expect. Aligned with the flow, similarly no net lift was observed. At
angles between these two extremes, a net lift occurred. Being sub-critical flow, this is somewhat
curious, however this net lift could have been due to the model being of finite length, and thus flow

around the ends may have contributed to this result.
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ESDU 80025 (1980) provides comprehensive information concerning flow perpendicular to a circular
cylinder and includes a section on the effects of inclination on the flow regime. This section provides
recommendations for the derivation of the drag force and the force normal to the cylinder, however it
concludes with a caution that the recommendations are tentative and unverified by test data, and that

more research is clearly warranted.

More recent studies of inclined cable aerodynamics—presented in the following section—have made
some headway into discovering the characteristics of the flow about a circular cylinder, however
thorough (or even brief) consideration of Reynolds number effects has been conspicuously absent. As
mentioned in the previous section, the behaviour of the flow and the resulting forces on a circular
cylinder are principally governed by Reynolds number. An exception to this tendeéncy of neglecting
Reynolds number effects is a paper by Larose and Zan (2001). In it, they point out that rain-wind
vibrations occur in the critical Reynolds number range and argued that unsteady aerodynamic forces
could arise due to Reynolds number effects causing wind-speed limited galloping. They also advise

that adequate modelling of rain-wind vibration must consider Reynolds number effects.

3.2 Inclined Cable Aerodynamics

Studies of high-speed vortex excitation and galloping of stay cables originally developed out of tests
conducted to examine rain-wind vibrations. As mentioned in Section 2.3.5.3, galloping behaviour has
not been expressly observed in prototype cables, and arose unexpectedly in wind tunnel tests.
Presently, therefore, it is largely a theoretical phenomenon however it holds potentially serious
consequences were it to appear in prototype stay cables. So-called limited amplitude, high-speed
vortex vibrations, however, have been witnessed on prototype bridges, as well as reliably reproduced

in wind tunnel tests.

These two aerodynamic phenomena seem related in that axial flow along the leeward side of an
inclined cable is thought to be the key motivator for both mechanisms. This axial flow develops as a
result of the relative angle between the airflow and the cable axis. As air flows around the cable
section, a portion of the flow follows the surface citcumferentially and then flows axially along the
leeward side of the cable in the along-wind direction. This axial flow complicates the flow regime

about the cable which would not otherwise occur were the cable normal to the flow.

The effect of this axial flow on the cable behaviour, with respect to the two vibration mechanisms
discussed here, can be summarized in quite simple terms. For the high-speed vortex vibration

mechanism, the axial flow is thought to shed vortices that intermittently combine with Karman
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vortices (see Section 2.3.1) to produce enhanced vortices at a lower frequency than the normal
Karman frequency for a given wind speed (Matsumoto, 1998). For the dry, inclined galloping
mechanism, this same axial flow is believed to act in a similar fashion as a splitter plate inserted in the
wake of a cylinder. A splitter plate prevents the interaction of the flow behind a cyhndrical section,
causing unsteady pressure vatriations, and thus galloping (Matsumoto ¢f 4/, 1990). As simply as these
phenomena can be described, the actual mechanisms and required conditions are not yet well defined
and the division between the two—that is, what aspect of the axial flow effect differentiates between

galloping and vortex excitation—is uncleat.

3.2.1 Dry, Inclined Cable Galloping

3.2.1.1 Galloping of Siender Structures

The mechanism causing galloping of a slender structure has been extensively developed beginning in
the first half of the 20* century. Condensed from Simiu and Scanlan’s Wind Effects on Structures (1996),

the equation of motion for a given cross-section of mass per unit length, m, mechanical damping

ratio, §, and radial frequency, o, is:
m(i+2wy+a’y)=F (3.1)

F is the aerodynamic force acting on the section, given by:
F=—4pUBEl Coyo 62
- (24

where p is the air density, U, the airflow velocity, B, the nominal dimension of the section normal to
the velocity vector, dC./da, the slope of the lift coefficient taken with respect to angle of attack, o,

and Cp, the drag coefficient. The angle of attack is dependent upon the velocity of the section normal

to the airflow.

Rearranging, where F can be referred to as the aerodynamic damping of the system, the total damping

coefficient is:

2méw+ 1L pUB(%% +Cp)y =c (3.3)



The system will be stable when ¢ > 0, and may be unstable when ¢ < 0. Since the mechanical damping
term can be expected to be positive—and, in the case of cables, very low——sufficient negative
aerodynamic damping causes the system to self-excite. Thus instability can be predicted by satisfying

the following relationship—the Glauert-Den Hartog criterion:

dc,
—Lt+C,<0 3.4
7o TCo (34

Since the drag coefficient will always be positive, this relationship will be satisfied when a sufficient
negative change in the lift coefficient, with respect to the angle of attack, is achieved. Quasi-steady
theory has been found to be an acceptable means of analysing the Glauert-Den Hartog criterion;
mean lift and drag coefficients of a static cross-section may be used to produce a satisfactory dynamic

analysis (Simiu and Scanlan, 1996).

A further troubling issue with galloping is the effect of turbulence. With many types of vibration,
turbulence has a calming effect. With galloping, turbulence may reduce or, more importantly, may

enhance the propensity toward galloping.

Theoretically, galloping is a divergent vibration. Once the onset velocity is reached, negative
aerodynamic damping results in self-excited oscillations, thus the vibration amplitude will continue to
increase. There is no upper velocity limit above which galloping will cease. In reality this is not strictly
the case. Galloping is non-linear in nature (Simiu and Scanlan, 1996) and as a result, a real structure in
real wind will have a finite vibration amplitude, however the vibrations will be large, and will grow
quickly with increasing wind velocity. Figure 3-3 illustrates the difference between the theoretical and

real cases.
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Figure 3-3: Galloping response, theoretical versus real

3.2.1.2 Galloping of Dry, Inclined Cables

In the 1980’s, many researchers were pursuing studies on rain-wind induced vibrations of inclined stay
cables (refer to Section 2.3.5.2). Of course in doing so, they usually compared the rain-wind case to
that of wind alone. Hikami and Shiraishi (1988) performed wind tunnel tests to examine the
mechanism seemingly producing vibrations in the cables of the Meikonishi Bridge in Japan. The
prototype cables vibrated to a maximum double amplitude of 55 cm at a wind speed of only 14 m/s,
only when it was raining, and only for cables on the more leeward side of the bridge pylon. In wind
tunnel tests, the researchers found their model to be stable without rain, but when rain was simulated
with a water spray, a definite limited-amplitude, velocity-restricted vibration occurred. Further study
found these vibrations to be dependent upon the existence of the so-called “upper water rivulet”

(Section 2.3.5.2 describes this phenomenon in more detail).

Conversely, Matsumoto et 4/ (1990) proposed that these vibrations were more a function of a
fundamental instability of inclined cables, wherein the addition of rain simply amplified the effect.
This proposal was based on observations of prototype cable vibrations that occurred without rain but
differed from notmal vortex-induced vibration, and occurred for cables windward of the pylons as
well. Wind tunnel expetiments to investigate this premise yielded results further supporting this
theory. Tests on.cable models inclined and/or yawed to the airflow displayed instability without rain,
while with rain the instability seemed to be amplified. Unlike the findings of Hikami and Shiraishi
(1988), besides occurring without rain, this instability was not restricted by an upper bound of the

velocity range nor did it exhibit a limit in amplitude—at least as far as the model support equipment
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could display. Though not fully realized at that point, essentially each group of researchers was

observing a different mechanism for cable vibration.

Through flow visualization tests, Matsumoto ¢f @/ (1990) confirmed that a secondary axial flow forms
in the leeward wake of an inclined cable, and proposed that it acted as a splitter plate placed in the
wake of a cylinder. They noted previous research showing that a splitter plate prevents the interaction
of the airflow in the cylinder’s wake after diverting around the cylinder section and they reasoned this
axial flow could have a similar effect. Subsequently, Matsumoto ef / (1989a) performed a test in
which a cylinder was placed normal to the airflow and an artificial axial flow was induced along the

leeward surface. They indeed found that vibrations resulted from the addition of the axial flow.

Through further testing, Matsumoto ez 4/ (1992) clarified that the upper water rivulet and the axial
flow could both, separately, cause instability in inclined cables. They determined the water rivulet to
cause velocity-restricted, limited-amplitude vibrations at lower wind speeds, while the axial flow

produced divergent oscillations at higher wind speeds.

In the research conducted to account for rain-wind vibrations for the design of the Higashi-Kobe
cable-stayed bridge in Japan, Saito ez 4/ (1994) found they could produce divergent vibrations of an
inclined cable at high wind speeds, without rain conditions. They reported that no upper velocity limit
seemed to exist above which the vibrations would cease. The divergent nature of the vibrations
seemed to be extremely sensitive to alterations in the supporting system; this observation has been
noted by several other studies. More importantly, increased damping showed little effect on increasing
the onset velocity of galloping; therefore simply increasing damping by installing dampers at the
bridge deck anchorage point of a prototype stay cable would not necessarily be an effective method of
vibration suppression. Matsumoto ¢ 2/ (1997) also found galloping to be less impacted by damping

increases than other vibration phenomena.

Saito e a/ (1994) also observed rain-wind vibrations in their study, which occurred over a limited
velocity range and were of lower amplitude. Turbulence seemed to stabilize both dry and rain-induced

vibrations.

In the early 1990°s, Honda ¢z 2/ (1995) performed wind tunnel tests to investigate potential vibrations
for the Tatara Bridge in Japan. This bridge is presently the world’s longest cable-stayed bridge, with a
span of 890 m—the longest cables are about 460 m, with a fundamental frequency of approximately
0.26 Hz. Their tests on a prototype-size, dynamic cable model revealed divergent vibrations occurring

at the onset reduced-velocity given by:



Y ios) (3.5)
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where V is the wind velocity, f, the natural frequency of the cable, D, the cable diameter, and S, the
Scruton number given in Equation (2.3). This equation applies directly for a relative angle between
the wind and cable axis of 45° for a relative angle of 60°, they found that the onset reduced velocity
reached a limit of 100 for a frequency of 1.07 Hz and Scruton number above 100. This upper limit

corresponded to the critical Reynolds number for the model. Reduced velocity, V., is a non-

dimensional value given by:
v .
V =—— (3.6)
rfD

where V is the wind speed, f, the frequency of vibration, and D, the diameter of the cable.

~ The suggested criterion, proposed by Irwin (1997) based the results of Saito er a/ (1994), defining the
wind speed at which dry, inclined galloping begins is given by:

U =35/D4S. 3.7)

By this equation, damping values have to be relatively high to prevent galloping—significantly higher
(e.g. nearly three times higher for the Cochrane Bridge, Mobile, Alabama, U.S.A. (Irwin e 2/, 1999))
than the value required for the suppression of rain-wind vibration. Though resulting in a higher onset
velocity than Equation (3.5), Equation (3.7) still predicts values well within the design range of many
existing bridges. To illustrate, consider a bridge cable 150 mm in diameter, with a fundamental
frequency of vibration of 1 Hz, and assume a Scruton number of 10 (Irwin’s suggestion for
preventing rain-wind vibrations (Irwin, 1997). Based on Equation (3.5), the onset wind speed for
galloping would be approximately 7 m/s (25 km/h); based on Equation (3.7), the onset wind speed
would be only 16.6 m/s (60 km/h).

During the latter half of the 1990’s, research tended to focus on rain-wind vibrations and high-speed
vortex vibration of dry, inclined cables rather than galloping. Presumably this trend was due to the
elusiveness of galloping while the other two types of vibrations were actually observed for prototype

cables. Galloping was usually noted as a somehow-related mechanism.

A previous phase (Phase 1) of the current research project was conducted in the spring of 2001 in the

Institute of Aerospace Research (IAR) Propulsion Wind Tunnel at the National Research Council’s
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(NRC) Montreal Road Campus, Ottawa, by Cheng and Tanaka, of the University of Ottawa, along
with NRC personnel. The findings of this study were detailed in the repott, Incined Cable Aerodynamics
(Cheng and Tanaka, 2001), prepared for RWDI Inc. of Guelph, Ontario. The purpose of Phase 1 was
to explore the divergent galloping phenomenon and evaluate the criteria that arose from the studies
conducted by Saito ef 2/ (1994) given by Equation (3.7). The study examined the behaviour of a 160
mm diameter cable section model mounted on spring supports at each end. Phase 1 was successful in
producing both high-speed limited-amplitude vibrations (high-speed vortex excitation) and what was

believed to be divergent vibrations (galloping).

The model set-up for which galloping was believed to have occurred had the cable incﬁned into the
wind at an angle of 60°, with the spring rigs rotated by 54.7°. This orientation translates into a
prototype inclination of 45° with a yaw of 45°. The wind speed at which the significant vibrations
occurred was 32 m/s (V=140, Re=3.4X105). The motion was primarily along the vertical spring

direction (rotated 54.7° from the along wind direction), with a small orthogonal motion component.

That the observed vibration was indeed galloping is something of a hypothesis. The vibration
amplitude increased steadily over the course of three minutes to a maximum of about 80 mm at
which point the model had to be stopped due to restrictions on the spring supports vibration
clearance. No firm conclusion about galloping can be established by this observation as perhaps this
case was merely building up to a limited-amplitude vibration larger than that permitted by the model.
Compared to the limited-amplitude vibration responses though, the rate of vibration amplitude
growth was much greater in this configuration. The vibrations increased steadily to the point at which
the model was manually suppressed over only two and a half minutes; the largest limited-amplitude

vibrations reached their maximum amplitude after about five minutes.

The results of Phase 1 indicate the criterion proposed by Irwin (1997) based on the results of Saito ez
al (1994) to be conservative. However one should note that some of the wind tunnel test conditions
reported by Saito ez a/ (1994) and Honda ez 4/ (1995) in which divergent motion was observed differ
from those of Phase 1. Saito ¢z a/ (1994) used a steel pipe, 160 mm in diameter (same as for Phase 1)
and conditions for divergent vibrations included an onset wind speed of about 8 m/s V=80,
Re=8.5X104) with a relative angle between the wind and cable of 45°. Honda ez 2/ (1995) used a model
155 mm in diameter and found divergent vibrations beginning at approximately 4 m/s (V.=100,
Re=4.1x104) for a relative angle of 45° and damping corresponding to S.=21, and also at a speed of
approximately 8 m/s (V,=200, R.~8.3X10%) for a relative angle of 60° and similar damping. Again the

conditions for galloping observed in Phase 1 were a wind speed of about 32 m/s (V.~140,
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R.=3.4%105) and a relative wind-cable angle of 60°. This onset wind speed is much higher than the
results from the other researchers. The surface roughness of each of the other studies’ models is not
known, but all tests used a steel pipe covered with a polyethylene sleeve for prototype stay cables. The
turbulence intensity for the other studies was not explicitly detailed, though Saito ¢ &/ (1994)
examined turbulence effects on rain-wind vibration through the addition of different lattice
arrangements. They produced Iu=0.5, 2, 5, and 10%, so the cases without lattice are assumed to have
very low turbulence levels. Thus it is likely that the critical Reynolds number range of each test is
reasonably similar. Assuming this, the onset of vibrations in the other studies occurred within the sub-

critical Reynolds number regime.

3.2.2 High Speed Vortex Excitation of Dry, Inclined Cables

During the 1980’s, much focus was given to vibrations due to rain-wind vibrations of stay cables. As
this mechanism was a serious threat to the longevity of stay cables and the safety of cable-stayed
bridges, increased attention to any sort of vibration developed. As a result, vibrations were reported
occurring under conditions different than those required for rain-wind vibration—particularly when
rain was not falling. In the late 1980’s, Matsumoto ez «/ (1989a) reported, without specifics,
observations of cable vibrations occurring without rain, but with characteristics similar to rain-wind

vibrations.

In the mid-1990’s, Matsumoto ez @/ (1994) reported field observations of cables vibrating not only due
to rain-wind vibration, but also in conditions without rain, at low frequencies, and at wind speeds of
approximately 40 m/s, during a typhoon. The maximum amplitude of these vibrations was about 230
mm-—much smaller than for rain-wind vibrations, but significant, especially under such high-energy
wind conditions. Unfortunately, the researchers were unable to conclude as to whether or not the
vibrations were limited by an upper velocity boundary, as the wind speed did not rise above 40 m/s,
but they proposed a heretofore unknown, high-speed vibration mechanism had been observed in
naturally turbulent wind. They theorized the vibrations were excited by a type of vortex shedding with

a longer period than Kirman vortex shedding, given the wind speed at which the vibrations occurred.

Matsumoto ef o/ (1995a) further explained that these high-speed vibrations occurred for the cables of
the Higashi-Kobe Bridge. The cables had been fitted with ducts designed with axial protuberances to
prevent rain-wind vibrations (as mentioned in Section 2.4.1). An analysis of the cable vibrations
revealed peaks in the power spectral density of the cable’s acceleration corresponding to reduced

velocities of approximately 40, 80, 120, 200, and 400.
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Additional bridges exhibited similar cable vibrations later in the 1990°s. Matsumoto ez 4/ (1997)
reported observed cable vibrations occurring on the Meiko West Bridge I and the then-under-
construction, Meiko West Bridge II. Bridge I had originally been built with inter-stay tie cables.
These tie cables had suffered damage at their connections due to severe vibrations, and so
observations were made to determine a better means of suppression. Many of the vibrations occurred
during rainstorms and so were thought to be rain-wind vibrations. Some however occurred without
rain and at higher reduced velocities than one would expect Karman vortex vibrations for a given
frequency; in one case the wind speed was approximately 40 m/s. The reduced velocities at which
vibrations occurred, like previous observations, tended to be multiples of 20. As well, the cables

occasionally displayed 2 beating motion, indicating a combination of vibration modes.

Matsumoto ez a/ (1997) conducted further wind tunnel tests of both rigid and dynamic models to
explore cable vibrations. Though expecting to observe galloping as in previous studies, they in fact
saw a limited amplitude response with characteristics resembling the prototype vibrations, including
vibrations occurring at reduced velocities of multiples of 20. Again, the researchers proposed that a
form of vortex-induced vibration was occurring, one that possessed a longer period than Karman

vortex excitation.

Matsumoto ez @/ (1995a) had previously attempted to explain this high-speed vibration phenomenon
as the complication of normal, two dimensional “sheet-like” vortex shedding by the addition of a
third dimension in the form of the axial flow in the cable’s wake, resulting in occasionally enhanced
vortices. Matsumoto (1998) was able to clarify the suspected mechanism through flow-visualization
during wind tunnel tests. Through the use of liquid paraffin in the airflow Matsumoto observed
vortices shed from the axial flow, which then combined with, and enhanced, Kirman vortices. The
axial vortices shed at a lower frequency than the Karman vortices. At a reduced velocity of 20 he
found an axial vortex was shed once for every three Kirman vortices, thus every third Karman vortex
was enhanced, and thus a form of vortex shedding with a lower frequency was essentially produced.
Matsumoto ef a/ (1999) further noted that, for a reduced velocity of 40, an axial vortex combines with

every fifth or sixth Karman vortex, and so forth for reduced velocities of higher multiples of 20.

" The 2xial flow seems to be the key factor in both high-speed vortex shedding and galloping
behaviour. As galloping has only truly been observed in wind tunnel tests, this may suggest that the
magnitude of the axial flow (a function of both velocity and volume) is the key aspect dictating which
of the two phenomena will arise. Perhaps in real conditions the axial flow does not reach a great
enough rate to result in the onset of galloping, and thus only high-speed vortex shedding appears.

Matsumoto e a/ (2001a) observed galloping behaviour in wind tunnel tests, but in subsequent tests,
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only high-speed vortex shedding occurred. In the latter tests, the artificially applied axial flow was

weaker than in the former tests, supporting the theory of dependency on axial flow rate.

Matsumoto ez / (2001c) performed a study on a large-scale cable model, 110 mm in diameter and 30
m long, fo=1.37 Hz, in natural wind. They reported on two vibration events—one occurring with rain,
the other without. For the case without rain, the power spectral density (PSD) of the acceleradon
showed peaks corresponding to Karman vortex excitation of the 7t and 8% modes; the wind speed
was 12.28 m/s. However, PSD analysis of the tensile force in the cable model showed peaks at 1.07
Hz (the first out-of-plane mode) and 1.37 Hz (the first in-plane mode). They found the first in-plane
mode corresponded to a reduced velocity of 80, and was a good possible indication of high-speed

vortex excitation.

The previous phase (Phase 1) to the present study, briefly outlined in Section 3.2.1.2, found cases of
limited amplitude, velocity-restricted vibrations (Cheng and Tanaka, 2001). These vibrations occurred

for the model/spring configurations given in Table 3-1.

Table 3-1: Limited Amplitude Motion (Cheng and Tanaka, 2001)

Prototype Angles Model Angles Motion Observed
Set-up | Inclinaton Yaw Inclination | Spring Rig 8] Reduced | Amplitude
No. Angle,® | Angle,f | Angle, ® | Rotation, 0. | (m/s) | Velocity (mm)

2A 60 0 60 0 18-19 79-84 67
1B 45 0 45 0 24-26 | 106-114 31
1C 30 35.3 45 54.7 34-38 | 150-167 25
3A 35 0 35 0 22 96 20

All of the vibration cases listed above occurred at wind speeds corresponding to the critical Reynolds
number range. Two responses were witnessed: one was a regular, harmonic motion, while the other
included a regular beating motion, similar to that described by Matsumoto (1998). The amplitude
seemed to depend on the orientation, with smaller amplitudes cortesponding to smaller angles of
inclination. The vibration motion for set-up 1C, which simulated a yawed, inclined cable, followed an
elliptical trajectory with the major axis of the ellipse lying along the “vertical” axis (actually rotated
54.7° about the cable axis). Matsumoto ¢ @/ (1989a) reported similar elliptical orbits of prototype

cable vibrations.

3.3 Remarks Regarding Existing Published Information

For all the wealth of information concerning flow about a circular cylinder, very little addresses the

possibility of the cylinder being positioned in any way other than normal to the flow. There are
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however many practical applications of such a configuration, not the least of which being a stay cable.
Many vibration mechanisms potentially damaging to stay cables have been identified, but several are
not yet fully understood and thus they are a cause for concern to bridge designers. Were there the
volume of information detailing the flow about an inclined or yawed cylinder that exists for a cylinder

normal to flow, perhaps such mechanisms would be better understood.

Results of several research studies, specific to stay cables under certain conditions, have included
limited information about galloping or high-speed vortex excitation of dry, inclined cables, but in
many cases these phenomena were not the focus of the studies but rather an unexpected result.
Usually the phenomena arose during testing for rain-wind vibration. Consequently, published
information specific to galloping and high-speed vortex excitation is not altogether complete and
definitive design critetia for cable-stayed bridges do not exist. As noted above, Honda e 4/ (1995)
proposed a relationship for aerodynamic instability, which, compared to that proposed by Irwin
(1997) based on the work of Saito ez a/ (1994), seems conservative. Likewise, Irwin’s criterion seems
conservative based on the results of the study by Cheng and Tanaka (2001). There is insufficient

evidence in each case to rule the previous findings invalid and so further study is necessary.

The division between high-speed vortex excitation and dry, inclined cable galloping is quite
ambiguous, and this too needs clarity. Again as noted above, many times while the researchers
assumed they would observe one mechanism in a wind tunnel test, the other appeared. To develop
effective means to prevent such vibrations, a better understanding of the mechanisms causing these

phenomena is needed first.

Coupled to this, the effect of Reynolds number has been conspicuously absent from previous studies.
The relationship between inertial and viscous forces is an important one with respect to circular
cylinders in aitflow. In the case of stay cables, natural wind generally spans the critical Reynolds
number range for typical stay cable diameters. One must therefore assume that Reynolds number

effects play a significant role in the aerodynamic behaviour of stay cables.
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Chapter 4: Experimental Approach

4.1 Overview

This research project investigating the aerodynamic behaviour of inclined circular cylinders and the
related application to dry, inclined stay cables was conducted in conjunction with the Institute for
Aerospace Research (IAR) of the National Research Council of Canada (NRC). A previous phase
(Phase 1) to the present study occurred in the spring of 2001. Phase 1 involved wind tunnel testing of
a dynamic model for which the dynamic displacements of each end were recorded and analysed to

determine conditions necessary for high-speed vortex excitation and for galloping.

Wind tunnel testing for Phase 2—the present study—encompasses the measurement of the dynamic
sutface pressure about a rigid, stationary cable model over various wind speeds and with the model
mounted at various angles to the airflow. Analysis of the dynamic pressure data obtained from this
study is anticipated to reveal significant information concerning the characteristics of airflow around
an inclined circular cylinder, and conditions necessary to produce high-speed vortex excitation and
dry, inclined cable galloping. Regarding the galloping mechanism in particular, as noted in Section
3.2.1.1 galloping of a bluff body is regarded as a quasi-steady mechanism. Thus, through the
measurement of surface pressures on a stationary model, a specific aim of this study is to determine

the applicability of quasi-steady theory in the prediction of galloping of a dry, inclined cable.

Phase 2 testing took place from March 21 to April 15, 2002.

4.2 Wind Tunnel Facilities

Testing took place in the Institute for Aerospace Research 2mx3m wind tunnel located at the
National Research Council’s Montreal Road Campus in Ottawa. The facility is a continuous,
horizontal, single closed-circuit wind tunnel. The tunnel has a working section 1.9 m high, 2.7 m wide,

and 5.2 m long; the cross-sectional area of the test section is 5.07 m2.

The maximum tunnel wind speed is 140 m/s with a speed uniformity of 0.7% and a turbulence level
of 0.13%. All testing took place under smooth flow conditions. The blockage ratio varied depending
upon the orientation of the model and ranged from a minimum of approximately 3.3% to a maximum

of approximately 4.1%. No correction was made for blockage effects.
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4.3 Cable Model

The cable model consists of an 89 mm diameter, 7.9 mm wall, steel pipe, approximately 3 m long.
This diameter was chosen partly to achieve a length-to-diameter ratio of at least 20 to minimize the
effects of boundary conditions on the span-wise pressure distribution along the model. The surface of
the pipe was finished to achieve a certain roughness (surface roughness-to-diameter ratio of
approximately 6.5X10-) to maintain a reasonable similarity in Reynolds number effects between
Phase 1 and Phase 2. The pipe was fitted with 192, 1 mm pressure taps arranged in five
circumferential rings of 32 taps each, and two longitudinal lines on the leeward side (when model is at
0° yaw) of 16 taps each, excluding taps common to the rings. Refer to Figure 4-1 for an elevation
sketch of the model, and to Figure 4-2 for sections. A record of the tap numbering is presented in

Appendix F. A photo of the model installed in the wind tunnel is presented in Figure 4-3.

The pressure taps were connected to electronic scanning units. To minimize the length of tubing
required to connect the taps to the units, the scanning units were requited to be placed inside the
model, thus the size of the units also partly controlled the model diameter. The model was composed
of four sections of pipe with threads machined at each end to permit assembly and access to the

scanning units. Refer to Figure 4-4.

The model mounted in the wind tunnel was found to be quite rigid, relatively speaking, in that lateral
deflections of any note could not be caused by pushing hard against the model. To determine and
exclude any frequency effects due to the model and supporting system, its natural frequencies were
logged using an accelerometer. This was completed for the vertical and 60° degree incline
orientations. A tare record was taken as well as the forced response achieved through hitting the pipe

a single strike with a rubber mallet. These frequency response records are included in Appendix L.

The pressure taps of the five rings were spaced with a greater concentration on‘ the leeward (0° yaw)
side (see Figure 4-2) with an initial intention to better depict the region of flow separation and
unsteady pressures. Due to constraints in the mounting of the model in the wind tunnel, this
intention could not be fully realized; as the model was yawed, the mounting supports could not be
fashioned to simultaneously rotate the cable about its own longitudinal axis. Maintaining the initially
windward taps always on the windward-most side of the model was not possible. Similarly, the two
lines of pressure taps intended to be on the leeward side of the model rotated to the side and then
windward face as the model was yawed. Consequently, in the interest in examining axial flow effects,

data from these taps is only relevant for yaw angles close to zero.
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The cable model was mounted vertically in the test section, securely attached to the wind tunnel’s
upper and lower turntables. The model was initially mounted normal to the flow as a benchmark case,
and subsequently inclined into the airflow to achieve a relative wind-cable angle of 60° with no yaw,
and then inclined to 54.7°. For the inclined cable configurations, end plates (see Figure 4-5) were
mounted on the cable model to reasonably prevent the boundary layer flow, and particularly the
horseshoe-swirl system, from affecting the flow regime about the pressure taps. The diameter of the

end plates was approximately 250 mm. The end plates were mounted approximately 100 mm from

the floor and roof; the boundary layer for the wind tunnel is approximately 83 mm.

gL /— END PLATE

173 @ 8=90
199 @ ¢=60"
202 @ §=54.7" %

ZWIND TUNNEL ROOF

RING 1

2 PRESSURE TAPS

ON LEEWARD SIDE

OF CABLE, TYP. WHERE
SHOWN THUS

16 LOCATIONS TOTAL

WIND -
DIRECTION

89¢ STEEL PIPE
ALL DIMENSIONS IN mm

END PLATE

WIND TUNNEL FLOOR

Figure 4-1: Cable model elevation
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Figure 4-2: Cable model sections showing pressure tap locations

Figure 4-3: Cable model in NRC 2x3 wind tunnel




Figure 4-4: Cable model threaded connection showing pressute tap tubes and scanning units

Figure 4-5: End plate (bottom)
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4.4 Data Collection and Analysis

The pressure scanning units were connected to the wind tunnel facility’s data acquisition system
which recorded the relevant data, including tap pressures, wind speed, Reynolds number (based on
stream velocity and model diameter), inclination angle, 6 , yaw angle, § , scan sampling rate, sampling
time, static offset pressure of the wind tunnel, and static pressure of the airflow, q. The data was
corrected to account for the size and length of tubes used to connect the pressure taps to the

scanning units. All analysis presented herein was completed using the corrected data.

Pressure values were recorded at two scan rates: 400 Hz and 1200 Hz. The lower scan rate of 400 Hz
was the maximum possible sampling rate for all 192 taps. Frequencies of potential aerodynamic
response mechanisms were not known beforehand, thus the maximum sampling rate was used. The
higher scan rate of 1200 Hz was possible by reducing the number of taps sampled at one time to 64,
corresponding to the taps of rings 2 and 4. At this scan rate, potential higher frequency mechanisms
missed by the lower scan rate could be recorded. The scan times were generally one minute for the

1200 Hz scan rate and two minutes for the 400 Hz scan rate.

The pressure taps were connected to electronic pressure scanning units (ZOC 33 and ZOC 22
modules, Scanivalve Corp.). The taps were connected to these units using 1.5 mm diameter urethane
tubing. Dynamic pressure readings were desired from the pressure taps, therefore to minimize the
degree of correction the data would require, the tubing length was kept to a practical minimum of 1

m.

The pressure occurring at the tap location is measured at the scanning unit. The tube in between
contains a column of air which possesses dynamic characteristics of its own. The recorded
instantaneous pressure reading contains the actual pressure value at the tap which has been distorted
by the dynamic characteristics of this air together with a phase shift representing the time between
when a certain pressure occurs at the tap and when that same pressure value is recorded at the unit.
This distortion must be eliminated from the recorded instantaneous pressure readings leaving only a
record of the dynamic pressure occurring at the tap. To accomplish this, the frequency response of
each tube was measured prior to the actual tests. After testing, the raw test data of each tap was
corrected for magnitude and phase shift distortion. Examples of the frequency response curves used

for correction of the data are included in Larose ez 2/ (2003).

Due to some difficulties in assembling the model, some pressure taps were damaged or were
otherwise impaired. The affected taps are tap 64 on ring 2 and tap 142 on 1ing 5, taps 169, 170 and
173 on line 1, and taps 184, 185 and 186 on line 2. For analysis purposes, pressure values for taps 64
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and 142 were estimated as the average of the pressure values from the adjacent taps on the respective

rings.

The corrected data files resulting from the wind tunnel tests were analysed using programs written for
MATLAB v6.5 r13—a matrix computation software. Copies of these programs are included in
Appendix M.

In addition to the pressure data, flow visualization using oil film was performed in an attempt to

physically see indications of vibration mechanisms—particularly high-speed vortex excitation.

4.5 Test Cases
The model was initially mounted vertically in the wind tunnel in order to obtain a benchmark case.
Airflow around cylinders placed normal to the flow has been widely studied and, therefore,

comparing this case to established experimental results provides a good check to ensure the pressure

data collected for the inclined cases can be considered reliable.

In Phase 1 the largest limited amplitude vibrations, as well as the vibrations believed to be galloping,

occurred with the model inclined into the wind at an angle of 60° (the differences in the two vibration
cases were the rotation of the spring support system and the flow speed). For the static model, the
vertical inclination and horizontal yaw angles are not individually important as much as is the relative

angle between the cable and airflow produced by the two. This wind-cable relative angle is given by:

¢ = arccos(cosdcos ) (4.1)

where 0 is the vertical angle of inclination of the cable taken with respect to the hotizontal, and f is
the horizontal yaw angle taken with respect to the airflow direction. Derivation of this relationship is
presented in Appendix A. The focus of Phase 2 was therefore a wind-cable relative angle of 60°. This

relative angle was achieved in two ways. Initially the model was inclined into the wind to an angle of
60°. Subsequently it was inclined to an angle of 54.7°, which, when combined with a yaw angle of 30°,

produces an effective relative angle of 60°.

At each of these two inclination angles the model was rotated through a range of yaw angles from 0°
to 120° for each wind speed. The wind speeds were varied from 15 m/s to 99 m/s. In addition, some

test runs were completed with various intensities of axial flow induced with compressed air along the
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leeward side of the model to determine what effect such varying intensities have on the pressure

distribution about the model.

The first phase of the present study (detailed in Cheng and Tanaka, 2001) resulted in the production
of limited amplitude vibrations for four different model configurations as summarized in Table 3-1.

The largest vibration response occurred under the following conditions:

u e:¢:60°’ B:O0
" o=0°
* U=18-19 m/s; Re=1.86 ~ 1.96 X 10

This configuration was reproduced using the static model of the present study. Theoretically,

instability should be expected to occur under the following conditions:

* $=60°, therefore 6=60°, B=0° (Setup 1) or 8=54.7°, $=30° (Setup 2)
* R =R, therefore (UD)dynamic test=(UD)static rest produces U=32.3-34.2 m/s

Some variability in the expected onset velocity may result due to small variations in surface roughness

effects between the two models and differences in turbulence levels between the two wind tunnels.

The first phase of the present study also produced what was believed to be divergent galloping

vibrations under the following conditions:

= 9=0=60°, B=0°
= =54.7°
= U=32m/s;Re=3.41x 105

For the static model of the present study, theoretical instability should therefore be expected to occur

under the following conditions:

»  $=060° therefore 6=60°, $=0° (Setup 1) or 8=54.7°, B=30° (Setup 2)
* R, =R, therefore (UD)gnamic=(UD)sutic produces U=57.5 m/s

The majority of the test cases were completed at both sampling frequencies.

A full summary of the testing regime is presented in Appendix B.
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Chapter 5: Analysis of Results and Discussion

5.1 Analysis of Pressure Data

Local pressure readings about and along the model were recorded over one (1200 Hz) and two
minute (400 Hz) timeframes. The pressure value (either instantaneous or mean) at each tap can be

expressed as a non-dimensional pressure coefficient given by:

- (.1)

where the numerator is the difference between the tap pressure, p, and the free stream pressure, po,

and the denominator term is the free stream dynamic pressure.

The mean lift and drag forces acting on the model at each ring are the integration of the mean
pressure value of each pressure tap around the circumference of the cylinder. The mean drag force
has been evaluated in this analysis as being perpendicular to the cable axis, in the along-wind
direction. The mean lift force has been evaluated as being perpendicular to the cable axis, normal to

the airflow. With reference to Figure 5-1, the mean aerodynamic forces per unit of span are given by:

F, =<j'p,.N rda=cj‘p,.rcosada (5.2)

F, =cj-p,L rda=cjp,rsinada (5.3)

Fx and Fp. are the mean drag force (normal to the cylinder) and mean lift force, respectively, p; is the
mean pressure value at tap i, r is the model radius, and « is the angle location of the tap taken with

respect to the along-wind direction.

The three-dimensional angle relationships and the orientation of the lift and drag forces are illustrated

in Figure 5-2. Complete development of the angle relationships is presented in Appendix A.

As with pressure values at each tap, the mean lift and drag effects can be expressed as non-
dimensional coefficients. The drag coefficient based on the force normal to the cylinder is obtained
from:

Fy
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P, = psine o

p., = pcose

oQ>

i e e Hotched orec represents
horizontal plane

Figure 5-2: Cable model reference angles
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The lift coefficient for the section is obtained from:

F,

Y 5.5
1pU’B )

L

where Fy and Fp. are the aerodynamic forces per unit length given above, Q is the air density, U, the

free stream wind speed, and B, the diameter of the cable model.

5.2 Wind Tunnel Blockage

Wind tunnel tests are used to simulate natural phenomena under controlled conditions, however in
attempting to do so one must accept some concessions. Any measured results are affected by
constraints imposed by the boundaties or limitations of the wind tunnel on the airflow, and so any
measured results may require correction to obtain the corresponding open air, prototype results.
Placing a body in a wind tunnel essentially reduces the cross-sectional area of the tunnel, thus causing
the flow to accelerate to compensate for the constriction. Corrections may be required to produce
corresponding prototypical values. Corrections for blockage depend upon the blockage ratio, the
shape of the body, and the flow characteristics, as well as upon the value of interest, be it drag, lift,

pressure, and so forth.

As previously mentioned in Section 4.2, the blockage ratio varied depending upon the orientation of
the model. For this study no correction was made to the data to account for blockage effects.
Blockage ranged from a minimum of approximately 3.3% (model vertical) to a maximum of

approximately 4.1% (model inclined 54.7° and yawed 90°).

For a circular cylinder normal to the flow in the Reynolds number range of 10 to 105, blockage ratios
of less than 6% have been found to result in only slight variations in the pressure distribution and
drag coefficient, and the Strouhal number is unaffected (West and Apelt, 1981). Zdravkovich (1997b)
suggests that for circular cylinders, when the diameter is less than 0.1 of the breadth of the test
section, blockage effects may be ignored in the TrSL, TxBL and T states.

No particular information is available for yawed or inclined cylinders, however for this case of an
inclined cylinder, the evaluation of the Glauert-Den Hartog criterion is affected only to the extent that
the drag and lift coefficients are affected. For instance, the corrected drag coefficient, expecting it to
be lower than the measured value, would push the sum of drag plus slope of lift coefficient lower,
therefote correction needs only really be considered if the resulting sum does not break the critical

threshold of zero. Further, the magnitude of percent difference between the measured and corrected
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drag coefficients would be only slightly higher than the blockage ratio itself; based on suggested
correction methods the corrected drag coefficient would be, at worst, about 5% lower than the
measured value (West and Apelt, 1981; Melbourne, 1982). In general, the results of this study are
being used for qualitative evaluation rather than direct quantitative comparisons with previous results,

and so variation of even 5% has little bearing on the resulting conclusions.

5.3 Validation of Model Pressure Readings

5.3.1 Pressure Data Stationarity

The stationarity of the collected data is reasonably assumed as the physical parameters of each test
record are time invariant and the wind tunnel equipment maintained by the NRC is regarded as

reliable.

A few suspect data were apparent and so a btief analysis was petformed on the test data to confirm
that the pressure readings are stationary over the duration of the recording times. Resulting mean lift
and drag coefficients were used as indicators of aberrant data. Due to the volume of data, the full
results of this analysis have not been included however anomalous cases are outlined in Appendix J.

These irregularities have been taken into consideration in all further analysis.

5.3.2 Flow Past a Circular Cylinder Placed Normal to the Flow Direction

Initially the cable model was installed in the wind tunnel normal to the flow direction to provide a
simple but effective means of vetifying the pressure readings, and to provide a reference for the
subsequent inclined orientations. A circular cylinder positioned normal to airflow is a long-studied
and well-established case, and therefore acquiring data for this orientation allowed comparison with
standard accepted results, thus validating the pressure readings. Empirical predictions of the pressure
distribution and drag coefficient have been derived from ESDU Item Number 80025 (1980).
Comparisons of the experimental and predicted mean pressure distributions are presented in Figure
5-3 for two wind speeds that approximately bound the critical Reynolds number range. At both
speeds the resulting pressure distribution is approximately symmetrical—a characteristic also indicated

by the lift coefficient of approximately zero—and closely resemble the predicted distribution.

The resulting mean drag and lift coefficients based on the pressure readings of the five rings are
presented in Figure 5-4; the plot of the drag coefficient also includes a prediction based on the ESDU
data (A similar empirical prediction for the lift coefficient through the critical Reynolds number range

does not exist). As expected, the mean drag coefficient in the sub-critical Reynolds number range is
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approximately 1.2. The lowest value of the mean drag coefficient is approximately 0.3, as expected.

The drag crisis for this model occurs over the range of wind speeds approximately bounded by 30 <
Uceie < 65 m/s (1.8x105 < R. < 3.8x109).

U=29.6 m/s, Re=175703
Experimental
-~ Empirical Prediction

(2)

U=69.6 m/s, Re=411039

(b)
Figure 5-3: Mean pressure distribution about a circular cylinder placed normal to airflow; experimental

result (Ring 4) and empirical prediction at a) beginning of critical Reynolds number range,
and b) end of critical Reynolds number range.

Mean CN

R L

. L 1.5 ———
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
. ‘Wind speed, U(rp/s) . L JWind speed, U(rp/s) .
100 200 300 400 500 100 200 300 400 500
Reynolds Number (x1000)

Reynolds Number (x1000)

Figure 5-4: Variation of mean drag and lift coefficients with wind speed for a circular cylinder
positioned notmal to airflow
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The test results agree well with the classification of the flow by Zdravkovich (1997a). Flow past a
circular cylinder in the pre-critical range (Re=1X105— 2x105 to 3X105— 3.4X105) should yield no net lift
due to the cylinder’s symmetry about the direction of flow. Once the lower bound of the critical range
is reached (Re=3%10% - 3.4x10%), a stable mean pressure distribution asymmetric about the direction
of flow occurs—a laminar separation bubble forms initially on one side of the cylinder—and so a net
lift force will occur. Further increase in the wind speed (to approximately R.=3.8X10% — 4x105) will
cause the formation of a separation bubble on the other side of the section and the pressure
distribution will begin to even out, becoming more symmetric; the net lift force will lessen. This point
should correspond to the minimum mean drag force on the section. The mean lift coefficient
presented in Figure 5-4 follows this expected behaviour. The progression from the pre-critical
symmetrical pressure distribution to the formation of the asymmetric single-bubble distribution to the
symmetric two-bubble distribution over the critical Reynolds number range is quite evident in

pressure distributions of Ring 4 presented in Figure 5-5.

The results of the pressure data compiled from the test cases of the model positioned normal to the

flow are in good agreement with published data.
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U=39.8 mv/
Re=232905

Flow

Re=175703
Flow

C=1.1
k0.0

U=56.7 m/s
Re=333197

Flow

U=51.9 m/
Re=304169

Flow

U=69.6 m/
Re=411039

Flow
—

U=64.7 \\
Re=379986

Flow

U=59.7 m/
Re=350613

Flow

C.=0.3
Cr=0.1

Figure 5-5: Mean pressute distribution about a citcular cylinder placed normal to airflow; experimental
results (Ring 4) over a tange of wind speeds covering the critical range.
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5.3.3 Inclined Cylinder — Effect of End Plates

The model was inclined into the airflow to angles of 60° and 54.7°. To minimise end effects on the
airflow about the model, endplates were installed positioned approximately 100 mm from the wind
tunnel floor and ceiling; the wind tunnel boundary layer was known to be 83 mm. The endplates were

250 mm diameter and parallel to the floor and ceiling (refer to Figure 4-1).

The presence or absence of endplates does not appear to have a noticeable direct effect on the drag
and lift forces at rings 2 and 4, and one can reasonably assume too at rings 3 and 5. Test runs with
and without endplates were not completed at the low scan rate, thus the effect of the endplates on the
pressure distributions around ring 1 and along the leeward lines of pressure taps is not known. One
can assume the end plates would significantly affect the pressure distribution around this location

owing to its close proximity to the tunnel ceiling,

Comparing the mean drag and lift coefficients presented in Figure 5-6 (without endplates) and Figure
5-7 (with endplates), the mean drag differs from one case to the other by 0% to £5%. The mean lift
in each case is largely similar, remaining approximately zero except during the critical range. Here the
mean lift trend is similar with the only significant difference being a noticeably larger lift occurring on

Ring 2 at 55 m/s with endplates installed.

1.5 i 1 1 ! i b i i
I I 1 I 1 ] 1 1
I 1 1 1 ! I I I
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1 1 I 1
t t i 1 i
0_5_ L 4 [ L 1
1 1 ! t I I
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e o E L N -
[ I I i I i ! 1 1 <53
= 1 i | 1 1 [ ' t =3
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-1___(__1__l___l___!~-l I | d
0 7 T—— Ring2
.1 4 . | Ring4
"0 20 30 40 50 60 70 80 90 100 "o 20 30 40 50 60 70 80 90 100
L _Wind speed, Um/s) ) L _Wind speed, Um/s) N
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Reynolds Number (x1000) Reynoids Number (x1000)

Figure 5-6: Variation of mean drag and lift coefficients with wind speed for a circular cylinder, without
endplates, inclined into the aitflow, 6 = 60°
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Figure 5-7: Variation of mean drag and lift coefficients with wind speed for a circular cylinder, with
endplates, inclined into the airflow, 6 = 60°

5.3.4 Inclined Cylinder — Ring 1 Results

The pressure readings of the top ring (ring 1) of pressure taps have quite obviously been impacted by
the proximity of the roof of the wind tunnel. Figure 5-8 and Figure 5-9 present mean lift and drag
coefficients versus wind speed for the two inclined configurations without yaw rotation. Without
adverse boundary effects, the line representing ring 1 would be expected to generally follow the trend
shown by rings 2 to 5. As it appears, ring 1 is obviously affected by boundary effects of either the
tunnel ceiling, or the end plate, or both. This was an anticipated result. Consequently, ring 1 data 1s
unreliable in reasonably representing a typical section of a prototype stay cable and will therefore be

largely ignored in the analysis to follow.



55

-0.5F-
Al-
-1.5

10 20 30 40

10 20 30 40 50

.70 80 90 100

60

50

70 80 90 100

60

500

kWind speed, U(rp/s)

200

100

 Wind speed, U(m/s)

200
Reynolds Number (x1000)

100

400

300

400 500

300

Reynolds Number (x1000)

Figure 5-8: Variation of mean drag and lift coefficients with wind speed for a circular cylinder inclined

= (°

=60,

into the airflow; 6

1
i
1
70 80 90 100

Wind speed, U(rp/s)

60

1h--

1.5

"0 20 30 40 50

T T ¥ T T m
' ' 1
) 1 ! - N MWD o
R e T e N R R = R IR k]
! ! ! £ & ECC
! ! ' oo
s S xAO
o
) ' t
T e
[ | S 1o
| ) T T ~
' ' f 1
N (O | R S Q
1 | 1 ©
' ' t
t | 1 (@]
IR i N w
' 1 I
| 1 ' o
[ i miadiitie I3
| 1 I
| t 1
_||||4||||Txx||%
[ 1 '
' 1 ' o
S
| | i TN
| 1 '
Il I L (o]
© 0 Y 0T
Q@ A
Ny ueapy

100

lWind speed, U(m/s)

200

100

400 500
Reynolds Number (x1000)

300

200

400 500

300

Reynolds Number (x1000)

=(°

54.7°, 8

Figure 5-9: Variation of mean drag and lift coefficients with wind speed for a circular cylinder inclined
into the airflow; 6



56

5.4 Flow About an Inclined Circular Cylinder

A tremendous body of work exists concerning the characteristics of flow across a circular cylinder
positioned normal to the flow. Frequently this configuration has been reasonably reduced to a two-

dimensional concept, and for most applications it has been adequately detailed.

A circular cylinder positioned at a non-right angle results in notable changes in the aerodynamic
behaviour of the flow. An acute relative angle changes the effective section the airflow encounters
from a circle to an ellipse, but this in itself is of secondary importance as the elliptical section is
symmetric about the direction of flow regardless of the relative angle. More importantly, this relative
angle also means two-dimensional flow is no longer a realistic simplification; the flow must be
considered in three-dimensions as the cylinder’s span has not only an across-wind component, but an

along-wind component as well.

5.4.1 Effects of Varying Relative Angle, ¢, on Lift and Drag

Restricting the focus for the time-being to the effects of a varying relative angle on the drag and lift
forces exerted on the cylinder, several notable variations occur with a changing relative angle. The
drag coefficient (again, based on the drag force perpendicular to the cable axis in the along-wind
direction) is generally lower for a non-right angle between the wind direction and cable axis. Figure
5-10 through Figure 5-13 depict the relationship between the mean drag and lift coefficients and the
wind-cable relative angle over a range of Reynolds numbers. Derived from the data of these figures,
Figure 5-14 through Figure 5-17 depict the relationship between the mean drag and lift coefficients

and the wind speed over a range of wind-cable relative angles.

For wind speeds immediately below the critical range, the mean drag coefficient ranges from
approximately 0.75 for 0=55° up to about 1.2 for ¢=90° This result is reasonably intuitive
considering the coefficient is based on the drag force normal to the cylinder’s axis, however this
difference changes as the wind speed is increased through the critical Reynolds number range. As the
drag begins to fall, the rate of decline is greater for relative angles closer to 90° than for those angles
closer to 55° and 60° The drag coefficient values converge at wind speeds in the vicinity of
R.=3.2%105 as shown in Figure 5-14 through Figure 5-17. In fact the trend of larger drag coefficients
for larger relative angles appears to reverse—that is, the drag appears to decrease for increasing
relative angles—at approximately this same Reynolds number, as shown by Figure 5-10 through

Figure 5-13. At a higher Reynolds number of about R.=3.8X105, the original trend has reappeared.
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Testing at higher wind speeds did not include the full yaw sweep but rather only a select yaw range for
the analysis presented in Section 5.5 to follow, thus the characteristics of the drag coefficient variation
based on the relative angle cannot be determined for these higher speeds. Future testing in this field

of study should include full angle variation throughout the entire critical Reynolds number range.

Trends in the variation in the lift coefficient over the range of relative angles are not overly apparent
from Figure 5-10 through Figure 5-13. However, comparing the variation of lift with increasing wind
speed in Figure 5-14 through Figure 5-17, as well as Figure 5-4 (¢=90°) and Figure 5-7 (6=60°),
reveals a notable difference. The onset wind speed at which a net lift appears, corresponding to the
formation of a laminar separation bubble, is lower for lower relative wind-cylinder angles. Figure 5-4
clearly indicates that the stable asymmetric pressure distribution appears at approximately Re=3.0x105
for a cylinder normal to the flow, while this so-called one-bubble regime begins at approximately
Re=2.6X105 for a cable inclined to $=60° as shown in Figure 5-7. The compiled data of Figure 5-14
through Figure 5-17 confirm these approximate values. Thus the transition from the TrBLO regime to

the TrBL1 regime occurs at lower Reynolds number values for lower angles of inclination

Though not fully confirmed by Figure 5-14 through Figure 5-17 due to the limited wind speeds,
Figure 5-4 and Figure 5-7 indicate that upper bound for this net lift regime—that is, the speed at
which a second laminar bubble forms—appears not to be affected by the cylinder inclination. Related
to this transition between TrBL1 and TrBL2, Figure 5-4 indicates the lift does not return promptly to
zero for the cylinder normal to the flow; Zdravkovich (1997a) reports a similar scenario described by
some researchers. In the case of an inclined cylinder (Figure 5-7), the return of the lift to zero appears

to be quick and stable.

The magnitude of the lift is quite obviously greater when the cable is at right angles to the flow. In
fact, the maximum mean lift coefficient for the section positioned normal to the flow is fully double
that for the section inclined to 60° and 54.7°. Bursnall and Loftin (1951) found the separation bubble
to be less well defined for an inclination of G0° relative to the flow direction. This could in part

explain the difference in magnitude of the lift coefficients.

These general characteristics stated above are only applicable for inclination angles higher than 54.7°.
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Figure 5-14: Variation of mean drag and lift coefficients with wind speed for a circular cylinder inclined

to varying relative angles (60° model inclination angle, low scan rate, average of rings 2 — 5)

T)).&LIII!-\IK\LII\I%III(

roTITIT A"

0.5f--

70 80 90 100

 Wind speed U(m/s)

30 40 50 60

20

10

_Wind speed U(rp/s)

200
Reynolds Number (x1000)

-

500

300

400 500

300

100

400

200
Reynolds Number (x1000)

100

Figure 5-15: Variation of mean drag and lift coefficients with wind speed for a circular cylinder inclined

to varying relative angles (60° model inclination angle, high scan rate, average of rings 2 and 4)



61

0=54.7° |
55.3
57.1
0.5 60.0 N
63.7
73.2
81.4
90.0

-1 -

10 20 30 40 50 60 70 80 90 100 '>10 20 30 40 50 60 70 80> 90 100
‘WindsPeed U(m/s) ‘ o JWind speed U(T/s)

100 200 300 400 500 100 200 300 400 500
Reynolds Number (x1000) Reynolds Number (x1000)

Figure 5-16: Variation of mean drag and lift coefficients with wind speed for a circular cylinder inclined
to varying relative angles (54.7° model inclination, low scan rate, average of rings 2 — 5)
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Figure 5-17: Variation of mean drag and lift coefficients with wind speed for a circular cylinder inclined
to varying relative angles (54.7° model inclination, high scan rate, average of rings 2 and 4)

The frequency distribution of the instantaneous lift coefficient also presents a dependence on cylinder

inclination. Strong cyclic variations in the dynamic lift on a cylinder are characteristic of the TrBLO

regime. This is known as vortex shedding, the frequency of which can be predicted by the well-known

Strouhal number introduced in Section 2.3.1 and given by Equation (2.2). For a circular cylinder the

Strouhal number is given in the range of 0.18 to 0.2, depending upon the reference one consults.
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Figure 5-18 and Figure 5-19 present the power spectral densities (PSD) of the lift coefficients for
rings 2 and 4, at inclination angles of 90° and 60°, respectively. The PSD was determined using a Fast
Fourier Transform (FFT) length of 2048. For the inclined cylinder, the dominant frequency of vortex
shedding (f.=36 Hz) is noticeably lower than that of the same cylinder positioned normal to the flow
(f=42 Hz). Further, the spectral distribution is rather more dispersed about the principal shedding
frequency for the case of the inclined cylinder indicating less power potential for excitation at the

dominant frequency. (Note the different vertical scales.)

Plotting the PSD against a dimensionless frequency (represented by the Strouhal number) the cylinder
positioned normal to the flow produces the expected result—the dominant dimensionless frequency
1s approximately 0.2 (see Figure 5-20). This same result is achieved if the dimensionless frequency for
the inclined case also includes the term (sind)'. The Strouhal number is approximately 0.2 for an

inclined cylinder only if either:

* the component of the flow velocity normal to the cylinder axis is considered instead of the

free stream velocity, or;

* if one takes the representative dimension, D, to be the dimension of the cylinder parallel to

the flow. That is, the diameter of the cylinder divided by the sine of the inclination angle.

This result is shown in Figure 5-21. Therefore, the vortex shedding frequency of an inclined cylinder

is dependent upon the inclination angle, in addition to the wind speed and cylinder diameter.
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5.4.2 Circumferential Pressure Distribution About a Cylinder Inclined to the Flow

Results presented in the previous section indicate that mean drag and lift coefficients are generally
lower in magnitude for an inclined cylinder as opposed to a cylinder positioned normal to the flow
direction. To this end, pressure values around the circumference of the cylinder can be expected to

differ in magnitude also.

Figure 5-22 presents the circumferential pressure distribution of ring 2 for both 90° (run 750_012)
and 60° (run 750_031) inclinations, and at various wind speeds throughout the critical Reynolds
number range. (No plot is included for U=30 m/s as 750_012 contained aberrant data as detailed in
Section 5.3.1.) The pressure coefficients at each tap are generally lower for the inclined cylinder, and
this was reflected in the difference in the mean drag and lift coefficients. The onset of the
asymmetrical pressure distribution—formation of a separation bubble—occurs at a lower wind speed
for the inclined cylinder, and this too was reflected by the mean lift coefficients, but more specifically
the asymmetric pressure distribution can be desctibed as a more gradual for the inclined cylinder.
That is, for the speed of U=59.7 m/s, the pressure distribution gradually reduces over the top of the
cylinder section shown in Figure 5-22 for the inclined case, while for the case of no inclination the
reduction in the pressure distribution over the top of the section is significantly more abrupt. As well,
the change in the pressure distributions over the progression of wind speeds appears to be more
gradual for the inclined case. These points agree with the findings of Bursnall and Loftin (1951) that
the separation bubble is less well-defined when the cylinder is inclined to 60°.
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5.4.3 Span-wise Variations Due to Cylinder Inclination

In a wind tunnel setting, boundary conditions are an ever-present variable, more so with an inclined
cylinder than with a cylinder positioned normal to the flow. The effects of boundary conditions on a
cylinder placed normal to the flow are generally limited to unrepresentative pressure distributions
about the ends of the cylinder within the boundary layer at the tunnel walls (assuming an appropriate
cylinder diameter/tunnel width aspect ratio). Inclining the cylinder adds an along-wind component to
the span, and therefore adds the potential for up-wind effects to affect down-wind regions along the

span.

At pre-critical wind speeds and lower inclination angles, there is generally a distinct spread between
the drag coefficients of rings 2 to 5 (though some inconsistencies occur). In pérticular, the drag
coefficients are slightly greater the further upstream (and closer to the tunnel ceiling) the ring is
positioned. This spread closes as the relative angle approaches 90° as can be seen in Figure 5-23. Also
this spread closes as the wind speed is increased as illustrated by the progression of Figure 5-23
through Figure 5-29.

This variation is doubtless the result of the discontinuity imposed by the wind tunnel roof. Consider
the so-called axial flow introduced in the literature to explain, in part, dry inclined cable galloping and
high-speed vortex vibration of stay cables. Intuitively, this axial flow along the leeward side of the
cylinder may not be as fully developed at ring 2 as it is at ring 5 simply because there is not as much of
the cylinder above and upstream of ring 2. Further as the wind speed increases, the spread in the drag
coefficient values decreases, potentially indicating that the significance of the axial flow to the drag

coefficient is less with increasing wind speed.

The variation in lift coefficient with relative wind-cylinder angle displays some seemingly span-wise-
dependent characteristics. Principally, at lower inclination angles the lift coefficient’s deviation from
zero appears at lower wind speeds, or is at least more noticeable, for rings 4 and 5 than for rings 2 and
3. The progression of wind speed levels given by Figure 5-24 through Figure 5-27 displays this
behaviour. Again, the varying level of development, span-wise, of the axial flow on the leeward side of
the cylinder could reasonably be responsible for this behaviour. The flow is potentially somewhat

retarded at the upper rings due to the discontinuity imposed by the tunnel roof.
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5.5 Galloping Instability

5.5.1 Evaluation of the Glauert-Den Hartog Criterion for Prediction of Instability

In the field of aerodynamics, the Glauert-Den Hartog criterion, given by Equation (3.4), is regarded as
a necessary condition for galloping instability (Simiu and Scanlan, 1996). This concept has historically
been applied to bluff bodies such as power transmission lines with ice accretion or other irregularly
shaped cylinders. Circular cylinders placed normal to a flow cannot gallop because of continuous
radial symmetry; dCp/do = 0. Little attention has been given, however, to circular cylinders inclined
to the flow. In a two-dimensional context, with the cable inclined the wind no longer encounters a
circular section but rather an ellipse. Though this ellipse is not symmetrical in a‘radial sense, it Is
always symmetrical about the direction of flow, with a varying aspect ratio dependant upon the
relative angle between the cable axis and wind direction. In a three-dimensional context, inclination of
the cylinder will result in a decidedly three-dimensional flow as the cylinder’s span includes an along-

wind component and therefore simplification to two-dimensional flow is no longer acceptable.

The completed wind tunnel testing subjected a stationary, rigid cable model to various wind speeds, at

varying angles of inclination and yaw. From the pressure data collected, the sum:

dc,
dy

+C, (5.6)

may be evaluated to determine if the Glauert-Den Hartog criterion is applicable in predicting the

supposed galloping instability witnessed for Setup 2C in Phase 1.

Figure 5-30 through Figure 5-39 present the variation of aerodynamic damping implied by Equation
(5.6) with the effective angle of attack, ¥, over a range of increasing wind speeds within the critical
Reynolds number range. The slope of the lift coefficient at each angle value was approximated based
on the simple average of the slopes of the lines connecting the lift coefficient value at the given angle
to adjacent lift coefficient values on either side. The data presented in these figures is based on the
low scan rate, thus showing rings 2 to 5, inclusive. The progression of plots show that as the wind
speed increases the resulting sum generally decreases, driven by the lowering mean drag coefficient
during the drag crisis. However the slope of the mean lift coefficient with respect to angle of attack
also causes variations in the sum. These variations appear, for the most part, inconsistent between the
rings and lack uniformity, with the result of Equation (5.6) from some rings occasionally dipping

below zero and subsequently rebounding at the next wind speed. For the wind speed presented in
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Figure 5-39 there is a notable harmonization in the results of the four rings, where all produce a
decidedly negative sum of Equation (5.6), cotresponding to an angle of attack, y, in the vicinity of 35°.
This angle of attack is the combination of the inclination angle, 6, of 54.7° and a yaw angle, 8, in the
vicinity of 30°. This combination produces an effective angle, ¢, between the wind direction and cable
axis of about 60°. (Refer to Figure 5-2 for angle references and to Appendix A for the derivation of
the angle relationships.) The variations of mean drag and lift coefficients with angle of attack for this

wind speed are presented in Figure 5-40.

Again, satisfying the Glauert-Den Hartog criterion is a necessary condition for galloping. This
occurrence indicates that galloping can occur for the conditions of $=60° and Reynolds number in

the vicinity of 3.53x105. As given in Section 4.5, Phase 1 testing of the dynamic model found what
was believed to be galloping to occur under such conditions. Thus, Figure 5-39 substantiates the

hypothesis of galloping instability for Setup 2C in Phase 1.

The difference between Setup 2C and Setup 2A of Phase 1 was the rotation of the spring support
axes; the wind-cable relative angle for both setups was 60°. The analysis of the pressure data from
Phase 2 is independent of this spring support rotation. It is dependant upon Reynolds number and
the wind-cable relative angle. Theoretically then, Setup 2A should also have exhibited galloping at the
apparent critical wind speed. The absence of galloping for Setup 2A is not necessarily a significant
result. In fact, 2 subsequent test run of Setup 2C failed to reproduce vibrations under the supposed
critical conditions. This additional test run was carried out on a different day on which the weather
was quite different. The airflow of the wind tunnel for Phase 1, being an open-circuit type tunnel, is
somewhat dependant upon the weather conditions outside. Other researchers, including Saito e# 4/
(1994), have also commented on the sensitivity of this vibration phenomenon to test conditions n

that vibrations will occur, or not, with only very slight differences in test conditions.

Further test speeds beyond that represented by Figure 5-39 were run focussing on the range of yaw
angles between 20° and 40° to determine if the negative sum of Equation (5.6) had an upper bound.
The additional tests included flows up to Re=3.97x10%. The results are presented in Figure 5-41
through Figure 5-46 for increasing wind speeds. As the wind speed is increased, the concerted
negative sum of Equation (5.6) from the four rings shifts back into positive values. Such behaviour
indicates that this mechanism, unlike the classical mechanism of galloping, is a velocity-restricted

phenomenon.

Tests completed with the high scan rate produced similar results. They are presented in Appendix C.
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Satisfaction of the Glauert-Den Hartog criterion for conventional galloping of a bluff body is
predominantly controlled by the negative slope of the lift coefficient which is due to the cross-
sectional shape of the body, itself. Though also satisfying this well-known criterion, dry, inclined cable
galloping is not similarly caused, but rather it is a result of the orientation of a circular cylinder—a
section that would not otherwise be expected to gallop. The negative slope of the lift coefficient is
produced by a span-wise interaction of the flow resulting from the along-wind component of the
span. The regime in which the negative slope of the lift coefficient occurs also corresponds to
approximately the lowest value of the drag coefficient (about 0.3). These two factors combine to

produce a negative sum of Equation (5.6), thus satisfying the Glauert-Den Hartog criterion.

As noted in Section 3.2.1.2, regarding the other investigations into inclined cable vibrations and
specifically the dry, inclined cable galloping phenomenon (Honda ez 4 1995; Saito et a/, 1994), in
general the vibrations found in those tests arose at much lower wind speeds for models quite similar
to that tested in Phase 1. In fact, due to the apparent similarity in models, the wind speeds in those
tests would fall into the pre-critical Reynolds number range (Honda ez a/ (1995) found an upper limit
of the onset velocity to be Re=2x105 for a wind-cable relative angle of 60°, regardless of the level of
damping). Further, the other investigations found the vibrations to have no upper bound of velocity,
contrary to what has been indicated by the results of this test. Therefore one must question as to
whether these vibrations—both apparently galloping—are a result of the same mechanism.
Matsumoto ef a/ (1990) proposed that the axial flow in the near-wake of an inclined cylinder acts as a
splitter plate, preventing the interaction of the shear layers in the wake as vortex shedding occurs,
thus causing instability. For those studies, this mechanism is a possible explanation if the critical wind
speed falls into the sub-critical Reynolds number range, however for the present study, since the wind
speed falls into the critical Reynolds number range in which the fluctuating lift component (produced

by vortex formation) practically disappears, this explanation is somewhat deficient.

The apparent critical wind speed in this case corresponds to a Reynolds number of approximately
3.5x105, which falls approximately into the range of TrBL1. The formation of the single laminar
separation bubble seemingly contributes to the galloping mechanism. The necessary galloping
conditions disappear as the speed further increases, indicating that the formation of the second
laminar separation bubble potentially stabilizes the galloping tendencies. Questions still remain as to
the reasons why this galloping phenomenon has not truly been witnessed in a prototype scenario.
Through extensive testing of a cylinder normal to flow, turbulence has been found to affect the
transition between the TtBL1 and TtrBL2 regimes. Higher turbulence results in a more gradual

transition between the two regimes. As well, these two regimes are very sensitive to flow conditions to
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the extent that they can be eliminated if the level of turbulence is substantial enough (Zdravkovich,
1997a). Perhaps the explanation for the absence of this phenomenon from prototype stay cables is
simply that natural wind is turbulent enough, or varies enough spatially, that these regimes do not
occur, or do not occur simultaneously over enough length of a cable, such that dry inclined galloping
will not occur in natural wind. As has been already stated, many researchers have found this
mechanism very sensitive to test conditions. Also already stated, Phase 1 testing produced galloping
for Setup 2C on one day, but not the next. The only apparent difference between the two days was
the outside weather which was known to affect the flow characteristics in the open-circuit wind
tunnel. Further research is clearly needed to examine the effects of turbulence, with closer simulation
of natural wind required. Research is also needed to further define the actual mechanism, and to

explain why this particular combination of relative angle and wind speed are conducive to galloping.
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Figure 5-41: Variation of Equation (5.6) with effective angle of attack, ¥, for R.=3.24x105;
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5.5.2 Estimation of Required Mechanical Damping to Prevent Galloping
Vibrations

Introduced in Section 3.2.1.1, the total damping of a dynamic system can be expressed by Equation
(3.3):

d
. +Cp)p =c

2méw+L pUB
{w+1p (da

where the system will be stable if ¢>0, and may be unstable if ¢<0. Based on the results presented in
the previous section, one may estimate an approximate value of mechanical damping required to

prevent galloping from occurring under the given critical conditions.
Consider the following parameters from the dynamic test of Phase 1:

* B=160 mm (cable diameter)
»  f=1.415 Hz (natural frequency, Y-direction)
* m=60.8 kg/m (effective mass per length)

The critical wind speed at which galloping occutred for Phase 1 was Uei=32 m/s.

Also consider, from Figure 5-42, an approximate average of the minimum sum of the drag coefficient

plus the slope of the lift coefficient to be:

dc,
dy

+Cp=-3

Based on these parameters, instability may occur if the damping ratio is less than 0.0087; that s, if
damping is less than 0.87% of critical damping. Calculation of this value is presented in Appendix D.
As noted in Section 2.2, typical values of mechanical damping for stay cables of existing bridges range
from 0.01% to 0.2% of critical. Thus, by this result, existing bridge stay cables have not nearly enough

mechanical damping potential to prevent this type of galloping.

In terms of Scruton number, given by Equation (2.3), these results indicate an approximate limit of
Sc>17 to prevent galloping vibrations. This is significantly higher than the condition of Sc>10

suggested by Irwin (1997) for prevention of rain-wind vibrations.
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5.5.3 Spectral Analysis of Lift

From Section 5.5.1, determination of condidons conducive to galloping has been shown to be
satisfactorily based on the mean lift and drag coefficients obtained under static conditions, and thus
dry, inclined cable galloping is seemingly controlled by quasi-static forces. One would therefore not
expect significant information to result from a spectral analysis of the time-dependent fluctuations in
the aerodynamic forces. The power spectra of the lift coefficient for each ring of pressure taps
confirm this, presenting no obvious indication of a specific dynamic mechanism corresponding to a
wind-cable angle of 60° at a2 Reynolds number of approximately 3.5X105, as presented in Figure K-1
(low scan rate) and Figure K-2 (high scan rate) in Appendix K. As well, there is no obvious or
substantial difference between the power spectra of the apparent critical case compared to a non-
critical case at the same wind speed. To compare, Figure K-3 presents the power spectra of each ring

for a wind-cable relative angle of 54.7° (8=54.7°, $=0°).

There is, however, a very notable effect on the correlation between the dynamic lift coefficients of the
four rings when the apparent critical angle and wind speed conditions are experienced. Correlation
among the lift coefficients for the rings was determined through a coherence function analysis. As the
apparent critical wind-cable angle of 60° is approached, from either above or below, the coherence
function noticeably increases. This is clearly shown by the progression of plots in each of Figure K-4
through Figure K-9. These figures respectively represent the correlation between the various
combinations of tings 2 to 5. Further, as the apparent critical wind speed is approached, again from
either above or below, the coherence in lift coefficients between rings noticeably increases. This trend
is shown in the progression of plots beginning with Figure K-10, with each subsequent plot
representing a higher wind speed, through Figure K-16. A FFT length of 1024 was used in the
analysis. The plots are arranged beginning with the coherence function for rings farthest apart (2 and
5, distance of 7 diameters), progressing to the rings closest together (4 and 5, distance of one
diameter). As expected, the greatest correlation is between the rings closest together, but all

combinations follow the same notable trend.

This correlation is somewhat at odds with the results of Section 5.5.1. Those results indicate galloping
to be governed by a quasi-steady mechanism however this trend of higher correlation of the lift
coefficients between rings obviously peaks at the critical configuration. Thus, though the independent
spectra do not indicate a dominant frequency-dependent action, whatever frequency-dependent

action exists is somewhat uniform span-wise, and is concentrated toward the lower frequencies.



85

5.6 High-speed Vortex Excitation

5.6.1 Static Model Test Results

As detailed in Section 3.2.2, the mechanism causing high-speed vortex vibration is believed to be the
intermittent amplification of regular Kirman vortices by so-called axial vortices generated by the axial
flow on the leeward side of the cable. These axial vortices are of a significantly lower frequency than
the Kdrman vortices, and when conditions are right the shedding frequency of the axial vortex will be
one-third (or one-quarter, or one-fifth, and so on) of the Karman frequency. Thus there is potential
to produce 2 low frequency vibration at a relatively high wind speed. Observations of prototype cable
vibrations indicate that these vibrations always occur at a reduced velocity (Equation 3.6) of a multiple

of 20. This characteristic has been confirmed by wind tunnel testing.

Phase 1 of the study produced limited-amplitude vibrations under various conditions summarized in
Table 3-1. Presently relevant is Setup 2A; vibrations occurred for a wind-cable relative angle of 60°
and over the velocity range of 18-19 m/s, corresponding to a reduced velocity of 80. Maintaining
Reynolds number similatity for the static model test of Phase 2, this translates into a wind speed of
32.3-34.2 m/s.

One can conclude that a distinct difference is evident between the vibrations of Setups 2A and 2C of
Phase 1. The vibrations produced at the higher wind speed in Setup 2C have been shown in Section
5.5.1 to be a result of a galloping-type mechanism based on satisfaction of the Glauert-Den Hartog
criterion. The vibrations produced in Setup 2A are not similarly caused. As shown by Figure 5-30 (15
m/s) through Figure 5-35 (40 m/s), the sum presented in Equation (5.6) does not approach zero,
consistently and uniformly, for all rings through the range of wind speeds surrounding the anticipated

critical wind speed between 30 and 35 m/s.

The power spectral densities of the lift coefficients of rings 2 to 5 are presented over a range of
speeds in Figure 5-47 (nominally 25 m/s) through Figure 5-51 (nominally 45 m/s), increasing in
increments of 5 m/s, covering the region of expected vibration conditions. These wind speeds cover
the range from the end of the TtSL3 regime, through the TrBLO regime and just into the TrBL1
regime. All are for a wind-cable relative angle of 60°. The spectra for the lower wind speeds include
the expected peak corresponding to the Kérman vortex shedding frequency. This peak diminishes as
the speed is increased into the critical range where vortex shedding intensity lessens. None of the
spectra, however, include a dominant peak at a relatively low frequency corresponding to a potential

axial vortex shedding mechanism. Similar spectra result for the model inclined and yawed to achieve
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the same wind-cable relative angle. Lift coefficient power spectta for the case of $p=60° (achieved with

6=54.7° and B=30°) are presented, for both the high and low scan rates, in Appendix E.
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Figute 5-47: Power spectral density of Cr for U=24.6 m/s, R.=1.45%105;
6=60°, B=0°, $=60°, low scan rate
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Figure 5-48: Power spectral density of C. for U=29.4 m/s, R.=1.76%105;
0=60°, §=0°, $=60°, low scan rate
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Figure 5-49: Power spectral density of Cp. for U=34.6 m/s, R=2.04x105;
6=60°, 3=0°, $=60°, low scan rate
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Figure 5-50: Power spectral density of Cr for U=39.7 m/s, R.=2.33%105

6=60°, 8=0°, $=60°, low scan rate
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Figure 5-51: Power spectral density of C. for U=44.6 m/s, R.=2.63x105
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The pressure taps aligned along the leeward (model at 0° yaw) side of the model were intended for
capturing the span-wise effects of the axial flow and axial vortex shedding—the suspected cause for
high-speed vortex vibration—at the anticipated critical wind speed. The power spectral densities of
the pressure coefficient for each tap along each leeward line are presented below for a wind speed of
29.4 m/s in Figure 5-52 (line 1, 180° from forward stagnation point) and Figure 5-53 (line 2, 160°
from forward stagnation point), and for a wind speed of 34.6 m/s in Figure 5-54 (line 1) and Figure
5-55 (line 2). A FFT length of 512 was used.

The four or five taps located close to the roof of the wind tunnel (x/D close to 0) have obviously
been adversely influenced by the proximity to the end plates and tunnel roof as indicated by the
spectra, and so neglecting their contribution is prudent. For the remainder, the spectra indicate the
Karman vortex shedding frequency—particularly in Figure 5-53—but do not indicate any particularly
dominant low frequency mechanism over the span. The apparent peaks occurring at low frequencies
close to zero are regarded as random noise effects. For the case of the model positioned normal to
the flow, similar low frequency peaks appear in the spectra for the lines of pressure taps, as presented
in Figure 5-56 (line 1) and Figure 5-57 (line 2), though they do not appear in the spectra of the lift
coefficient, as in Figure 5-18. Thus, no low frequency mechanism with the potential to combine with

Karman vortex shedding is apparent for this static model.

f(Hz) 150 15  Distance from top tap (x/D)
200

Figure 5-52: Power spectral density of pressure coefficient, C;, along line 1 located 180° from forward
stagnation point; U=29.4 m/s, R.=1.76%105, 6=60°, §=0°, $=60°
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Figure 5-57: Power spectral density of pressure coefficient, Cp, along line 2; U=29.6 m/s, R.=1.76X105,
6=90°, B=0°, $=90°

One explanation for the lack of a dominant low frequency peak indicating a potential high-speed
vortex shedding mechanism is that the critical speed at which the axial flow sheds vortices was missed
by the testing regime. This is unlikely. The shedding of axial vortices would in all likelihood occur at
wind speeds above and below the expected critical speed. At the critical speed the axial vortex
shedding would intermittently synchronize with the Karman vortex shedding producing the necessary
vibration conditions. The lack of a dominant low frequency spectral peak indicates an absence of a
low frequency mechanism—the axial flow is not apparently shedding vortices. In fact the lack of a
dominant low frequency peak could be due to the lack of a generating mechanism, that being,

potentially, movement of the cable, itself.

Oil film visualization confirms the above spectra results as no significant indication of an axial flow

vortex-type mechanism was apparent. Refer to Appendix G.

Select testing was completed with the addition of artificial axial flow imposed along the leeward side

of the model. No significant observations resulted; refer to Appendix H.

Accepting, for the moment, the theory that Karman vortices are intermittently amplified by an axial
vortex creating high-speed vortex vibrations, perhaps the motion of the cable, itself, causes the

formation of an axial vortex. Wind tunnel tests in which high-speed vortex vibration has arisen have
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been dynamic model tests?, thus potentially the motion of the cable causes the shedding of axial
vortices from the axial flow. Intuitively, once the cable is in motion the axial flow will follow the
motion of the cable, moving back and forth slightly across the leeward side of the cable somewhat
lagging behind and aligned along the effective wind direction. The motion and interaction with the
airflow at the limits of the cable motion may trigger a vortex to form from the axial flow. This
shedding frequency would be of the same frequency as the motion. The Karman frequency depends
upon the wind speed. At a certain wind speed, if the Karman frequency was an appropriate multiple
of the axial vortex frequency, the Kairmin vortices would be intermittently enhanced. Further
research is needed to determine the mechanism causing the shedding of axial vortices—if they exist—
and to determine what characteristic of the flow, cylinder, or cylinder motion governs the shedding

frequency.

5.6.2 Similitude Considerations

A consideration for future study of high-speed vortex excitation is the dimensional attributes of the
model, airflow, and phenomenon. Consideration should be made with respect to differences between
model parameters and prototype parameters. Phase 1, Setup 2A, was a full scale representation of a
stay cable. The model diameter was 160 mm, the natural frequency was 1.4 Hz and the critical wind
speed was 18 — 19 m/s. These parameters are directly applicable to a prototype situation. Other
studies reported in the literature have been completed with models of various diameters (some as
small as 20 mm (Matsumoto ¢z 2/, 1997)) and natural frequencies. Complications due to similitude may

result in findings which ate not applicable to a prototype situation.

2 In general, high-speed vortex vibrations have been produced in dynamic wind tunnel tests however Matsumoto ¢ o/
(2001a) performed a wind tunnel test on a stationary model, reporting evidence of high-speed vortex formation. The
conditions found for the apparent high-speed vortex formation differ significantly from those found in Phase 1 of the
present study. The model was a cylinder of either 50 or 54 mm in diameter, and the apparent critical wind speed was found
to be 3 m/s. In maintaining a constant Reynolds number, these parameters would translate into a wind speed of less than 1
m/s for a full scale model similar to that of Phase 1 for which vibratons occurred at 2 minimum wind speed of 18 m/s.
Given the resulting frequency from the former study, the vibrations could be regarded as occurring at a high reduced
velocity, but certainly not at a high wind speed. In addition, the limited resutts published by Matsumoto e 4/ (2001a) include
power spectra of the lift force for a non-yawed cylinder with and without end plates in place. Both plots indicate a spectral
peak corresponding to the Kirman shedding frequency. The plot for the case without end plates also has an additional and
significant peak at a relatively low frequency. Thercfore this low frequency peak is seemingly the result of boundary
conditions, and so, based on this plot, one must question the validity of the low frequency spectral peaks for the cases of a

yawed cylinder without end plates. They also may simply be the result of boundary conditions.
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Frequently in wind-tunnel tests, concessions must be made with respect to scale modelling and facility
limitations. A long-span bridge may be reduced to a 1:250 scale model in a2 wind tunnel. To maintain
Reynolds number similarity, the maximum test wind speed in the wind tunnel would have to be 250
times the maximum design wind speed. This is not possible. However in such a test Reynolds ‘number

effects are of secondary concern compared to other parameters such as the Froude number.

In tests such as the present study of stay cable aerodynamics, Reynolds number effects may be critical
to the behaviour of a stay cable as, given typical diameters of stay cables, typical wind speeds span the
critical Reynolds number range. Being an apparent frequency-based mechanism related to Kirman
vortex shedding, high-speed vortex excitation also then requires consideration of the Strouhal
number. To maintain Reynolds number and Strouhal number similarities, complications arise. To
illustrate, consider a model of 50 mm diameter used to represent 2 200 mm diameter prototype stay

cable (Dprototype=4Dmodet). Maintaining Reynolds number similarity produces a wind speed ratio of:

(&), =),
U, =4U,

Translating these ratios to Karman vortex shedding frequencies which are based on the Strouhal
number (Equation 2.2), the ratio of the Kirmin shedding frequency of the model to that of the
prototype would be:

High-speed vortex excitation is thought to be caused by the interaction of Karman vortices with
vortices produced by axial flow in the near wake of the cable. If the frequency of the axial vortex
shedding is dependent upon the natural frequency of the cable, there must be a similar increase of the
model’s patural frequency in order for vibrations to arise. No intermittent enhancement of the
Karman vortices by axial vortices may occur if only the Kirman shedding frequency is altered by the
modelling parameters. If the shedding frequency of the axial vortex is dependent upon the diameter
of the cylinder, the wind speed, or a combination of these parameters, then an appropriate dynamic
model frequency must be chosen to provide conditions appropriate for vibrations to arise through an
intetaction of the two mechanisms—conditions that are then applicable to a prototype situation.
Essentially, to model high-speed vortex vibrations accurately, a sectional full-scale model should be
used, unless the parameters affecting the formation of the so-called axial vortex are determined (so

that an adequate translation of prototype parameters to model parameters can be achieved).
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Chapter 6: Conclusions and Recommendations

6.1 Conclusions

A wind wnnel study was performed to investigate the pressure distribution about a static circular
cylinder model positioned at various angles to the flow and subjected to various wind speeds
spanning the critical Reynolds number range (R=1Xx105 — 6x105). Time history pressute
measurements were recorded about and along the model. The results of the analysis of these pressure
measurements have provided significant insight into the characteristics of flow about an inclined
cylinder, as well as into the mechanisms behind dry, inclined cable galloping and high speed vortex

vibration, as these two mechanisms pertain to the cables of cable-stayed bridges.

The results of this study provide information regarding the effects of variation of the relative angle
between the flow direction and the cylinder axis for flows in the region of the drag crisis (critical
Reynolds number range). The drag coefficient (based on the flow speed and the drag force
perpendicular to the cylinder) is generally lower for lower angles of inclination than it is for higher
angles. An exception to this trend appears to occur in the range of Reynolds number indicating the
so-called one-bubble regime (TtBL1) where the opposite trend is evident; that is, the drag is higher

for lower angles of inclination.

The rate of reduction in drag through the drag crisis region is greater for larger relative angles up to
90° than for those angles closer to 54.7° (the lowest inclination angle tested). The drag coefficient
values converge during the drag crisis regardless of the wind-cable relative angle (based only on those

angles tested).

The appearance of a net lift on a circular cylinder—the TrBL1 regime—occurs at a lower flow rate
for smaller relative wind-cylinder angles than for larger (closer to 90°) wind-cylinder angles. The upper
bound is seemingly unaffected by varying relative angle. The magnitude of the net lift appears to be
higher for higher relative angles.

For a cylinder inclined to airflow, the dominant frequency of vortex shedding is dependent upon the
inclination angle, in addition to the wind speed and cylinder diameter. Inclining the cylinder to the

airflow results in lower intensity vortex shedding—the magnitude of the dynamic lift force is smaller.

The Glauert-Den Hartog criterion (Equation (3.4)) is applicable to predict dry, inclined cable

galloping based on results of the completed static model wind-tunnel test involving measurement of
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mean lift and drag on the cable model. These results substantiate the galloping case from the Phase 1

dynamic model test, Setup 2C (model inclined to 60°, spring support rotated 54.7°, U=32 m/s).

Based on the results, an estimation was made of the mechanical damping level required to prevent
galloping vibrations. This required damping estimate was found to be 0.87% of critical—more than
four times higher than the typical upper limit of mechanical damping levels for existing bridge stay

cables.

Conditions necessary for dry, inclined cable galloping have been found to include, but are not limited

to, a relative angle between the wind and cable of approximately 60°, and a wind speed at the upper

end of the critical R, range (~3.5X105) in the range of the TtBL1 (one-bubble) regime.

The correlation of the dynamic lift coefficients of the rings 2 to 5 peaks under the same conditions at
which the Glauert-Den Hartog criterion predicts galloping behaviour. The strong correlation occurs

over a large range of frequencies, but is greater toward lower frequencies.

The apparent necessary conditions for dry, inclined cable galloping indicate that Setup 2A from Phase
1 (model inclined to 60° no spring support rotation) should also have exhibited galloping at
approximately 32 m/s. The absence of galloping could have been simply the result of support
conditions or flow conditions, to which vibration mechanisms have been observed to be quite

sensitive. Satisfaction of the Glauert-Den Hartog criterion does not necessarily result in galloping.

Unlike the classical definition of galloping, this form of galloping instability appears to be velocity

restricted based on the static model test results.

The galloping vibrations found in Phase 1 and confirmed by Phase 2 may not be caused by the same
mechanism as those found by other researchers. The tests completed at the NRC wind tunnels found
galloping to occur at a significantly higher wind speed than previous studies—a wind speed that falls
into the high end of the critical range (TtBL1 regime). The results from previous studies found no

upper velocity limit and the onset velocity apparently fell into the pre-critical flow range.

The pressure data from this study indicates that the mechanism causing the limited amplitude
vibration for Setup 2A of Phase 1 cannot be predicted by the Glauert-Den Hartog criterion and so
confirms two distinct vibration phenomena—galloping and high-speed vortex vibration of a dry,
inclined cable. The pressure data contains no clear or significant indication of the existence of a
relatively low frequency mechanism-—such as the possible shedding of vortices from the axial flow—

corresponding to the conditions under which vibrations occurred for Setup 2A of Phase 1. This
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absence of a low frequency mechanism perhaps indicates that actual motion of the model is required

to trigger axial vortex formation.

Unless one uses a full-scale cable model, similitude in Reynolds number as well as Strouhal number

must be considered for a dynamic test investigating a vortex shedding-based aerodynamic mechanism.

6.2 Recommendations for Future Study

Research concerning flow about an inclined or yawed circular cylinder has usuaﬂy involved specific
applications rather than the fundamental concept, and as a result comprehensive information is quite
limited. Further study concerning the fundamental concepts of flow about an inclined cylinder is
warranted. Particularly, a full examination of the aerodynamics of inclined cylinders throughout the

entire critical Reynolds number range is advised.

Several research studies have touched on, to varying extents, dry, inclined cable galloping and high-
speed vortex excitation, however few have expressly focussed on them. The great majority of these
studies focussed on rain-wind vibration, and galloping or high-speed vortex vibration arose
unexpectedly. In addition to further testing focussed on these two phenomena, a thorough
compilation of all existing test data from the various researchers would aid tremendously in the
definition of the required conditions for galloping or high-speed vortex vibration. Such data would

include specific information concerning:
*  wind-tunnel charactetistics — size, level of turbulence, etc.
* model characteristics — size, static or dynamic (frequency), roughness, etc.

*  specific conditions under which the phenomenon occurred — wind speed/Reynolds number,

relevant angles between wind and cable, direction of movement (for dynamic tests), etc.

At present, published results do not necessarily present all of the above-mentioned data pertaining to
the galloping or high-speed vortex vibration incidents, and thus defining conditions based on an

aggregate of data is not possible at this time.

Particular attention should be given in the future to Reynolds number effects in the examination of
wind-induced vibration of stay cables. In addition, when modelling vortex-induced mechanisms, care
must be taken in choosing an appropriate vibration frequency when not using a full-scale model. Until
the actual mechanism causing the so-called axial vortex is determined, full-scale sectional dynamic

models are recommended to achieve results directly applicable to prototype situations.
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A logical third phase to this study would be the combination of the first two; that is, a dynamic model
test recording pressure variations about the cable model for comparison with the static test. Such a

compatison could reveal how the pressure variations differ between the static and dynamic cases.

Perhaps most importantly, as natural wind contains varying degrees of turbulence, the effect of
turbulence should be further examined, particularly with respect to the apparent critical conditions for

galloping vibrations.
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Appendix A: Wind-Cable Angle Relationships

»

”Z

Vertical Axis —

Hatched orea represents
horizontal plane

Figure A-1: Cable-Wind Angle Relationships

Pertaining to Figure A-1, above:

® AOCis a horizontal plane

* _AOB is a plane containing the direction of the wind and the axis of the cable

* COBis a vertical plane containing the cable axis

»  OCis the horizontal projection of the cable axis

= AB1 OB

* CBLOB

= 0ClLAC

* Angle 0 is the angle of vertical inclination between the cable axis, OB, and the horizontal

plane, 40C

* Angle B is the horizontal yaw angle between the wind direction, A0, and the horizontal
projection of the cable axis, OC

= Angle ® is the angle between the cable axis, OB, and the wind direction, 40

* Angle Yy is the angle between plane .40B and plane COB

Since: cosf = 0—
ocC
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ocC

d, cosp =—

an ﬂ AO
then, cosf@cos f = 9B 0¢
oC AO

OB
-.cosfcos f =——=cos
B 0 ¢

Therefore:
1cos¢ =cosfcos ,BI
Since: sinf@ = —B—g
ocC
AC
d, tan § = —
an ﬂ OC'
tanff _AC OC
sind OC BC
nf _2AC - tany
sinf BC
Therefore:
tany = 205
sind

exception: when $=90°, y=90°



Appendix B: Wind Tunnel Test Log

Speeds 1: 20,30,40.50,55,60.65.70.75.80.90.99
Speeds 2: 20.30.40,50,52,55,57,60.65.70.75,80,90,99
Speeds 3: 30,4045
Speeds 4: 15.20,30,40,45,50.55,60.65,70,80.90.99
Speeds 5: 15,20,30.40.42.45,47 50,55.60.65.70,80,90,89
Speeds 6: 20,30,45.55
Speeds 7: 20,30,45,55.62
Angles 1: 0.00.0.26.0.50.0.75.1.0,2.0.3.0,5.0.10.0,15.0,20.0,30.0.45.0,60.0,75.0,90.0,105.0,120.0
Angles 2: 0.00,0.50.1.0,3.0.5.0,10.0,15.0.20.0.25.0.27.0.28.0,29.0,29.25,29.5,29.75,30.0.30.25,30.5.30.75,31.0,32.0,33.0.35.0,40.0.45.0.60.0,75.0.90.0,105.0,120.0 (400 F
Angles 2{a):  0.00,0.50,1.0.3.0,5.0,10.0,20.0,25.0,27.0.29.0,29.5,30.0,30.5,31.0,33.0,35.0.40.0,60.0.90.0,120.0 (1200 h2)
Angles 3: 20.0,25.0,27.0,29.0,29.5.30.0,30.5.31.0,33.0,35.0.40.0
Angles 4: 29.0.29530.0.30531.0
Case HYSCAN Tare Sampling | Sampling | Inclination Yaw Wind speed | Comments
Date No. Filename Filename | Rate(Hz) | Time{s) | (deg) (deg.) (m/s)
March 21, 2002 1 750_010 750_009 1200 60 90 0 20 scap.
March 21, 2002 1 750 _012 750_011 1200 60 90 0 Speeds 1 _|low frequency noise at 30mv/s
March 21. 2002 1 750_014 750_013 1200 60 S0 45 Speeds 1
March 21,2002 | 1 750_016 | 750_015 400 120 %0 0 Speeds 1 |-OWer section (rings 3-5) rotated 23.5deg. ¢-w. upper
section (rings 1.2) rotated 43.5deg. c-w.
March22,2002 | 1 | 750_018 | 750.017 | 400 120 90 0 Speeds 2 S’“p‘;ﬂs'?f'?;;‘/’s;:;;:/;“" 750_016 with adced
March 22, 2002 1 750_020 750 019 1200 60 90 -45 Speeds 3
March 25, 2002 i 750_027 750_026 1200 60 90 =90 _Speeds 3
March 25,2002 | 2 750_029 | 750_028 | 1200 60 80 0 Speeds 4 |hout end plates; leeward tap of first ring is 198mm,
measured vertically from tunnel roof
March 26. 2002 2 750031 750,030 1200 60 60 0 Speeds 5 _jwith end plates 100mm from tunnel roof and floor
March 26, 2002 2 750_033 750_032 1200 60 60 Angles 1 15 m/s _ |with end plates
March 26. 2002 2 750_035 750_034 1200 60 80 Angles 1 20 m/s__ |with end plates
March 26, 2002 2 750,037 750_036 1200 60 60 Angles 1 30mfs _jwith end plates
March 26. 2002 2 750_039 750,038 1200 60 60 Angles 1 40 m/s __ [with end plates
March 26, 2002 2 750_041 750_040 1200 60 60 Angles 1 45m/s __with end plates
March 26, 2002 2 750_043 750_042 1200 60 60 Angles 1 S0m/s  jwith end plates
March 26, 2002 2 750_045 750_044 1200 60 80 Angles 1 55m/s  [with end plates
Mareh 26, 2002 2 750 047 750_046 1200 60 80 Angles 1 €5m/s  |with end plates
March 26.2002 | 2(b) 750_050 750,048 400 120 60 Angles 1 15mfs __|with end plates (note: run 750_043 was aborted)
March 27. 2002 | 2(b) 750_052 750_051 400 120 60 Angles 1 20 mfs___Iwith end plates
with end plates; rattiing sound heard when model was
March 27, 2002 2(b) 750_054 750_053 400 120 60 Angles 1 25mis  |yawed 75, 90, 105deg. Stopped at 120deg. - a
counterweight on the force balance was vibrating
March 27, 2002 [ 2(b) 750,056 750_055 400 120 60 Angles 1 30 m/s _with end plates
March 27, 2002 | 2(b) 750_058 750, 057 400 120 60 Angles 1 35m/s  |with end plates
March 27. 2002 | 2(b) 750_060 750_05% 400 120 60 Angles 1 40 m/s __ |with end plates
March 27. 2002 | 2(b) 750_062 750_061 400 60 60 Angles 1 45mfs _|with end plates (changed to 60 sec sampie time)
March 27,2002 | 2(b) 750_064 750,063 400 60 80 Angles 1 50 m/s __ |with end plates
March 27, 2002 | 2(b) 750_067 750_066 400 60 60 Angles 1 55 mss__|with end plates
March 27,2002 | 2(b) 750_069 750_068 400 60 80 Angles 1 85 m/s _ |with end plates
March 28, 2002 3 750_071 750_070 1200 60 547 Angle 2(a) 1Sm/s __|with end plates
March 28, 2002 3 750_073 750,072 1200 60 54.7 Angle 2(a) 20 m/s _ |with end plates
Mareh 28. 2002 3 750_075 750,074 1200 60 547 Angle 2(a) 25m/s __ [with end plates
April 2, 2002 3 750_077 750_076 1200 60 547 Angle 2(a) 30 m/s __ |with end plates
April 2, 2002 3 750_079 750_078 1200 60 54.7 Angle 2(a) 35m/s  |with end plates
April 2. 2002 3 750 _081 750_080 1200 60 547 Angle 2(a) 40 mfs _ |with end plates
April 2, 2002 3 750_083 750_082 1200 60 547 Angle 2(a) 45mfs  |with end plates
_April 2, 2002 3 750_085 750_084 1200 60 547 Angle 2(a) S0m/s _|with end plates
April 2, 2002 3 750_087 750 _086 1200 60 54.7 Angle 2(a) 55 m/s__ |with end plates
April 2, 2002 3 750_089 750_088 1200 60 54.7 Angle 2(a) 65mss  |with end plates
Aprii 2, 2002 4 750_081 750_090 400 120 54.7 Angle 2 15mfs _ lwith end plates
April 2, 2002 4 750, 093 750_092 400 120 547 Angle 2 20m/s  twith end plates
April 3. 2002 4 750,095 750_094 400 120 54.7 Angle 2 25m/fs  iwith end plates
April 3, 2002 4 750_097 750_096 400 120 54.7 Angle 2 30 m/s __{with end plates
April 3, 2002 4 750_099 750_098 400 120 54.7 _Angle 2 35 m/s__jwith end plates
April 3. 2002 4 750_101 750_100 400 120 547 Angle 2 40 mvs _ jwith end plates
April 4, 2002 4 750_103 750102 400 120 547 Angle 2 A5m/s _|with end plates
April 4, 2002 4 750_105 750_104 400 120 54.7 Angle 2 50mfs  with end plates
April 4. 2002 4 750_107 750_106 400 120 54.7 Angle 2 55 m/s___|with end plates
April 4, 2002 4 750_109 750,108 400 120 54.7 Angle 2 60 m/s _|with end plates
April 42002 4 750_111 750_110 1200 60 54.7 Angle 3 5§2.5m/s |with end plates
April 4, 2002 4 750_113 750 112 1200 60 54.7 Angle 3 57.5mfs _iwith end plates
Aprit 4, 2002 4 750_115 750 114 1200 60 547 Angle 3 60 m/s  lwith end plates
April 4. 2002 4 750_117 750_116 1200 60 54.7 Angle3 | 62.5m/s |with end plates
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April 4. 2002 750 118 750_118 1200 60 54.7 0 speed & {without end plates
April 4, 2002 750_120 750_118 1200 60 54.7 30 speed 6 |without end plates. (note no tare taken for this run)
N without end plates, vary axial flow: 16,14,12,10,8,6 4 psi,
April 4, 2002 750_122 750_121 400 60 547 30 30m/s (air aligned with dimple. ie. Pos. 1)
. without end plates, axial flow: 14 psi, 10 psi, 6 psi at
April 5, 2002 750124 750123 400 60 547 0 Speeds 6 each wind speed {(air aligned with dimple, ie. Pos. 1)
N without end plates, top - 4psi and 4m/s, suction - Bm/s
Aprit 15,2002 750126 | 750125 400 120 547 0 Speeds 7 ith two 1.5in dia.hose (both located along dimple line)
. without end plates, top - 4psi and 4m/s, suction - Bm/s
April 15,2002 750128 | 750127 400 120 547 30 Speeds 7| ith two 1.5in dia.hose (both located along dimple line)
April 15,2602 750_130 750_129 400 60 54.7 Angle 3 61 with end plates
Aprit 15.2002 750132 750_131 400 60 54.7 Angle 3 62 with end plates
April 15,2002 750_134 750_133 400 60 547 Angle 3 68 with end plates
April 15.2002 750_136 750_135 400 60 547 Angle 3 64 with end plates
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Appendix C: Sum of Drag Coefficient and the Slope of the Lift
Coefficient — High Scan Rate

Gy + dC, /dy

Angle of attack, y (°)

Figure C-1: Variation of Equation (5.6) with effective angle of attack, Y, for R.=2.93%105;
6=>54.7°, high scan rate
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Figure C-6: Variation of Equation (5.6) with effective angle of attack, ¥, for R.=3.68x105;
0=54.7°, high scan rate
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6=54.7°, high scan rate
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Appendix D: Estimation of Mechanical Damping Required to

Prevent Galloping

Consider the equation of the total damping of a system:

dc,
do

2méw++ pUB( +C,)=c

where the system will be stable if ¢>0 and may be unstable when ¢<0.

Consider the parameters from Phase 1:

*  B=160 mm (cable diameter)
*  {=1.415 Hz (cable frequency)
*  m=060.8 kg/m (cable mass per unit length)

s Ua=32m/s

D.1)

Also assuming an average of -3 for the term dCp./do+Cp, and substituting into Equation (D.1), the

condition for stability is:
2(60.8)¢ (27(1.415)) ++(1.225)(32)(0.16)(=3) > 0

1081.1§ —9.408 >0

Alternatively, given in terms of Scruton number:

méd m¢

" 2moD*  oD?

c

Therefore the condition for stability becomes:

’”5 +1 U 4C, +C,)>0
PB” Bw da

32
Sc++ -3)>0
¢ 40.16(27:(1.415))( )>

S. >16.87




Appendix E: Power Spectra of C,

PSD of G
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Figure E-1: Power spectral density of Cy, for U=24.7 m/s, R.=1.45X105;
0=54.7°, $=30°, $=60°, high scan rate
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Figure E-2: Power spectral density of Cp for U=29.6 m/s, R.=1.75X%105;

6=54.7°, B=30°, $=60°, high scan rate

Figure E-3: Power spectral density of Ci. for U=34.6 m/s, Rc=2.04X105
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Figure E-4: Power spectral density of Cy. for U=39.6 m/s, R.=2.34x105
0=54.7°, §=30°, $=60°, high scan rate
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Figure E-5: Power spectral density of Cy. for U=44.6 m/s, R.=2.63%105;
0=54.7°, 3=30°, $=60°, high scan rate
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Figure E-6: Power spectral density of Cr for U=24.6 m/s, R.=1.43%x10%;

6=54.7°, §=30°, $=60°, low scan rate
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Figure E-7: Power spectral density of C for U=29.6 m/s, Re=1.73%105;

6=54.7°, B=30°, $=60°, low scan rate
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Figure E-8: Power spectral density of Cr. for U=34.6 m/s, R.=2.03%X103;
0=54.7°, =30°, $=60°, low scan rate
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Figure E-9: Power spectral density of C. for U=39.4 m/s, Re=2.31X105;
0=54.7°, B=30°, $=60°, low scan rate
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Figure E-10: Power spectral density of Cy for U=44.3 m/s, R.=2.63%105;

6=54.7°, B=30°, $=60°, low scan rate
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Appendix F: Pressure Tap Numbering Layout

WIND >@
DIRECTION

(0 YAW)

Figure F-1: Pressure Tap Layout - Rings
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(0" Yow)

Figure F-2: Pressure Tap Layout — Leeward Lines
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Appendix G: Oil Film Visualization

Oi1l film visualization was employed in an attempt to physically observe any indication of axial vortex
formation. No clear or significant indication of a regular formation was observed, though the three-
dimensionality of the flow around an inclined cylinder, and particularly the axial flow, is very clearly
illustrated in Figures G-1 and G-2. For the case of a circular cylinder positioned normal to the flow

direction, three-dimensionality would not be so obviously apparent.

Figure G-1: Oil film visualization, leeward side of cable model, 30 m/s, 6=54.7°



Figure G-2:

Oil film visualization, 40 m/s, 8=54.7°, f=30°

[V



Appendix H: Artificial Axial Flow Results

Select tests were completed with the addition of artificial axial flow induced along the leeward side of
the model using compressed air and suction so as to attempt to create a semblance of continuity
otherwise restricted by the wind tunnel roof and floor. Various levels of pressure were induced for
comparison. The addition of this artificial axial flow had little or no effect on the aerodynamic forces
acting on the cable model. For instance, Figure H-1 through Figure H-3 present the PSD of the lift
force coefficient for rings 2 to 5 for a wind speed of about 30 m/s with the model inclined into the
wind to 54.7°. The first figure depicts the benchmark result with no axial flow, the second includes
the effects of an imposed axial flow pressure of 4psi (27.6 kPa, 4 m/s) at the top and suction
equivalent to 6 m/s at the bottom of the model, while the third includes the effects of an imposed
axial flow pressure of 14 psi (96.6 kPa) at the top of the model. The only noticeable difference
between the three results is a low frequency peak for ring 2 when the lower level of axial flow is
induced. This peak diminishes with the higher axial flow. The remainder of the rings are unaffected.
Consequently, the addition of the axial flow in this case appears to result in a localized effect and

would indicate that rings 3 to 5 are not significantly affected by boundary conditions.

Ring #2 Ring #3
25 2.5
2 2
15 15
[¢]
2 1 1
o
05 05 ﬂ M
0 0 ,
0 50 100 0 50 100
Ring #4 Ring #5
25 25
2 2
¢ 15 15
5
2 1 1
o
- - UWUR‘JMM
, R .
0 50 100 0 50 100
f (Hz) f (Hz)

Figure H-1: Power spectral density of Cy, for U=29.5 m/s, R.=1.74x105;
6=54.7°, p=0°, $=54.7°, low scan rate, no artificial axial flow
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Figure H-2: Power spectral density of Cy for U=29.7 m/s, R.=1.76X105; 6=54.7°, B=0°, $=54.7°, low
scan tate, artificial axial flow added: 4 psi (4 m/s) pressure, top, and 6 m/s suction, bottom
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Figure H-3: Power spectral density of Cp for U=29.8 m/s, R.=1.76x105; 6=54.7°, 8=0°, ¢=54.7°, low
scan rate, artificial axial flow added: 14 psi pressure, top



Appendix J: Record of Aberrant Data

An irregularity is apparent in run 750_012 (6=90°, 3=0°, varying wind speeds, high scan rate) at the
second wind speed level of about 30 m/s. The mean pressure readings vary significantly over the
course of the 60 second sample time illustrated by the drag coefficient variation given in Figure J-1. A
low frequency noise was noted during testing at this wind speed, however no cause was immediately

evident and the effect did not reappear in subsequent test runs.

Test run 750_018 (6=90°, B=0°, varying wind speeds, low scan rate) presents an irregularity at the
wind speed of U=59.7 m/s, and only for ring 3. A sudden variation in the pressure readings results in
a sudden shift in the mean value of the lift and drag coefficients at approximately 10 seconds into the
120 second test run, as shown in Figure J-2. The readings for the other rings displayed no such

aberration. No reason for this shift was apparent during testing.

Test runs 750_058 (U=34.6 m/s, 6=60°, varying yaw), 750_071 (U=14.5 m/s, §=54.7°, varying yaw),
and 750_093 (U=19.7 m/s, 6=54.7°, varying yaw) present irregularities in the records for $=0.94°,
B=3°, and B=105°, respectively, and only for ring 2. In all cases the pressure values deviate suddenly
and significantly over a short period, as shown in Figure J-3 (750_058), Figure J-4 (750_071), and

Figure J-5 (750_093). No apparent reason for this variation was evident during testing.

Lastly, test run 750_105 (U=49.7 m/s, 6=54.7°, varying yaw) presents an irregularity in the record for
a yaw of B=105° for both ring 1 and ring 2. (Note that data for ring 1 has been largely ignored for all
cases in which the model is inclined; this matter is discussed later in Section 5.3.4.) The pressure
values deviate suddenly at several places throughout the 120 second runtime, having a similar effect
on the aerodynamic coefficients as was seen in run 750_018. The resulting variation in drag
coefficient with time is presented in Figure J-6. Again, no reason for this shift was apparent during

testing.
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Appendix K: Spectral Analysis of Lift
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Figure K-1: Power spectral density of C. for R.=3.53%105;
6=54.7°, B=30.0°, $=60°, low scan rate
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Figure K-2: Power spectral density of Cp, for R.=3.55x105;
6=54.7°, =30.0°, $=60°, high scan rate

Ring #2
1 . -
0.81 i
0.6¢
0.4t
0.2 4
0
0 100 200 300 400
f (Hz)
Ring #2
0.5

Ring #4

0.5

0.4

0.3

0 50 100 160 200
f(Hz)

0.5

0.5

0.4

0.3

0.2

Ring #3

50 100 150 200
f (Hz)

Figure K-3: Power spectral density of Cp for R.=3.53%105;
0=54.7°, $=0.0°, $=54.7°, low scan rate
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Figutre K-4(a): Variation of coherence function of Cy for rings 2 and 5;

R.=3.53%10%, 6=54.7°, low scan rate
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Figure K-4(b): Variation of coherence function of Cy. for rings 2 and 5;
R.=3.53%105, 6=54.7°, low scan tate
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Figure K-4(c): Variation of coherence function of Cy for rings 2 and 5;

R.=3.53%105, 6=54.7°, low scan rate
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Figure K-5(a): Variation of coherence function of Cy for rings 2 and 4;
R.=3.53x105, 6=54.7°, low scan tate
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Figure K-5(b): Variation of coherence function of Cy. for rings 2 and 4;
R.=3.53%105, 6=54.7°, low scan rate

135



Coherence Function Estimate Coherence Function Estimate

Coherence Function Estimate

0.8

0.6

0.4

0.2

0.8

1
p=45.0°
0.8 =65.9°1
0.6
0.4
0.2 .
0
0 100 200
f(Hz)

B=30.7° B=31.0° p=32.0°

¢=60.2°1 0.8 ¢=60.3°1 0.8 ¢=60.6°
0.6 0.6}
0.4 0.4
0.2 w%m 0.2
0 0

0 100 200 0 100 200 0 100 200

1 1

B=33.0° B=35.0° p=40.0°

$=61.0°1 0.8 +=617°] 08 ¢=83.7°1

0.8

0.6

0.4

0.2

0

100
f (Hz)

200

B=74.9°

0.8 ¢=81.4°1
0.6
0.4

0.2 i

o i ot

0 100 200
f (Hz)

Figure K-5(c): Variation of coherence function of Cy. for rings 2 and 4;
R.=3.53%105, 6=54.7°, low scan rate
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Figure K-6(a): Variation of coherence function of C for rings 2 and 3;
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Figute K-6(b): Variation of coherence function of Cy for rings 2 and 3;
R.=3.53%105, 6=54.7°, low scan rate
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Figure K-6(c): Variation of coherence function of Cy, for rings 2 and 3;

R.=3.53x105, 6=54.7°, low scan tate
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Figure K-7(a): Variation of coherence function of Cy. for rings 3 and 5;
R.=3.53X%10%, 6=54.7°, low scan rate
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Figure K-7(c): Variation of coherence function of C.. for rings 3 and 5;

R.=3.53%105, 6=54.7°, low scan rate
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Figure K-8(a): Variation of coherence function of Cy, for rings 3 and 4;
R.=3.53%x105, 0=54.7°, low scan rate
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Figure K-8(c): Variation of coherence function of Cy. for rings 3 and 4;
R.=3.53x105, 6=54.7°, low scan rate
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Figure K-9(a): Variation of coherence function of Cy for rings 4 and 5;

R.=3.53%105, 6=54.7°, low scan rate
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Figure K-9(b): Variation of coherence function of Cy for rings 4 and 5;
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Figure K-9(c): Variation of coherence function of Cy for rings 4 and 5;
R.=3.53%105, 6=54.7°, low scan rate
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Figure K-10: Variation of coherence function of Cy for R.=2.95%105;
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Figure K-11: Variation of coherence function of Cr. for R.=3.25X%105;
6=54.7°, =30.0°, $=60°, low scan rate
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Figure K-12: Variation of coherence function of Cr for R.=3.53%105;
6=54.7°, 8=30.0°, $=60°, low scan rate
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Figure K-13: Variation of coherence function of Cy. for R.=3.55%105;
6=54.7°, =30.0°, $=60°, low scan rate

150



Rings 2 & 5 (7D) Rings 2 & 4 (6D) Rings 2 & 3 (4D)

0.8 0.8 0.8

Coherence Function Estimate

200

Coherence Function Estimate

0 Rl
0 100 200
f (Hz)
Figure K-14: Variation of coherence function of Ci for R.=3.62x105%;
6=54.7°, =30.0°, $=60°, low scan rate

Rings 2 & 5 (7D) Rings 2 & 4 (6D) Rings 2 & 3 (4D)
1 1 1
0.8 1 o8 { 08
0.6 Y 0.6

Coherence Function Estimate

Rings 3 & 5 (3D) Rings 3 & 4 (2D)
1

0.8

0.6

0.4

MLRLE L
0 100
f (Hz)

Coherence Function Estimate

0 i
0 100 200

Figure K-15: Variation of coherence function of Cy, for R.=3.74%105;
6=54.7°, $=30.0°, $=60°, low scan rate
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Figure K-16: Variation of coherence function of Cy. for R.=4.0x105;
0=54.7°, $=30.0°, $=60°, low scan rate



Appendix L: Wind Tunnel Model Natural Frequency Records

In the following figures:
Tare represents the record of the ambient conditions.
Strong Asxis and Weak Axis refer to the (initially) along-wind and across-wind directions,
respectively, in which the model was caused to vibrate.
Lower Mode and Higher Mode refer to the manner in which the model was struck so as to

attempt to excite the fundamental vibration mode and higher vibration modes,

respectively.
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Figure L-1: Model vertical: A) Tare; B) Strong Axis Lower Mode; C) Strong Axis Higher Mode
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Figure L-2: Model vertical: A) Tare; B) Weak Axis Lower Mode; C) Weak Axis Higher Mode
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Appendix M: MATLAB Programs

function pressure
%
%created by Cory Zurell
%November 2002 —
%
%This program performs the following functions:
%1. Calcuiates the resuitant forces, lift and drag, for each ring of pressure taps of the cable model.
%2. calculates the lift and drag coefficients for use in the evaluation of the Den Hartog criterion for aerodynamic instability.
%
%Required Input:
% A -frame list - 192x3, each row holds module#/porté#/tap#
% | -tap position list - 192x1, each row represents a tap# - row 1=3
% indicates that tap 1 information is located in row 3 of "pressureData"
% Re -1x1, holds the Reynolds Number for the run
% U -1x1, holds the windspeed for the run - "19.597" [m/s]
% fname 1x11, characters, holds file name
% frameFILE 1x12, characters, holds frame list file name
% hBeta 1x1, yaw angle for the run - "14.98" [degrees]
% pressureData 192x48098, holds time history pressure data for each tap
% each row represents one tap, the order of taps is given
% in array "I" - values are in [psi]
% q 1x1, mean dynamic pressure of the free stream
% static pressure of the air flow - "1.4807" [kPa]
% spRate 1x1, sampling rate - "400.64" [Hz]
% spTime 1x1, sampling duration - "120.13" [s]
% valpha 1x1, vertical inclination angle - "54.7" [degrees]
% z_off 1x1, tunnel pressure, static offset - "0.081594" [kPa]
%
% The above info is contained in *.mat files labelled as foliows:
% 2 digits - vertical inclination angle (90, 60, 55(54.7))
% 5 digits - horizontal yaw angle (00025=0.25deg, 00100=1.00deg)
% 3 digits - wind velocity (100=10.0m/s, 525=52.5m/s)
% 1 digit - sampling rate (h - 1200 Hz (64 taps), m- 400 Hz (192 taps))
% 2 digits - running sequence (01 - run 1)
% 2 letters- type of file (rd - raw data, cd - corrected data, rs - raw
% data summary, cs - corrected data summary)
% Example: 90_00000_896_m_01_cd.mat
%
%
OA’***Y*
load directory.mat;
k=size(directory);
for j=1:1:k(1);
load directory.mat;
cd({directory(j,:)]);
file=strcat(files',directory(j,18:20),".mat');

%*****

%
%*****
load(file); %contains a list of the file names in each directory
m=size(files);
for i=1:1:m(1);
z=files(i,:);
load(z);
pressureData=double(pressureData(l,:)); %convert to double precision and
%data in order of taps given by matrix |
if (frameFile(6)=="1");
pressureData=pressureData(1:160,:); %ftruncates the array of the data
% taps corresponding to the longitudinal lines are not needed at this time
end
%
pressureData=pressureData*6894.4; %converts "pressureData" to Pa from psi
hBeta=hBeta*pi/180; %converts units from degrees to radians for calculations
vAlpha=vAipha*pi/180;
phi=acos(cos(vAipha)*cos(hBeta)); %relative angle between wind and cabie
if hBeta>pi/2; %This corrects phi for yaw angles greater than 90



phi=pi-phi;
end;
gamma=atan(tan(hBeta)/sin(vAlpha)); %relative angle between wind direction and benchmark tap
if hBeta>pi/2;
if gamma<0; %This line corrects gamma for yaw angles greater than 90 degrees
gamma=pi+gamma;
end;
end;
g=q*1000; %convert to Pa
z_off=z_off*1000;
%
% Correction for damaged taps and set calculation variables
if (frameFile(6)=="1");%low scan case, frameFile is of the form wi750192.frm
pressureData(64,:)=mean(pressureData([33 63],:));
pressureData(142,:)=mean(pressureData([141 143],:));
x=1;
y=5;
n=1;
end;
if (frameFile(6)=="'_");%high scan case, frameFile is of the form wi750_64.frm
pressureData(32,:)=mean(pressureData([1 311,));
X=2;
y=4;
n=2;
end;
% The mean values of pressure are required for each tap to calculate the
% lift and drag forces
meanpress=(-1)*mean(pressureData,2); % Column vector "meanpress" contains
%the mean values of each tap
%
load coords.mat; %coordinates of tap locations
% Calculation of the drag and lift forces and coefficients for each ring.
for ring=x:n:y;
base=32*((ring/n)-1);
drag(ring)=sum(meanpress(base+1:base+32).*coords(:,3).*(cos(coords(:,2})).*cos(gamma)...
+sin{coords(:,2)).*sin{gamma)));
lift(ring)=(-1)*sum(meanpress(base+1:base+32).*coords(:,3).*(sin(coords(:,2)). “cos(gammay)...
-cos(coords(:,2)).*sin{gamma)));
Cd(ring)=drag(ring)/(q*0.0889);
Cl(ring)=lift(ring)/(q*0.0889);
end;
%
output(i,:)=[U,Re,phi,gamma,vAlpha,hBeta,Cd,Cl];
end;
if (frameFile(6)=="_"); %condenses output data
output(;,7)=output(:,8);
output(:,8)=output(:,10);
output(:,9)=output(:,12);
output(:,10)=output(:,14);
output=output(:,1:10);
end;
filename=strcat(z(1:2),'_summary_file(6:8), mat');
save(filename,'output’);
clear;
end;
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function reynolds

%This function plots the lift and drag coefficients, Cn and Cl, against the
%windspeed and Reynolds number.

%

%Required input is files of the form **_summary_***.mat produced using “pressure”
%

file=input('Enter the summary "**_summary_***.mat" filename corresponding \n to the data in this directory:','s")

load(file);

figure;

style={-dk';'-+k';'-ok';'-*k";"-xk'];
titleline=strcat("\bfC_N versus windspeed');
xlabeltag='"Wind speed, U(m/s)’;
m=size(output);

%

subplot(1,2,1); %plots Cd versus U
if m(2)==10;
plot(output(:,1),output(:,7),style(2,:),output(:,1),output(;,8),style(4,:));
legend('Ring 2','Ring 4',4);
end;
if m(2)==16;
%  plot(output(:,1),output(:,7),style(1,:),output(:,1),output(:,8),style(2,:),...
% output(:,1),output(:,9),style(3,:),output(;,1),output(:,10),style(s,:),...
% output(:,1),output(:,11),style(5,));
% legend('Ring 1',Ring 2','Ring 3','Ring 4','Ring 5',4);
plot(output(:,1),output(;,8),style(2,:),...
output(:,1),output(;,9),style(3,:),output(;,1),output(:,10),style(4,:),...
output(:,1),output(:,11),style(5,:));
legend('Ring 2','Ring 3','Ring 4','Ring 5',4);
end;
axis([10 100 -1.5 1.5));
ax=[10 100 -1.5 1.5]; %limits to set secondary axis - same as 'axis' above
xlabel(xlabeltag);
ylabel('Mean C_N";
title(titieline);
grid on;
%This section adds the secondary x-axis with Reynolds Number
pos=get(gca,'position’);
shift=[0 .11 0 -.11];
pos= pos + shift;
set(gca,'position’,pos);
axes('position’, [pos(1:3)-(shift(1:3)) 0.01]);
low=ax(1)*output(1,2)/output(1,1)/1000;
high=ax(2)*output(m(1),2)/output(m(1),1)/1000;
set(gca, XLim',[low high]);
xlabel('Reynolds Number (x1000)";
%
subplot(1,2,2); %plots Cl versus U
%
if m(2)==10;
plot{output(:,1),output(:,9),style(2,:),output(:,1),output(:,10),style(4,)));
end;
if m(2)==16;
%  plot(output(:,1),output(:,12),style(1,:),output(:,1),output(:,13),style(2,:),...
% output(:,1),output(:,14),style(3,:),output(:,1),output(:,15),style(4,:),...
% output(:,1),output(:,16),style(5,:));
plot(output(:,1),output(:,13),style(2,:),...
output(:,1),output(:,14),style(3,:),output(:,1),output(:,15),style(4.:),...
output(:,1),output(:,16),style(5,:));
end
axis([10 100 -1.5 1.5));
ax=[10 100 -1.5 1.5]; %This value has to be the same as 'axis' above
xlabel(xlabeltag);
ylabel(Mean C_L");
title("\bfC_L versus windspeed');
grid on;
%
%This section adds the secondary x-axis with Reynoids Number
pos=get(gca,'position');
shift=[0 .11 0 -.11];
pos= pos + shift;
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set(gca,'position’,pos);

axes('position’, [pos(1:3)-(shift(1:3)) 0.01]);
low=ax(1)*output(1,2)/output(1,1)/1000;
high=ax(2)*output(m(1),2)/output(m(1),1)/1000;
set(gca,'XLim',[low high));

xlabel('Reynolds Number (x1000)");

%

% This section adds run information to the bottom of the figure
h = axes('Position',{0 0 1 1},'Visible','off);
set(gcf,'CurrentAxes' h);
str={strcat("\bftheta="file(1:2),"\circ incline, \beta=' num2str{output(1,6)*180/pi,'%2.0f),\circ yaw')};
text(0.4,0.025,str,'Fontsize’,10);
set(gcf,'Color',[1,1,1]);



function denhartogplot
%This function plots the drag coefficient, Cd, the lift coefficient, Cl, the
%slope of the lift coefficient, dCl/d(gamma), and the sum of the drag coeff.
%plus the slope of the lift coeff. against the wind angle of attack
%The slope of the lift coefficient ,dCl/d(gamma), is calculated based
%on the average of the slopes taken on either side of the angle of
%interest. e.g. the slope at an angle of 30 will be based on the average of
%the slopes taken from 29.75 to 30 and from 30 to 30.25.
%
file=input('Enter the summary "™*_summary_***.mat" filename corresponding \n to the data in this directory:''s")
load(file);
figure;
style=[" k';'-+k';"-ok";'-*k";"-xk'];
titleline=strcat("\bfC_N versus \gamma');
xlabeltag='"Angle of attack, \gamma (\circ)",
m=size(output);
axis1=[-1 120 -1 1.5];
axis2=[-1 120 -5 5];
if m(2)==10;
%Plot of drag coefficient versus angle of attack
subplot(2,2,1);
plot(output(:,4)*180/pi,output(:,7),style(2,:),output(:,4)*180/pi,output(:,8),style(4,));
legend('Ring 2','Ring 4',4);
axis(axis1);
xtabel(xlabeltag);
ylabel('C_N);
title(titieline);
grid on;
%Plot of lift coefficient versus angle of attack
subplot(2,2,2);
plot(output(:,4)*180/pi,output(:,9),style(2,:),output(;,4)*180/pi,output(:, 10),style(4,:));
axis(axis1);
xlabel(xlabeltag);
ylabel('C_L");
title("\bfC_L versus \gamma');
grid on;
% Calculate the slope of the lift coefficient at each angle of attack
for i=2:1:m(1)-1;
slopeCL(i, 1)=output(i,4)*180/pi;
slopeCL(i,2)=(((output(i,9)-output(i-1,9))/(output(i,4)-output(i-1,4)))+...
((output(i+1,9)-output(i,9))/(output(i+1,4)-output(i,4))))/2;
slopeCL(i,3)=(((output(i,10)-output(i-1,10))/(output(i,4)-output(i-1,4)))+...
((output(i+1,10)-output(i,10))/(output(i+1,4)-output(i,4))))/2;
slopeCL(i,4)=output(i,7)+slopeCL(i,2);%Cd+dCL/dg
slopeCL(i,5)=output(i,8)+slopeCL(i,3);
end;
slopeCL(1:m(1)-2,:)=slopeCL(2:m(1)-1,:);
%Plot of the slope of the lift coefficient versus angle of attack
subplot(2,2,3);
plot(slopeCL(:,1),slopeCL(:,2),style(2,:),slopeCL(:,1),slopeCL(:,3),style(4,));
axis(axis2);
xlabel(xlabeltag);
ylabel('dC_L/d\gamma');
title("\bfSlope of C_L versus \gamma'),
grid on;
%Plot of Den Hartog criterion
subplot(2,2,4);
plot(slopeCL(:,1),slopeCL(:,4),styie(2,:),slopeCL(;,1),slopeCL(:,5),style(4,));
end;
if m(2)==16;
subplot(2,2,1);
plot(output(;,4)*180/pi,output(:,8),style(2,:),output(:,4)*180/pi,output(:,9),style(3,),...
output(:,4)*180/pi,output(:,10),style(4,:),output(:,4)*180/pi,output(:,11),style(5,:));
legend('Ring 2','Ring 3','Ring 4','Ring 5',4);
axis(axis1);
xlabel(xlabeltag);
ylabel('C_N');
title(titleline);
grid on;
subplot(2,2,2);
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plot(output(:,4)*180/pi,output(;, 13),style(2,:),output(:,4)*180/pi,output(;, 14),style(3,)....
output(:,4)*180/pi,output(:,15),style(4,:),output(:,4)*180/pi,output(:,16),style(5,:));
axis(axis1);
xlabel(xlabeltag);
ylabel('C_L");
title("\bfC_L versus \gamma');
grid on;
for i=2:1:m(1)-1;
slopeCL(i,1)=output(i,4)*180/pi;
slopeCL(i,2)=({(output(i,12)-output(i-1,12))/(output(i,4)-output(i-1,4)))+...
((output(i+1,12)-output(i,12))/(output(i+1,4)-output(i,4))))/2;
slopeCL(i,3)=(((output(i,13)-output(i-1,13))/(output(i,4)-output(i-1,4)))+...
((output(i+1,13)-output(i, 13))/(output(i+1,4)-output(i,4))))/2;
slopeCL(i,4)=(((output(i,14)-output(i-1,14))/(output(i,4)-output(i-1,4)))+...
((output(i+1,14)-output(i, 14))/(output(i+1,4)-output(i,4))))/2;
slopeCL(i,5)=(((output(i,15)-ocutput(i-1,15))/(output(i,4)-output(i-1,4)))+...
((output(i+1,15)-output(i, 15))/(output(i+1,4)-output(i,4))))/2;
slopeCL(i,6)=(((output(i,16)-output(i-1,16))/(output(i,4)-output(i-1,4)))+...
((output(i+1,16)-output(i, 16))/(output(i+1,4)-output(i,4))))/2;
slopeCL(i,7)=output(i,7)*+slopeCL(i,2); % Cd+dCl/dg
slopeCL(i,8)=output(i,8)+slopeCL(i,3);
slopeCL(i,9)=outpui(i,9)+slopeCL(i,4);
slopeCL (i,10)=output(i,10)+slopeCL(i,5);
slopeCL(i,11)=output(i,11)+slopeCL(i,6);
end,
slopeCL(1:m(1)-2,:)=slopeCL(2:m(1)-1,:);
subplot(2,2,3);
plot(slopeCL(:,1),slopeCL(:,3),style(2,:),slopeCL(:,1),slopeCL(;,4),style(3,:),...
slopeCL(:,1),slopeCL(:,5),style(4,:),slopeCL(;,1),slopeCL(:,B),style(5,:));
axis(axis2);
xlabel(xlabeltag);
ylabel('dC_L/d\gamma');
title("\bfSiope of C_L versus \gamma');
grid on;
subplot(2,2,4);
plot(slopeCL(:,1),slopeCL(;,8),style(2,:),slopeCL(:,1),slopeCL(:,9),style(3,:),...
slopeCL(;,1),slopeCL(:,10),style(4,:),slopeCL(;,1),slopeCL(:,11),style(5,:));
end;
axis(axis2);
xlabel(xlabeltag);
ylabel('C_N + dC_L/d\gamma');
title(\bfC_N+dC_L/d\gamma versus \gamma');
grid on;
h = axes('Position',[0 0 1 1],'Visible','off');
set(gcf,'CurrentAxes', h);
str={strcat("\bfU=',num2str(output(1,1),'%4.1f),...
' m/s, Re=',num2str(output(1,2),'%4.2e"),", \theta="file(1:2),"\circ inclination’)};
text(0.25,0.025,str,'Fontsize', 10);
set(gcf,'Color',[1,1,1]);
figure;
if m(2)==10;
plot(siopeCL(:,1),slopeCL(:,4),style(2,:),slopeCL(:,1).slopeCL(:,5),styie(4,:));
legend('Ring 2','Ring 4',4),
end;
if m(2)==16;
plot(slopeCL(:,1),slopeCL(:,8),style(2,:),slopeCL{(:,1),slopeCL(:,9),style(3,:),...
slopeCL(:,1),slopeCL(:,10) style(4,:),slopeCL(;,1),slopeCL(:,11),style(5,));
legend('Ring 2','Ring 3','Ring 4','Ring 5',4);
end;
axis(axis2);
xlabel(xlabeltag);
ylabel('C_N + dC_L/d\gamma');
titie("\bfC_N+dC_L/d\gamma versus \gamma');
grid om;
h = axes('Position’,[0 0 1 1],'Visible''off);
set(gef,'CurrentAxes', h);
str={strcat("\bfU=' num2str(output(1,1),'%4.1f),...
'm/s, Re='",num2str(output(1,2),'%4.2¢e"),, \theta="file(1:2),"\circ inclination")};
text(0.05,0.025,str,'Fontsize',10);
set(gef,'Color',[1,1,1]);
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function pressuredistribution
%created by Cory Zurell
%April 2003
%
%The M-file performs the following functions:
%1. Calculates the mean, ,rms, max, and min pressure vaiue for each tap on the cable model.
%2. Saves these values along with wind speed info etc. into a file for further operations.
%
%Required Input: same as pressure
load directory.mat;
k=size(directory);
for j=1:1:k(1);
load directory.mat;
cd(fdirectory(j,:)]);
file=strcat(files’,directory(j,18:20),' mat'),
%****t
load(file); %contains a list of the file names in each directory
m=size(files);
%
for i=1:1:m(1);
z=files(i,:);
load(z); %each file in the directory is loaded and processed in turn
pressureData=double(pressureData(l,:));
if (frameFile(6)=="1");
pressureData=pressureData(1:160,:); %truncates the array of the data
% corresponding to the longitudinal lines of taps - not needed at this time
end
pressureData=pressureData*6894.76; %converts "pressureData" to Pa from psi
hBeta=hBeta*pi/180; %converts units from degrees to radians for calcuiations
vAlpha=vAlpha*pi/180;
phi=acos(cos(vAlpha)*cos(hBeta));
if hBeta>pi/2; %This corrects phi for yaw angles greater than 90 - phi is the
phi=pi-phi; %complementary angle to that calculated above when hBeta>90
end;
gammas=atan(tan(hBeta)/sin(vAlpha));
if hBeta>pi/2;
if gamma<0; %This line corrects gamma for yaw angles greater than
gamma=pi+gamma; %80 degrees. The comparison angle of -10 degrees

end; % is arbitrary.
end;
% The values in "g" and "z_off" are in [kPa] - convert these to [Pa]
g=g*1000;

z_off=z_off*1000;
%Correction for damaged taps
if (frameFile(6)=="1");%low scan case, frameFile is of the form wt750192.frm
pressureData(64,:)=mean(pressureData([33 63],:));
pressureData(142,:)=mean(pressureData([141 143],’));
end,
if (frameFile(6)=="_");%high scan case, frameFile is of the form wt750_64.frm
pressureData(32,:)=mean(pressureData([1 31},:));
end;
% The mean values of pressure are required for each tap to calculate the
% lift and drag forces
stats(:,2,i)=(-1)*mean(pressureData,2); %mean pressure at each tap
stats(:,3,i)=sqrt(mean(pressureData.*pressureData,2)); %rms
stats(:,4,i)=(-1)*max(pressureData,[],2); %omax
stats(:,5,i)=(-1)*min(pressureData,{],2); %min
stats(1,1,i)=[U];
stats(2,1,i)=[Re};
stats(3,1,i)=[phi];
stats(4,1,i)=[gamma];
stats(5,1,i)=[vAlpha];
stats(6,1,i)=[hBeta}];
stats(7,1,i)={ql;
stats(8,1,i)=[z_off];
end;
filename=strcat(z(1:2),'_press_' file(6:8),".mat";
save(filename,'stats");
clear;
end;
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function ESDU80025
%This function determines the pressure coefficient at each pressure tap, determines the drag coefficient for the
% model, and piots the pressure distribution around the ring based on theoretical values produced from ESDU 80025
%
file=input('Enter the summary "™*_press_***.mat" filename corresponding \n to the data in this directory:','s")
load(file);
load coords.mat;
m=size(stats);
%
angle(:,1)=pi-coords(:,2);
% Theoretical parameters for evaluation of theoretical pressure distribution
D=0.0889; %(m) diameter of model
epsilon=5.78e-7; %(m) height of surface roughness
E=epsilon/D*1000;%surface roughness to diameter ratio x10*3
1u=0.0013; %turbulence intensity - info from NRC
rLu=0.001; %(m) scale of turbulence - our tests were conducted in smooth flow
% therefore this is very small - it has been set at 1 mm arbitrarily to
% achieve ~1.4 for lambdaTcrit below as noted in ESDU 80025
prod=lu*((D/rLu)*0.2);
lambdaR=7-6%exp(-0.11*E);
v=0.000015;  %viscosity of air
lambdaTecrit=13-12*exp(-11.5*prod); %noted to be about 1.4 for a low turbulence windtunnel
Recrit=4.5e5/(lambdaTcrit*lambdaR);
ReeA=10*(5.55+0.19"exp(-0.32*(E*0.35)));
ReeB=10*(5.65+0.22%exp(-0.7*(E*0.5)));
b=4.5/(1+5*(log10(E)-0.15)"2)+4;
CM=1.04-0.47*exp(-(0.9*E+0.55*E*0.5))+0.11*(1-exp(-8e-4*E*2));
CB=1.1-0.83"exp(~(0.01*E+0.34*E*0.5));
n=0.06"exp(-0.04*E*2);
%
%The following section determines the theoretical drag force on a circular
Y%section.
%
fori=1:1:m(3);
ESDU(1:8,1,i)=stats(1:8,1,i); %copies info on windspeed, relatvie angles etc. from test data
Re=stats(1,1,i)*D./(cos(pi/2-stats(3,1,i))*v); %Re=V D/v cos(pi/2-phi) - the angle
%is taken between the wind direction and the normal to the cable axis
ESDU(9,1,i)=Re;
ratio=Re/Recrit;
R1=log10(2*ratio);
if ratio<=0.5;
lambdiff=1.28*exp(-20*((-1*R1)"2.8)); %(lambdaT-1)/(JambdaTcrit-1)
end;
if ratio>0.5;
lambdiff=1.28*exp(-1.3*(R1*1.4)-0.1*(R124));
end;
lambdaT=lambdiff*(lambdaTcrit-1)+1;
Ree=Re*lambdaT*lambdaR,;
R=log10(Ree/ReeB);
f1=1-exp(-(R + 2*b*RA2 - b*R*3)); % 1
if Ree<=ReeA,;
CD01=0.27+0.93"exp(-1.65e-7*(Ree*1e-5)*10); %CDO/(1+2¢e/D)
end;
if Ree>ReeA;
CD01=f1*(CM-CB)+CB-n*(1-exp(-0.5*R"4));
end;
CDO=CDO01*(1+2*epsilon/D); %CDO0
if Ree>3e7,;
CD01=f1*(CM-CB)+CB-n*(1-exp(-0.5*(log10(3e7/ReeB)*4)));
CD0=CDO01*(1+2*epsilon/D);
end;
ESDU(10,1,i)=CDO0;
% The following sections determines the theoretical pressure distribution
% around a circular section based on the theoretical drag calculated above.
Cpb=0.0796*(1.3-(CD0)*0.8)*10 - 0.818*CDO - 0.098;
¢c=(1.3+Cpb)"3;
k=(Ree-ReeA)/(ReeB-ReeA);
if Ree<=ReeA;
k=0;
end;



if Ree>=ReeB;
k=1;
end;
thetab=145.4 + 42.4*Cpb - 7.8*Cpb*2 + k/(0.076+0.939*(c*2+c));
thetam=90-23*exp(-0.363*(0.01*thetab)"5);
dtheta=thetab-thetam,
dCp=4*(1.013-exp(-6e-6*dtheta’3)) - 1/(4.7+0.028*(abs(dtheta-28))"3);
Cpm=Cpb-dCp;
thetab=thetab*pi/180; %converts to radians for calcuiations
thetam=thetam™pi/180;
dtheta=dtheta*pi/180;
for j=1:1:32;
if abs(angle(j,1))<=thetam;
ESDU(j,2,))=1-(1-Cpm)*(sin((angle(j,1)/thetam)*pi/2))*2;
end;
if abs(angle(j, 1))>thetam;
ESDU(j,2,i)=Cpb-(Cpb-Cpm)*(cos(({abs(angle(j,1))-thetam)/dtheta)*pi/2))*2;
end;
if abs(angle(j, 1))>=thetab;
ESDU(j,2,i)=Cpb;
end;
end;
end;
%
%
%
style=["- 2k';- +k';"- ok";- *K';"- xK';'-- 1'];
if (m(1)==160);%low scan case, 5 rings
x=1;
y=5;
n=1;
end;
if (m(1)==64);%high scan case, 2 rings
X=2;
y=4,
n=2;
end;
fori=1:1:m(3);
Cp(:,1.h)=(stats(:,2,i)+stats(8,1,i))/(stats(7,1,i)); %Cp=(p-p0)/1/2rhoV*2
%z_off has been added in the above command since cazpressdist switches
%the signs of pressure and suction
for ring=x:n:y;
base=32*((ring/n)-1);

drag(ring,i)=sum(stats(base+1:base+32,2,i).*coords(:,3).*(cos(coords(:,2)). *cos(stats(4,1,i))...

+sin(coords(:,2)).*sin(stats(4,1,i))));

lift(ring,i)=(-1)*sum(stats(base+1:base+32,2,i). “coords(:,3).*(sin{coords(:,2)).*cos(stats(4,1,i))...

-cos(coords(:,2)).*sin(stats(4,1,i)))); %the -1 at the beginning makes lift in the negative
%y direction which in this case is the lift
Cn(ring,1,i)=drag(ring,i)/(stats(7,1,))*0.0889); % /((sin(stats(3,1,i)))"2);
Cl(ring,1,i)=lift(ring,i)/(stats(7,1,i)*0.0889); % /((sin(stats(3,1,))))*2);
Cp(1:32,ring,i)=Cp(base+1:base+32,1,i);
infor(1:8,1,i)=stats(1:8,1,i); %array containing wind speed, Re, angles, etc.
end;
end;
if n==2; %consolidates data if only 2 rings
Cp(:,1,:=Cp(:,2,2);
Cp(:,2,))=Cp(:.4,2);
Cp=Cp(1:32,1:2,2);
Cn(1,:,)=Cn(2,:,2);
Cn(2,:,:)=Cn(4,.,2);
Cn=Cn(1:2,;,);
Cl(1,:,1)=Ci2,:,:);
Cl(2,:,))=Ck4,:,2);
CI=ClI(1:2,:,2);
end;
Cp=Cp(1:32,:,:); %gets rid of extra zeros in column 1
Cpp=-1*Cp; %makes pressure positive and suction negative
Cpp(33,:,:)=-1*Cp(1,:,3);
coordsp=coords;
coordsp(33,2)=2"pi;
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%
% plot pressure distribution around the ring
filename=strcat(file(1:2),'_CpCnCl_' file(10:12)," mat’);
save(filename,'infor','Cn’,'CI','Cp','ESDU');
%
ESDU(33,2,:)=ESDU(1,2,:);
%
theta=coordsp(:,2);
circ(1:33,1)=5;
[x yl=pol2cart({theta,circ); %produces coordinates for a circle of radius 5
% plotted on the pressure distribution figures, this circle is the pipe section
%
%The following section piots the pressure distribution for ESDU and either
%only one ring specified by 'ring' or an average of the rings
Y%figure;
%
for i=1:1:m(3);
figure;
rho1=5-ESDU(;,2,i);
%*****These lines result in the plot of only one ring******
%
ring=2; %this is the ring number to be plotted
rho=5-Cpp(:,ring,i);
str2={strcat('C_N=',num2str(Cn(ring,1,i),'%4.1f))}
str3={strcat('C_L=",num2str(Cl(ring,1,i),'%4.1))};
%
%******
%
%
%*****These lines result in the plot of the mean pressure of all rings
Y%together >
% for j=1:1:5;
% rho(:,j}=5-Cpp(.j.i);
% end;
% rho=mean(rho,2);
% str2={strcat('C_N=',num2str(mean(Cn(;,1,i)),'%4.2f))},
% str3={strcat('C_L=",num2str(mean(CI(;,1,i)),'%4.2))};
%******
%
[X Yi=pol2cart(theta,rho1);
[X1 Y1J=pol2cart(theta,rho);
% subplot(3,4,i);
plot(x,y,'- k' X1,Y1,'-k'X)Y,- r;
axis([-5.5 5.5 -8 8.5});

axis equal;
axis off;
%  str={strcat(\bfU=',num2str(infor(1,1,i),'%4.1f),' m/s, Re=",num2str(infor(2,1,i),'%4.2¢",...
% ', \theta="file(1:2),"\circ inclination',’ \gamma=',num2str(infor(4,1,i)*180/pi,'%4.2f),"circ")},

% title(str);
strU={strcat(U=",num2str(infor(1,1,i),'%4.1f),' m/s"}};
strR={strcat('Re=' num2str(infor(2,1,i),'%3.0f))};
str1={Flow’},
text(0,0.5,str1);
text(-2,-2,str2);
text(-2,-3.25,str3);
text(-2,3,strU);
text(-2,2,strR);
hold on;

XX(1,:)=x};

YY(1,)=y,

XX(2,:)=X1";

YY(2,)=Y1,
line(XX,YY,'Color','k','LineStyle',"");
hold on;

compass(2,0,'k");

%
h = axes('Position’,[J0 0 1 1],'Visible','off');
set(gcf,'CurrentAxes’,h);
set(gcf,'Color',[1 1 1));

end;
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function plotphi
%This function piots the drag coefficient, Cd, the lift coefficient, Ci, the against the relative angle between the wind
%direction and the cable axis to investigate the relationship between the lift and drag coefficient behaviour and
% the relative angle. it also plots Cd and Ci against U for a range of varying angles
%
file=input(Enter the summary "files_**_***.mat" filename corresponding \n to the data in this directory:','s")
load(file);
m=size(files);
for i=1:1:m(1);
z=files(i,:);
load(z);
n=size(output);
% n(1) is the number of attack angles, n(2) determines whether there is
% data for 2 or 5 rings
for j=1:1:n(1);
totaloutput(j,:,i)=output(j,:);
end;
end;
filename=strcat(file(7:8),"_totatoutput_" file(10:12),"mat');
save(filename, 'totaloutput);
% totaloutput(i,:,:} is the angle of attack, totaloutput(.,j,:), is the
% info for each angle of attack (U, Re, phi, Cd, C}, etc.) and
% totaloutput(:,; k) is the wind speed
m=size(totaloutput);
for i=1:1:m(1);
for k=1:1:m(3);
if m(2)==10;
totaloutput(i,7 k)=mean(totaloutput(i,7:8,k)); % takes average of lift and drag coeff of rings 2 and 4
totaloutput(i,8,k)=mean(totaloutput(i,9:10,k));
end;
if m(2)==16;
totaloutput(i,7.k)=mean(totaloutput(i,8: 11,k)); %takes average of lift and drag coeff of rings 2to 5
totaloutput(i,8,k)=mean(totaloutput(i,13:16.k));
end;
end;
end;
%
figure;
style=["-"k';-+K';-ok";'-*k";'-xk';"-dk'; -sk';'-vk';'-<k';"->k'];
titleline=strcat("\bfC_N versus relative angle, \phi');
xlabeltag='Relative angle, \phi (\circ)';
%
led1=strcat('Re=',num2str(totaloutput(1,2,2),'%6.0f));
led2=num2str(totaloutput(1,2,m(3)-4),'%6.0f);
led3=num2str(totaloutput(1,2,m(3)-3),'%6.0f);
led4=num2str(totaloutput(1,2,m(3)-2),'%86.0f),
led5=num2str(totaloutput(1,2,m(3)-1),'%6.0f);
led6=num2str(totaloutput(1,2,m(3)),'%6.0f);
%
axis1=[50 91 -1.5 1.5];
axis2=[-1 120 -5 5};
if m(2)==10; %Plot of drag coefficient versus relative angle, phi
totaloutput=totaloutput(1:m(1)-1,:,);
if file(7:8)=="60';
totaloutput=totaloutput(1:m(1)-2,:,:);
end;
end;
if m(2)==186;
totaloutput=totaloutput(1:m(1)-2,:,:); %eliminates the values at yaw angles past 90
end,
subplot(1,2,1);
plot(totaloutput(:,3,2)*180/pi,totaloutput(;,7,2),style(1,:),totaloutput(:,3,m(3)-4)*180/pi,...
totaloutput(:,7,m(3)-4),style(2,:) totaloutput(:,3,m(3)-3)*180/pi totaloutput(:,7,m(3)-3),style(3,:),...
totaloutput(:,3,m(3)-2)*180/pi,totaloutput(;,7.m(3)-2),style(4,:),totaloutput(:,3,m(3)-1)*180/pi,...
totaloutput(:,7,m(3)-1),style(5,:),totaloutput(:,3,m(3))*180/pi totaloutput(:,7,m(3)),style(6,:));
legend(led1,led2,led3,ied4,led5,led6,4);
axis(axis1);
xlabel(xlabeltag);
ylabel('Mean C_N";
title(titleline);



grid on;
subplot(1,2,2);
plot(totaloutput(:,3,2)*180/pi,totaloutput(;,8,2),style(1,:),totaloutput(:,3,m(3)-4)*180/pi, ..

totaloutput(;,8, m(3)-4),style(2,:),totaloutput(:,3,m(3)-3)*180/pi,totaloutput(:,8,m(3)-3),style(3,:),...
totaloutput(:,3,m(3)-2)*180/pi,totaloutput(:,8,m(3)-2),style(4,:),totaloutput(:,3,m(3)-1)*180/pi,...

totaloutput(;,8, m(3)-1),style(5,:),totaloutput(;,3,m(3))*180/pi,totaloutput(:,8,m(3}),styie(6,:));
axis(axis1);
xlabel(xlabeltag);
ylabel('Mean C_L);
title(\bfC_L versus relative angle, \phi');
grid on;
%
h = axes('Position',[0 0 1 1],'Visible','off');
set(gcf,'CurrentAxes',h);
str={strcat("theta=" file(7:8),"\circ inclination")};
text(0.45,0.025,str,'Fontsize',10);
set(gef,'Color' ,{1,1,1]); %sets background colour to white
%
%plot drag versus U/Re for various angles
m=size(totaloutput);
for i=1:1:m(1);
total(:,:,i)=squeeze(totaloutput(i,:,:));
end;
m=size(total);
%
figure;
subplot(1,2,1);

plot(total(1,:,1),total(7,:,1),style(1,:),total(1,:,6),total(7,:,6),style(2,:),total(1,:,8),total(7,:,8),style(3,:),...

total(1,:,m(3)-4) total(7,:,m(3)-4),style(5,:),total(1,:,m(3)-2),total(7,:, m(3)-2),style(s,:),...
total(1,:,m(3)-1),total(7,:,m(3)-1),style(7,:),total(1,:,m(3)) total(7,:,m(3)),style(8..));
ang1=strcat("\phi=',num2str(total(3,1,1)*180/pi,'%4.1f),\circ");
ang2=numZ2str(total(3,1,6)"180/pi,'%4.1f);
ang3=num2str(total(3,1,8)*180/pi,'%4.1f);
ang5=num2str(total(3,1,m(3)-4,1)*180/pi,' %4.1f),
ang6=num2str(total(3,1,m(3)-2)*180/pi,'%4.1f);
ang7=num2str(total(3,1,m(3)-1)*180/pi,'%4.1f");
ang8=num2str(total(3,1,m(3))*180/pi,'%4.1f);
legend(ang1,ang2,ang3,ang5,ang6,ang7,ang8 4);
axis([10 100 -1.5 1.5]);
ax=[10 100 -1.5 1.5]; %This value has to be the same as 'axis' above
xlabel('Wind speed U(m/s)"); :
ylabel('Mean C_N");
title("\bfMean C_N versus windspeed for varying angles');
grid on;
%This part adds the secondary x-axis with Reynolds Number
pos=get(gca,'position’);
shift=[0 .11 0 -.11];
pos= pos + shift;
set(gca, 'position’,pos);
axes('position’, [pos(1:3)-(shift(1:3)) 0.01]);
low=ax(1)*total(2,1,1)/total(1,1,1)/1000;
high=ax(2)*total(2,m(2), 1)/total(1,m(2),1)/1000;
set(gca,"XLim',[low high]);
xlabel('Reynolds Number (x1000)");
%
subplot(1,2,2);

plot(total(1,:,1),totai(8,:,1),style(1,:),total(1,:,6),total(8,:,6), style(2,:),total(1,:,8),total(8,:,8),style(3,:),...

total(1,:,m(3)-4) total(8,:, m(3)-4),style(5,:),total(1,:, m(3)-2),total(8,:,m(3)-2),style(s,),...
total(1,:,m(3)-1),total(8,:,m(3)-1),style(7,:),total(1,:,m(3)),total(8,:,;m(3)),style(8,:));
axis([10 100 -1.5 1.5]),
ax=[10 100 -1.5 1.5]; %This value has to be the same as 'axis' above
xlabel('Wind speed U(m/s)");
ylabel('Mean C_L";
title("\bfMean C_L versus windspeed for varying angies’);
grid on;
%This part adds the secondary x-axis with Reynolds Number
pos=get(gca,'position’);
shift=[0 .11 0 -.11];
pos= pos + shift;
set(gca,'position’,pos);
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axes(‘position’, [pos(1:3)-(shift(1:3)) 0.01});
low=ax(1)*total(2,1,1)/total(1,1,1)/1000;
high=ax(2)*total(2,m(2),1)/total(1,m(2),1)/1000;
set(gea, XLim',{low high});
xlabel('Reynolds Number (x1000)");
%
h = axes('Position',[0 0 1 1],'Visible','off");
set(gcf,'CurrentAxes’,h);
str={strcat("\theta="file(7:8),"circ inclination’)};
text(0.45,0.025,str,'Fontsize',10);
set(gcf,'Color',[1,1,1]); %sets background colour to white
%
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function PSDprep
%created by Cory Zurell
%March 2003
%
%The M-file performs the following functions:
%1. Organizes the pressure data and corrects for faulty taps.
%?2. Condenses the data into files on which to perform an analysis of the power spectral density.
%
%Regquired Input: same as pressure
%
load directory.mat;
k=size(directory);
for j=1:1:k(1);
load directory.mat;
cd([directory(j,:)1);
file=strcat('files',directory(j,18:20),".mat');
%
%file=input('Enter the full "files***.mat" filename corresponding \n to the data in this directory:''s")
load(file); %contains a list of the file names in each directory
m=size(files);
fori=1:1:m(1);
z=files(i,’);
load(z); %each file in the directory is loaded and processed in turn
% The following action accomplishes two functions: "pressureData" is a
% single array which must be converted into a double array, and the
% rows in "pressureData" must be arranged into ascending tap order from 1
% to 192 (or 1 to 64 in the case of the highscan runs)
pressureData=double(pressureData(l,:));
%
if (frameFile(6)=="1");
pressureData=pressureData(1:160,:); %truncates the array of the data
% corresponding to the longitudinal fines of taps - not needed at this time
end;
%
pressureData=pressureData*6894.4*(-1); %converts "pressureData" to Pa from psi
%and makes suction positive such that drag in the along wind direction
%will be positive
hBeta=hBeta*pi/180; %converts units from degrees to radians for calculations
vAlpha=vAipha*pi/180;
phi=acos(cos(vAlpha)*cos(hBeta));
if hBeta>pi/2; %This corrects phi for yaw angles greater than 90 - phi is the
phi=pi-phi; %complementary angle to that calculated above when hBeta>90
end;
gamma=atan(tan(hBeta)/sin(vAlphay});
if hBeta>pi/2;
if gamma<0; %This line corrects gamma for yaw angles greater than
gamma=pi+gamma; %90 degrees. The comparison angle of -10 degrees

end; % is arbitrary.
end;
% The values in "q" and "z_off" are in [kPa] - convert these to [Pa]
g=q*1000;

z_off=z_off*1000;
%
%corrects faulty taps and sets program parameters
if (frameFile(6)=="1");%low scan case, frameFile is of the form wt750192.frm
pressureData(64,:)=mean(pressureData([33 63],:));
pressureData(142,:)=mean(pressureData([141 143},:));
x=1;
y=5;
n=1;
end,
if (frameFile(6)=="_");%high scan case, frameFile is of the form wt750_64.frm
pressureData(32,:)=mean(pressureData([1 31],:));
x=2;
y=4;
n=2;
end;
%correction and organization of the data is complete
%Now, the data will be reduced to a lift and drag force over the time
%series
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%

load coords.mat; %required for data calculations-contains angle location of taps
%
% Calculation of the drag and lift forces and coefficients for each ring.
% Drag is in the along-wind direction given by axis X'. As the cable mode!
% yaws, axis X deviates from X' by the angle "gamma" calculated above.
multt=coords(:,3).*(cos(coords(:,2)).*cos(gamma)+sin(coords(:,2)).*sin(gammay));
mult1=mult1’;
mult2=coords(:,3).*(sin(coords(:,2)). *cos(gamma)-cos(coords(:,2)).*sin{gamma));
mult2=mult2’;
for ring=x:n:y;

base=32*((ring/n)-1);

w=size(pressureData);

for v=1:1:w(2)

drag(ring,v)=sum(mult1*pressureData(base+1:base+32,v));
lift(ring,v)=(-1)*sum({mult2*pressureData(base+1:base+32,v));

end;

output(ring+1,:,i)=drag(ring,:)/(q*0.0889);%Cd

output(ring+6,.,i)=lift(ring,:)/(q*0.0889); %Cl
end;

output(1,1:6,i)=[U,Re,phi,gamma,vAlpha hBeta];

end;

clear pressureData;

if (frameFile(6)=="_"); %condense data
output(2,:,:)=output(3,:,:);
output(3,:,:)=output(5,:,:);
output(4,:,-)=output(8,:,:);
output(5,:,:)=output(10,:,:);
output=output(1:5,:,:);

end;

output=single(output); %converts to single precision to limit file size

filename=strcat(z(1:2),'_PSDprep__,file(6:8),".mat");

save(filename,'output’);

clear;

end;
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function PSDplot
%created by Cory Zurell
%March 2003
%The M-file performs the following functions:
%1. Plots the power spectral density of the lift coefficient for the given time series.
%Required Input: files of the form "55_PSDprep_091.mat" derived from the raw data by using the m-file 'cazPSDprep
%
file=input('Enter the fuli "**_PSDprep_***.mat" filename corresponding \n to the data in this directory:','s")
load(file); %contains the time history lift and drag data
output=double(output); %converts to double precision
m=size(output); %output contains an i x j x k matrix - the first row in each 'page’, k, contains the information
%about the test run (U, Re, phi, gamma, vAlpha, hBeta) the next rows contain Drag and lift coefficients over
%the complete time history of the run. The different ‘pages’, k, contain data for each run - usually differentiated
% by a different yaw angle.
fr=1024; %FFT length
for i=1:1:m(3); %m(3) gives the number of 'pages’ of the matrix — from each 'page’ a separate PSD plot will be derived
figure;
if m(1)==5; %high-scan case
x=1;
y=3,
rings=2,
count=[2 4];
freq=1201.92; %scan rate in Hz
end;
if m(1)==11;
x=2; %starting at 2 will ignore ring 1
y=7: Y%starting at 7 will ignore ring 1
rings=4; %ring 1 has been ignored
count={2 3 4 5];
freq=400.64; %scan rate in Hz
end;
for j=1:1:rings;
Y=fit(output(y+j,:,i},fr); %eonly determining the PSD of the lift coeff
Pyy=Y.*conj(Y)/r;
Pyy(1)=0;
f=freq/fr*(0:(fr/2-1));
% f=freq/fr*(0:(fr/2-1))*0.089/(output(1,1,i)*sin(output(1,3,i))); %This line in fieu of that above plots PSD in
% terms of Strouhal number(dimensionless f) and uses velocity component perpendicuiar to cable axis
subplot(rings/2,2,j);
plot(f,Pyy(1:fr/2),k");
axis({0 100 0 2.5]);
xlabel('f (Hz)");
% axis([0 0.5 0 50)); %This axis defintion when plotting dimensionless frequency
% xiabel('f D/Usin\phi');
ylabel('PSD of C_L")
title(streat('Ring #',num2str(count(j))));
%grid on;
set(gcef,'Color',[1,1,1]); %sets background colour to white
end;
h = axes('Position',[0 0 1 1], Visible','off');
set(gcf,'CurrentAxes',h);
str={strcat('PSD of C_L for \bfU=",num2str(output(1,1,i),'%4.1f),' m/s, Re='",num2str(output(1,2,i),...
'%4.2¢e"),', \theta=',num2str(output(1,5,i)*180/pi),"\circ inclination’,...
', \beta='",num2str(output(1,6,i)*180/pi),"circ yaw, \phi=',num2str(output(1,3,i)*180/pi), \circ)};
text(0.05,0.025,str,'Fontsize’,10);
set(gcf,'Color',[1,1,1]); %sets background colour to white
%
end,
f=freq/fr*(0:(fr/2-1));
for i=1:1:m(3);
Y1(i,:)=fft(output(y+1,:,i).fr);
Y2(i,:)=fft(output(y+2,..i),fr);
Py1=Y1.*conj(Y1)/fr;
Py2=Y2.*conj(Y2)/r;
end;

'
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function coherence

%created by Cory Zurell

%dJune 2003

%The M-file performs the following functions:

%1. Piots the coherence of the ift coefficient of two rings for the given time series. Each plot corresponds to a different
Y%relative angle

%Required Input: files of the form "565_PSDprep_091.mat" derived from the raw data by using the m-file 'cazPSDprep'
%

file=input('Enter the full "™*_PSDprep_***.mat" filename corresponding \n to the data in this directory:','s’)

load(file); %contains the time history lift and drag data

%

output=double(output); %converts to double precision

m=size(output); %output contains an i x j x k matrix - the first row in each 'page’, k, contains the information about the
%test run (U, Re, phi, gamma, vAlpha, hBeta) the next rows contain Drag and lift coefficients over the compiete time
Y%history of the run. The different 'pages’, k, contain data for each run - usually differentiated by a different yaw angle.
for i=1:1:m(3); %m(3) gives the number of '‘pages’ of the matrix, from each 'page’ a separate coherence plot will be derived

figure;
if m(1)==5; %high-scan case
x=1;
¥=3;
rings=2;
count=[2 4]

freq=1201.92; %scan rate in Hz

[Cxy.f] = cohere(output(4,.,i),output(5,:,i),4096 freq);
plot(f,Cxy,'k")

axis([0 600 0 1])

titlie('Coherence of Lift Coefficient of Rings 2 and 4");

xlabel('f (Hz)");

ylabel('Coherence Function Estimate');
end;
if m(1)==11; %low scan rate

x=2;

y=3;

freq=400.64; %scan rate in Hz
fre=1024;%512;
[Cxy25,fl=cohere(output(8,:,i),output(11,:,i),fre,freq);
subplot(x,y,1);

plot(f,Cxy25,'k');

axis({0 200 0 1));

xlabel('f (Hz)");

ylabel('Coherence Function Estimate');

title('Rings 2 & 5 (7D)");
[Cxy24 fl=cohere(output(8,:,i),output(10,:,i),fre freq);
subplot(x,y,2);

plot(f,Cxy24,'k');

axis({0 200 0 1});

xlabel('f (Hz)");

%ylabel('Coherence Function Estimate');

title('Rings 2 & 4 (6D)');
[Cxy23,fl=cohere(output(8,:,i),output(S,:,i),fre freq);
subplot(x,y,3);

plot(f,Cxy23,'k");

axis([0 200 0 1));

xlabel('f (Hz)');

%ylabel('Coherence Function Estimate');

title(Rings 2 & 3 (4D)");
[Cxy35,fl=cohere(output(9,:,i),output(11,.,i),fre,freq);
subplot(x,y.4);

plot(f,Cxy35,'k");

axis([0 200 0 1]);

xlabel('f (Hz)');

ylabel('Coherence Function Estimate');

title('Rings 3 & 5 (3D)");
[Cxy34,fl=cohere(output(9,.,i),output(10,.,i),fre,freq);
subplot(x,y,5);

plot(f,Cxy34,'k');

axis([0 200 0 1);

xlabel('f (Hz)");

%ylabel('Coherence Function Estimate');

title('Rings 3 & 4 (2D)");
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[Cxy45,fl=cohere(output(10,:,i),output(11,.,i),fre,freq);
subplot(x,y,6);

plot(f,Cxy45,'k");

axis([0 200 0 1]);

xlabel('f (Hz)"); .

%ylabel('Coherence Function Estimate');

title('Rings 4 & 5 (1D)");
end;
set(gcf,'Color',[1,1,1]); %sets background colour to white
h = axes('Position',[0 0 1 1],'Visible','off");
set(gcf,'CurrentAxes',h);
str={strcat('Coherence of C_L for \bfU="num2str(output(1,1,i),"%4.1f),' m/s, Re=",num2str(output(1,2,i),...

"%4.2¢e'),', theta=",num2str(output(1,5,i)*180/pi),"\circ inclination’,...

' \beta=',num2str(output(1,6,i)*180/pi),\circ yaw, \phi=',num2str(output(1,3,i)*180/pi),"circ")};
text(0.05,0.025,str, Fontsize', 10); '
set(gcf,'Color',[1,1,1]); %sets background colour to white

end;
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function coherence2
Y%created by Cory Zurell
%June 2003
%
%The M-file performs the following functions:
%1. Plots the coherence of the lift coefficient of two rings for the given time series. Each figure corresponds to a different
%combination of rings
%
%Required Input: files of the form "55_PSDprep_091.mat" derived from the
%raw data by using the m-file ‘cazPSDprep'
%
file=input('Enter the fuli "**_PSDprep_***.mat" filename corresponding \n to the data in this directory:','s")
load(file); %contains the time history lift and drag data
%
output=double(output); %converts to double precision
%
m=size(output);
figure;
if m(1)==5; %high-scan case
x=1;
y=3;
rings=2; .
count=[2 4];
freq=1201.92; %scan rate in Hz
[Cxy,f] = cohere(output(4,:,i),output(5,:,i),4096 freq);
plot(f,.Cxy,'’k’)
axis([0 600 0 1])
title('Coherence of Lift Coefficient of Rings 2 and 4');
xlabel('f (Hz)');
ylabel('Coherence Function Estimate'),
end;
%The following will plot the coherence plots for each comparison on one sheet
if m(1)==11;
freq=400.64;%scan rate in hertz
fre=1024;%512;
x=3;
y=3;
%
%****i*********R‘lngs 2 and 5*************
% fori=1:1:9;

% count=i;
fori=10:1:18;
count=i-9;
% for i=19:1:27;
% count=i-18;

[Cxy25,fl=cohere(output(8,:,i),output(11,:,i),fre,freq);

subplot(x,y,count);
plot(f,Cxy25,'k");

% axis([0 200 0 1));

axis([0 50 O 1]);
xlabel('f (Hz)');
ylabel('Coherence Function Estimate’);
angle1={strcat("\beta='",num2str(output(1,6,i)*180/pi,'%4.1f),"circ")};
angle2={strcat("\phi=',num2str(output(1,3,i)*180/pi,'%4.1f),\circ")};
text(140,0.9,angle1,'Fontsize',8),
text(140,0.8,angie2,'Fontsize',8);

set(gcf,'Color',[1,1,1]); %sets background colour to white

h = axes('Position’,[0 O 1 1],'Visibie','off);

set(gcf,'CurrentAxes’ h);

str={strcat(\bfCoherence of C_L for Rings 2 and 5 (7D) for U=',num2str(output(1,1,i), %4.1f),...

' m/s, Re=',num2str(output(1,2,i),'%4.2e"),’, \theta=',num2str(output(1,5,i)*180/pi),"\circ inclination")},
text(0.05,0.025,str,'Fontsize’,10);
set(gcf,'Color',[1,1,1]); %sets background colour to white

end;
%
%*********t*******Rings 2 and 4************'***
figure;
% fori=1:1.9;
% count=i;

for i=10:1:18;



%
%

%

%
%

%

%

%
%

%

count=i-9;
for i=19:1:27;
count=i-18;
[Cxy24 fl=cohere(output(8,:,i),output(10,:,i),fre,freq);
subplot(x,y,count);
plot(f,Cxy24,'k");
axis([0 200 0 1)),
axis([0 50 0 11);
xlabel('f (Hz)");
ylabel('Coherence Function Estimate');
angle1={strcat("\beta=",num2str(output(1,6,i)*180/pi,'%4.1f),\circ')};
angie2={strcat("\phi=',num2str(output(1,3,iy*180/pi,'%4.1f"),"\circ")};
text(140,0.9,angle1,'Fontsize',8);
text(140,0.8,angle2,'Fontsize',8);
set(gcf,'Color',[1,1,1]); %sets background colour to white
h = axes('Position',[0 0 1 1],'Visible','off);
set(gcf,'CurrentAxes’, h);
str={strcat("\bfCoherence of C_L for Rings 2 and 4 (6D) for U=',num2str(output(1,1,i),'%4.1f),...
' m/s, Re=',num2str{output(1,2,i),'%4.2¢e"),', theta=',num2str(output(1,5,i)*180/pi), \circ inclination")};
text(0.05,0.025,str,'Fontsize',10);
set(gcf,'Color',[1,1,1]); %sets background colour to white
end;
%
%
%*****************Rings 2 and 3****************
figure;
for i=1:1:9;
count=i;
fori=10:1:18;
count=i-9;
for i=19:1:27;
count=i-18;
[Cxy23,fl=cohere(output(8,:,i),output(9,.,i),fre freq);
subplot(x,y,count);
plot(f,Cxy23,'k');
axis({0 200 0 1]);
axis([0 50 0 1));
xlabel('f (Hz)");
ylabel('Coherence Function Estimate');
angle1={strcat("\beta=",num2str{output(1,6,i)*180/pi,'%4.1f),"\circ")},
angle2={strcat("\phi=',num2str(output(1,3,i)*180/pi,'%4.1f),"\circ)},
text(140,0.9,angle1,' Fontsize',8);
text(140,0.8,angle2,'Fontsize',8);
set(gcf,'Color',[1,1,1]); %sets background colour to white
h = axes('Position’,[0 0 1 1],'Visible','off);
set(gcf,'CurrentAxes’ h);
str={strcat("\bfCoherence of C_L for Rings 2 and 3 (4D) for U=",num2str(output(1,1,i),'%4.1f),...
' m/s, Re=',num2str(output(1,2,i),'%4.2¢e"),", theta=',num2str(output(1,5,i)*180/pi),\circ inclination")};
text(0.05,0.025,str,'Fontsize', 10);
set(gcf,'Color',[1,1,1]); %sets background colour to white
end;
%
%
%*****************Rings 3 and 5****************
figure;
fori=1:1:9;
count=i;
fori=10:1:18;
count=i-9;
for i=19:1:27;
count=i-18;
[Cxy35,fl=cohere(output(9,:,i),output(11,:,i),fre,freq);
subplot(x,y,count);
plot(f,Cxy35,'k");
axis([0 200 0 1]);
axis([0 50 0 1]);
xiabel('f (Hz)";
ylabel('Coherence Function Estimate');
angle1={strcat("\beta=",num2str(output(1,6,i)*180/pi,'%4.1f),"\circ")};
angle2={strcat("\phi=',num2str(output(1,3,i)*180/pi,'%4.1f), \circ")};
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%

%

%
%

%
%

%

text(140,0.9,angle1,' Fontsize',8);
text(140,0.8,angie2,'Fontsize',8);
set(gcf,'Color',[1,1,1]); %sets background colour to white
h = axes('Position',[0 0 1 1],'Visible','off');
set(gcf,'CurrentAxes' h);
str={strcat('\bfCoherence of C_L for Rings 3 and 5 (3D) for U=",num2str{output(1,1,i),'%4.1f),...

' m/s, Re=",num2str(output(1,2,i),'%4.2¢e"),', \theta=',num2str(output(1,5,i)*180/pi), \circ inclination')};

text(0.05,0.025,str,'Fontsize',10);
set(gcf,'Color',[1,1,1]); %sets background colour to white
end;
%
%
%t***t************Rings 3 and 4********'*******
figure;
for i=1:1:9;
count=i;
fori=10:1:18;
count=i-9;
for i=19:1:27;
count=i-18;
[Cxy34 fl=cohere(output(9,:,i),output(10,:,i),fre,freq);
subplot(x,y,count);
plot(f,Cxy34,'k";
axis([0 200 0 1});
axis([0 50 0 1);
xlabel('f (Hz)");
ylabel('Coherence Function Estimate');
angle1={strcat(\beta=',num2str(output(1,6,i)*180/pi,'%4.1f),"\circ)},
angle2={strcat("\phi=",num2str(output(1,3,)*180/pi, %4.1f),\circ")};
text(140,0.9,angle1,'Fontsize',8);
text(140,0.8,angle2,'Fontsize',8);
set(gcf,'Coior',[1,1,1]); Y%sets background colour to white
h = axes('Position',[0 0 1 1],'Visible','off);
set(gcf,'CurrentAxes', h);
str={strcat("\bfCoherence of C_L for Rings 3 and 4 (2D) for U=',num2str{output(1,1,i),'%4.1f),...

' m/s, Re=',num2str(output(1,2,i),'%4.2¢e"),', \theta=' num2str(output(1,5,i)*180/pi), \circ inclination")};

text(0.05,0.025,str,'Fontsize’,10);
set(gcf,'Color',[1,1,1]); %sets background colour to white
end;
%
%
%*****************Rings 4 and 5****************
figure;
for i=1:1:9;
count=i;
fori=10:1:18;
count=i-9;
for i=19:1:27;
count=i-18;
[Cxy45,fl=cohere(output(10,:,i),output(11,:,i),fre,freq);
subplot(x,y,count);
plot(f,Cxy45,'k");
axis({0 200 0 1});
axis([0 50 0 1]);
xlabel('f (Hz)");
ylabel('Coherence Function Estimate’),
angle1={strcat("\beta=",num2str(output(1,6,i)*180/pi,'%4.1f), \circ")};
angle2={strcat("\phi=',num2str(output(1,3, |)*1 80/pi,'%4.1f),"\circ)};
text(140,0.9,angle1,'Fontsize',8);
text(140,0.8,angle2,'Fontsize',8);
set(gcf,'Color',[1,1,1]); Y%sets background colour to white
h = axes('Position’,[0 0 1 1],'Visible','off');
set(gcf,'CurrentAxes’,h);
str={strcat(\bfCoherence of C_L for Rings 4 and 5 (1D) for U=" num2str(output(1,1,i),'%4.1f),...

' m/s, Re='",num2str(output(1,2,i),'%4.2¢e"),", \theta=",num2str(output(1,5,i)*180/pi),\circ inclination’)};

text(0.05,0.025,str,'Fontsize', 10);
set(gcf,'Color'.[1,1,1]); %sets background colour to white
end;
end;
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function pressurelines
%
Y%created by Cory Zurell
Y%July 2002
%The M-file performs the following functions:
%1. Arranges the data for the longitudinal rows of pressure taps
%Required Input: same as ‘pressure’
%
load directory.mat;
k=size(directory);
for j=1:1:k(1);
load directory2.mat;
load leelines.mat; %this contains the order of the taps on the two leeward lines
cd({directory(j,)]);
file=strcat('files',directory(j,18:20)," mat’);
load(file); %contains a list of the file names in each directory
m=size(files);
m=m(1),
fori=1:1:m;
z=files(i,:);
load(z); %each file in the directory is loaded and processed in turn
if (frameFile(6)=="1");%low scan case, frameFile is of the form wt750192.frm
% if the file is for a high scan case, there won't be any readings for the lines
pressureData=doubie(pressureData(l,:));
pressureData=pressureData(leeline,:); %arranges the data into the order of the
%pressure taps in the lines from top to bottom and truncates the data to only that of the leeward taps
%
pressureData=pressureData*6894.4; %converts "pressureData" to Pa from psi
%
hBeta=hBeta*pi/180; %converts units from degrees to radians for calculations
vAlpha=vAlpha*pi/180;
phi=acos(cos(vAipha)*cos(hBeta));
if hBeta>pi/2; %This corrects phi for yaw angles greater than 90 - phi is the
phi=pi-phi; %complementary angle to that calculated above when hBeta>90
end;
gamma=atan(tan(hBeta)/sin(vAlpha));
if hBeta>pi/2;
if gamma<0; %This line corrects gamma for yaw angles greater than
gamma=pi+gamma; %90 degrees.
end; %
end,
% The values in "q" and "z_off" are in [kPa] - convert these to [Pa]
a=q*1000;
z_off=z_off*1000;
%
Cp(:,:,i)=(pressureData-z_off)/q;
clear pressureData;
stats(;,2,i)=mean(Cp(;,..i),2);
stats(:,3,i)=sqgrt(mean(Cp(:,.,i)."Cp(:,:,i},2));
stats(:,4,i)=max(Cp(:,:,i),[}.2);
stats(:,5,i)=min(Cp(:,:,i),[},2);
stats(1,1,i)=[U];
stats(2,1,i)=[Re];
stats(3,1,i)=[phil;
stats(4,1,i)=[gamma];
stats(5,1,i)=[vAlpha];
stats(6,1,i)=[hBeta];
stats(7,1,i)=[q];
stats(8,1,i)=[z_off];
end,
end,
if (frameFile(6)=="1');%low scan case, frameFile is of the form wt750192.frm
Cp=single(Cp); %converts to single precision to limit file size
filename=strcat(z(1:2),'_lines_' file(6:8),' mat’);
save(filename,'stats’,'Cp’);
end;
%
clear;
end;
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function PSDlines
%created by Cory Zurell
%.July 10, 2003
%
%The M-filte performs the following functions:
%1. Plots the power spectral density of Cp for taps of the leeward lines.
%
%Required input: files of the form "S0_lines_018.mat" derived from the raw data by using the m-file 'cazpressureiines’
%
file=input('Enter the full "™*_lines_***.mat" filename corresponding \n o the data in this directory:''s’)
load(file); %contains the time history lift and drag data
%
Cp=double(Cp); Y%converts to double precision
%
m=size(stats); %stats contains an i x j x k matrix - the first column (j) of each 'page’, k, contains the information about the
%test run (U, Re, phi, gamma, vAlpha, hBeta, q, z_off) the next four columns contain the mean, rms, max and min
% values of the pressure coefficient Cp. The different 'pages’, k, contain data for each run - usualiy differentiated
%by a different yaw angle.
for i=1:1:4;%m(3); %m(3) gives the number of 'pages’ of the matrix - from
%each 'page’ a separate PSD plot will be derived
figure; .
% count=[123456789101314151617 1920 21];
count=[22 23 24 25 26 27 28 29 30 34 35 36 37 38 39 40 41 42];
for j=1:1:18;
freq=400.64; %scan rate in Hz
fr=512;
Y=fft(Cp(count(j),: i), fr);
Pyy=Y.*conj(Y)/fr;
Py(j,:)=Pyy(1:fr/2);
Py(,1)=0;
f=freq/fr*(0:(fr/2-1));
end;
f=frea/fr*(0:(fr/2-1));
%a=squeeze(output(1,3,:));
line1=[0 0.751.52.2533.75 4.5 5.25 6.25 7.25 10.25 11.25 12.25 13.25 14.25 16.25 17.25 18.25];
line2=[00.751.52.2533.754.55.256.25 10.25 11.25 12.25 13.25 14.25 15.25 16.25 17.25 18.25];
[X,Y] = meshgrid(line2,f); '
%Py=Py1(:,1:fr/2);
plot3(X,Y,Py" k")
axis(f0 19 0 200 O 1); !
xlabel('Distance from top tap (x/D)");
ylabel('f (Hz)');
Zlabel('PSD of C_P");
grid on;
% h=axes('Position’[0 0 1 1],'Visible''off);
% set(gcf,'CurrentAxes' h);
str={strcat('PSD of C_P for \bfU=",num2str(stats(1,1,i),'%4.1f),' m/s, Re=',num2str(stats(2,1,i),...
'%4.2¢e"),', \theta=",num2str(stats(5,1,i)*180/pi),"\circ inclination’,...
', \beta=',num2str(stats(6, 1,i)*180/pi),"\circ yaw, \phi=',num2str(stats(3,1,i)*180/pi),\circ)};
text(0.05,0.025 str,'Fontsize’,10); .
set(gcf,'Color',[1,1,1]); %sets background colour to white
%
end;



