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ABSTR.ACT

Both the static and dynamic effects of an ice storm on an overhead power line are

investigated fairly comprehensively in this thesis. To determine the static, extreme ice

load as well as the combined ice and wind load, a systematic procedure is established

based on extensive freezing rain experiments and a Monte Carlo simulation. On the other

hand, a dynamic effect 
- 

galloping 
- 

is examined quite extensively with the objective

of better understanding its behavior. A novel add-on device 
- 

the hybrid nutation

damper (HND) 
- 

is proposed to control galloping. Its effectiveness is assessed

numerically by using a modified, 3DOF based, galloping software.

The present investigations lead to the following findings. (i) Goodwin's simple

theoretical model surprisingly predicts, quite accurately, the temporally changing weight

of not only a dry ice growth but also a wet ice growth for a fixed, unheated conductor

sample. (ii) The maximum ice loading may vary significantly over a power line's planned

lifetime because of the randomness of an ice storm and its characteristics as well as the

uncertainty involved in identifying the extreme probability distribution of the ice loading.

Consequently, backup protection is presently essential for a power line in an ice prone

area. (iii) A conductor's torsional flexibility does not appear to affect the growth of the

accreted ice weight but it modifies the ice shape significantly. (iv) Three representative

ice shapes (a crescent, D-like and icicle pendant) can initiate galloping so that galloping

may occur in any icing condition. (v) A noticeable swingback or twist appears to develop

only when their respective natural frequencies coincide with the plunge's natural

frequency. (vi) A hydraulic jump is the major source of energy dissipation in a nutation

damper. A properly induced rotation can significantly enhance a nutation damper's

performance. (vii) A hybrid nutation damper has been demonstrated to be a promising

means of alleviating galloping.
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Chapter I - Introduction

CT{APTER 1

INITRODUCTIOT{

1.1 Engineering background

Overhead lines are used widely to transmit electrical power from its source (a

generation station) to a load center and to further distribute the power to end users

through different substations. Indeed, a power line is an essential lifeline for modern

society as almost all aspects of life depend heavily on it. An overhead pov/er line has

several phase conductors (three per circuit for an alternating circuit), one or fwo ground

wires (commonly called skywires), supporting towers or poles, as well as connecting

hardware. Conductors are used to carryr the electrical power. They are supported

intermittently, through insulators, by towers or poles in order to be clear of the ground.

Moreover, conductors are shielded from lightning by the skywires that are located on the

top of a tower.

As an overhead power line is normally outdoors, it is subjected to all types of

weather. In a temperate or cold region, for example, ice storms are not unusual. They

may produce a heavy ice accumulation as a result of a long (from hours to days) freezing

precipitation. Then an ice storm imposes not only a significant static load on a power

line, in addition to the line's weight, but it may also induce a dynamic load caused by the

galloping of an unsymmetrical ice accretion. The consequences can be disastrous. There

could be a power outage, a line breakage, a tower's collapse, or a. combination of these

effects evidenced bv the 1998 Great Ice Storm occurrins in Eastern Canada.
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Therefore, it is important to investigate an ice accretion to assess the additional static load

on a transmission line as well as the ensuing ice shape which, in turn, may initiate

galloping. The current knowledge of ice accretion and galloping is reviewed next

successively.

1.2 State of the art: ice accretion

An ice accretion may be caused by a freezing rain, wet snow, or incloud icing. Only

freezing rain is considered here because it is usually the major source of ice storms in

North America. A freezing rain happens when rain droplets fall through air whose

temperature is below OoC. The super-cooled droplets do not usually undergo a phase

change from water to ice, however, until they hit an object such as a conductor. From an

engineering viewpoint, two aspects of the resulting ice accretion have interest: its load

and shape. The ice load, in conjunction with an accompanying wind load, is a major

source of loading on a power line. On the other hand, the shape of an ice accretion

dictates the wind's aerodynamic drag. It also largely determines whether galloping occurs

(EPzu 1979).

1.2.1 lcing models and their vølidation

A static ice load can be estimated by using statistics obtained, over many years, from

icing observed in the field. Although reliable, this approach is often not implemented due

to insuff,rcient data. Altematively, estimates may be made from lengthy records of

meteorological data, such as the rate, duration and type of precipitation as well as the
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wind speed and its direction, ambient air temperature, etc. in the latter case, however,

knowledge is also required of the relationship between the weight of ice accreted on a

power line and the corresponding weather conditions. The major advantage of this

approach is that weather data are usually available from local weather stations. which

makes the approach feasible.

There currently exist several icing models that predict the accreted ice weight from

weather data. They range from simple, explicit models that assume the ice shape (Chaine

and Castonguay 1974; Goodwin et al. 1982; Jones i996) to sophisticated numerical

models in which the ice shape may or may not be assumed. See, for example, poots

(1996); Makkonen (1998); Szilder et al. (1999). Field observations of icing are often used

to validate these models (Yip 1995; Halder et al. 1996; CEA 1998). Although the

comparisons are extremely valuable, they usually lack reliable measurements of the ice

weight as well as complete and reliable meteorological data at the location of the icing.

Consequently, conclusions from different comparisons may be contradictory. Hence,

complementary laboratory experiments are useful because the environmental conditions

can be controlled more easily.

Icing wind tunnels have been employed quite extensively. However, most of the

investigations have related to incloud icing. To the author's knowledge, the only study

pertinent to freezing rain that has employed an icing wind tunnel is one located in Japan

(Maeno et al. 1994). However, it focused on the growth of icicles. A cold chamber rather

than a wind tunnel has been used for freezing rain experiments (Lanctot et al. 1960).

However the windless condition, as well as an excessively high precipitation rate, may
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well make the results unrepresentative of field

rain experiments under well controlled and

desirable.

/1T

situations. Therefore, systematic freezing

representative conditions remain highly

1.2.2 Predicting an extrerne ice loading

The extreme ice load likely to be experienced by a power line is a primary concern

in its design. A fundamental issue is how to predict a future extreme load that may occur

over a line's planned lifetime, based on a history of previous ice loads that usually take

the form of annual maxima (AM). These maximum ice loads can be obtained either

directly from field observations or indirectly from historical weather data. It is common

practice to define an extreme ice load for design pnrposes as the one whose return period

is comparable to a line's plarured lifetime, i.e. it has a value that may be exceeded only

once, on average, over the line's lifetime. An extreme ice load whose return period is N

years is called an ly'-year ice load. An ,À/-year ice load can be found readily from the

probability distribution function (PDF) that describes the randomness of an extreme ice

load. (See, for example, Chow 1964.) This PDF is identified, in turn, by presuming that it

follows a given pattern and curve fitting this pattern to a historical, AM ice load series.

Great efforts have been devoted to finding a PDF pattern that best fits particular historical

ice data. Consequently, various PDF patterns have been proposed. They include the

Gumbel distribution (Krishnasamy 1985; CSA 1987; ASCE 1991), the log Person type

III distribution (Elfashny et al. 1998), and the generalized Pareto distribution (Jones

1998). However, the following three key issues still remain.



Chapter I - Introduction

@ Is the concept of a return period a good indicator of a power line's reliability?

' Is the actual PDF underlying the randomness of ice storms truly identifiable?

' How reliably can an .À/-year ice load be predicted from AM ice loads observed

over a shorter period?

Icing is often accompanied by a wind. Thus, an extreme ice load should be

combined with a certain wind load. The ASCE guide (1991) recommends that the

expected maximum wind load over an ice-residency period, which is specified as 7 days,

should be summed with a given, i/-year extreme ice weight. Thus, this maximum wind

load is combined with an extreme ice weight that corresponds to a different return period.

On the other hand, Krishnasamy (1985) proposed that a given, N-year extreme ice weight

should be combined with the same N-year extreme wind load. Then a larger ice weight

tends to be accompanied by u ,trong., wind (Krishnasamy and Kulendran 1996).

However, it is intuitively reasonable to suggest that a 5O-year extreme ice weight, which

occurs twice on average within 100 years, has a somewhat greater probability of

coinciding with a given strong wind than the 100-year extreme ice weight. The latter, of

course, happens only once, on average, within the same 100 years. Therefore, a heavier

ice load is more likely to be accompanied by a lighter wind. Obviously, a more realistic

combination of ice and wind loads should be develooed.

1.2.3 Shøpe of íce øccretion

The shape of an ice accretion may be obtained from the field, experimental

simulations, or from theoretical modeling. Ice samples collected from the field are
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extremely valuable. Unfortunately, they are diff,icult to

falling to the ground where their collection is easiest.

constant and scattered weather stations may produce

conditions. Therefore, few publicly available reports

observations of ice shapes.

6

obtain and they may break after

Moreover, the weather is rarely

large uncertainties in localized

have been concerned with field

Experimental simulations generate ice shapes with greater certainty due to a more

controlled environment. The question remains, however, as to the faithfulness of a

simulation. This issue probably explains why most such simulations have been conducted

for incloud icing. flncoud icing consists of droplets of the order of 0.01mm in diameter

and, thus, only a 2m or so distance is required for the droplets to reach the ambient air

temperature (Laforte et al. 1984). In contrast, freezing rain involves droplets as large as

1mm in diameter and they need to travel at least 10m before thermal equilibrium is

reached with the surrounding air (Lu et al. 2000b).] Among the few reported

experimental investigations of freezing rain, two are limited to an ice growth having long

pendant icicles (Maeno et al. 1994; Lanctot et al. 1960). The most comprehensive

investigations were conducted by using an experimental freezing rain simulator located

outdoors (Stumpf and Ng 1990; Stumpf i99a). A wide variety of ice shapes were formed

that were replicated in plaster. A replica was placed subsequently in an indoor wind

tunnel, at room temperature, to measure the quasi-steady, aerodynamic properties at

different wind incidences. Thus, an aerodynamic database was constructed for a later

galloping analysis.
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The most serious limitations of an experimental simulation of freezing rain are that

only relatively simple conditions can be considered and a predictive capability is lacking.

A theoretical icing model is useful to alleviate these shortcomings. However, thermal-

fluid complexities lead to existing icing models often poorly predicting an ice shape.

Even for the simplest case of a dry ice accretion on a fixed cylinder, for instance, many

existing models (Poots 1996) fail to predict the experimentally observed, fan-like ice

shape (Lu et al. 2000b).

An overhead power line invariably has a limited torsional flexibility. It has been

shown experimentally, for incloud icing, that such a flexibility may significantly affect an

ice accretion's shape (Smith and Barker 1982). Therefore, the effects of a conductor's

torsional flexibility have been incorporated into icing models (McComber 1982; Finstad

et al. 1988; Adrhirat and Lapeyre 1988; Skelton and Poots 1990; Jones and Egelhofer

1991). However, the current state of the art suggests that a purely theoretical approach

may not predict a realistic ice shape. As a pragmatic, interim solution, a semi-empirical

approach may be used to take advantage of both experimental and theoretical advances.

1.3 State of the art: galloping

Galloping is a wind induced, limit cycle vibration arising from an initially unstable,

iced conductor. It is charactertzedby a low frequency (typically below I Hz) and an often

large vibration amplitude of several meters. Galloping is usually dominated by a plunge

(vertical) motion. The other two components, namely a swingback (or horizontal

movement) and a twist about a longitudinal axis of the conductor, may or may not be
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noticeable. Because of the large amplitude and correspondingly high dynamic load,

galloping may cause electrical problems (for example, phase-to-phase or phase-to-ground

flashover or even a power outage), or mechanical damage (buming or breaking

conductors, loosening bolts, wear of electrical fittings or, in the worst scenario, collapsing

tor,vers) (EPzu 1979). Therefore it is important to prevent galloping or alleviate its

effects. The galloping literature has been reviewed quite thoroughly up to 1989 by Desai

et al. (1989; 1990a). Hence, the following comments focus mainly on newer advances.

1.3.1 Experimental aspects

Experimental investigations play an essential role in the study of galloping. They are

used to explore galloping mechanisms and corresponding dynamic behaviors, determine

inputs to a galloping analysis, as well as to validate a galloping model or check a

countermeasure's effectiveness. The experimental investigations generally encompass

following aspects: quasi-steady aerodynamic measurements, dynamic model tests, fulI

scale tests and field observations. Recent advances on these aspects have been made

mainly on instrumentation or equipment rather than on principles, methodology or

results.

I .3 . 1 . I Static wind tunnel tests

A static wind tunnel test is used to measure an iced conductor's quasi-steady,

aerodynamic properties that form the basic input to a galloping analysis. A manually

operated wind tunnel test is laborious and time consuming. Therefore, an automatic
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system has been developed that accommodates a stepwise variation in the angle of attack

to the wind (Stumpf 199a).

1.3.1.2 Dynamic model tests

A dynamic model test can be used to explore the mechanisms or behavior of

galloping. In such a test, a (rigid) section of an iced conductor sample is supported in a

wind tunnel by springs to match the actual natural frequencies of a plunge, swingback

and twist. This method has been used successfully to validate the quasi-steady

assumption. (See, for example, Parkinson 1989.) It has also been employed to explore a

twin bundle's galloping behavior that was limited to small motions (Nakamura 1980).

However, it is difficult in this approach to artificially initiate realistic, fully developed

galloping because the supporting springs themselves behave somewhat nonlinearly at

laree oscillations.

1.3.1.3 Full scale tests

A fuIl scale test may be conducted outdoors on a well equipped test line. An

artificial ice is often attached on the conductor to increase the probability of a galloping

occurrence. Obviously a full scale test provides a more realistic simulation of galloping

than a dynamic, small-scale model test. The Mogami test line in Japan represents one of

the most advanced test lines in the world for galloping. See Ozawa et al. (1996) and

Ohkuma et al. (1998) for details.
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1. 3. 1.4 Field observations

The importance of field observations can never be overstated. Although visual

observations remain the primary source of data, better monitoring equipment is emerging

with the development of computer technology for more objective observations. For

example, load monitoring systems are available now that can be installed at a conductor's

terminal supports in order to monitor a galloping induced, dynamic load. (See, for

example, Hardy et al. 1996; Thorsteins and Eliasson 1998). On the other hand, high

resolution, industrial video cameras and long range, optical vibration monitors are also

available for galloping monitoring (Fikke 1999).

1.3.2 Gallopingmechanism

An insight into the mechanism and behavior of galloping is an important step

towards its effective control. Classically, galloping is said to occur when the aerodynamic

damping arising from the interaction of an airflow and an iced conductor exceeds the

conductor's structural damping (Den Hartog 1932). According to this criterion, often

called the Den Hartog criterion, galloping is restricted to a plunge. Its initiation is

independent of the mass and stiffness properties of a conductor (although the ensuing

limit cycle amplitude depends heavily on these properties). This simple criterion still

remains useful. Indeed, great efforts have been devoted to substantiating it (Simpson

1965; Hunt and Richards 1969; Gawronski 1971; Myerscough T973; Lilien and Dubois

1988).

t0
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A better understanding of galloping has been achieved over the last two decades. It

has been well recognized now that both a swingback (Jones 1992) and a twist (Chadha

1974; Blevins and lwan 1974; Desai et al. 1990b) may significanrly contribute ro

galloping. On one hand, a noticeable swingback or twist may develop under certain

weather conditions. On the other hand, the inclusion of a second vibration component

may expand the parameter range for the initiation of galloping. Therefore, a 3DOF

oscillator model (for example, Yu et al. I993a, 1993b), which includes all th¡ee

directional movements, has been developed. Indeed, further efforts have been devoted to

understanding how a swingback (Jones 1992) or a twist (Yu et al. 1992, I995a,1995b),

or both (Rawlins 1991; Yu et al. 1993a, 1993b; MH 1995) affects galloping.

Unfortunately, the picture remains unclear because so many different factors are

involved.

1.3.3 Gallopíng model

A successful explanation as well as a systematic understanding of galloping

behavior depend, to a large extent, on a proper modeling of galloping. Over the years,

many models have emerged, ranging from simple single degree of freedom (SDOF) to

complicated multi-degree of freedom (MDOF) representations. There are currently three

types of models that exist for different purposes. They are simple statistical models,

sophisticated numerical models and compromise, 3DOF based models.
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1. 3.3. I Statistical model

A statistical model originates from the SDOF plunge model of Den Hartog. It

determines, statistically, the aerodynamic properties by back-calculation from field

galloping observations (EPRI I979). Although such a model does not provide insight into

the mechanisms of galloping, it is the most pragmatic practical approach to estimating

likely galloping amplitudes in designing a power line. The most recent, such model is

given by Lilien and Havard (2000).

L3.3.2 Numerical model

A sophisticated numerical model aims to explore, as deeply as possible, a

galloping's behavior. The most sophisticated model has been developed at the University

of Manitoba (MH 1992). A finite element is used to simulate a multi-span, iced conductor

system and to accommodate modal interactions - not only between different directions

but also between different modes of the same direction. A somewhat less sophisticated

model has been developed later by 'Wang (1996) using the method of assumed modes in

coniunction with time inteeration.

1.3.3.3 3DOF model

A 3DOF model represents a compromise between a simple statistical model and a

sophisticated numerical model. It aims to provide a practical design tool. Yu et al.

(1993a, 1993b) were probably the first people to systematically tackle the 3DOF model

using a time averaging method. Both the initial instability and the ensuing limit cycle

T2
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solutions were given explicitly so that a solution could be found almost instantaneously

on a personal computer. The model has been updated recently by Zhang (1999) using

numerical rather than analytical mode shapes. Then a spanwise variation of a line's

properties due to, say, the installation of a detuning pendulum, or a change of ice shape,

can be readily taken into account with little additional computational effort. Moreover, a

bundle conductor can be treated as an equivalent, single conductor for full-span, bulk

motions so that the model can be applied more generally (Liao 1996; Zhanget al. 2000).

1.3.4 Control of galloping

The ultimate objective of a galloping investigation is, of course, to control the

galloping. There are gene'rally two strategies to prevent a power line being damaged by

galloping, viz. withstanding or suppressing the galloping. More specifically, the first

approach is to increase a power line's ability to withstand galloping without actually

reducing the galloping (limit cycle) amplitude. This approach may include increasing the

phase-to-phase or phase-to-ground clearances, installing interphase spacers, and using

more rugged electrical fittings, etc. Such measures have proven to be quite reliable and

they have been used widely.

In contrast, the suppression approach attempts to reduce or remove one or more of

the factors contributing to galloping. Included in this category are electrically removing

or mechanically stripping an ice deposition whose shape favors galloping, alleviating a

side wind through appropriately selecting a line's orientation during its design, and

altering a line's structural properties.

13
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Galloping suppression is achieved mainly through the use of add-on, control

devices. An add-on device has the versatility of being applicable to a new and an existing

line. It is usually less costly to implement than a withstanding measure. Therefore, many

add-on devices have been developed over the last 60 years. See, for example, the survey

by Desai et al. (1990a) for details.

No add-on device has been recognized as universally effective for all held

conditions. For example, the detuning pendulum is used most widely in North America

but field observations suggest a 30Yo chance of enhancing rather than suppressing

galloping (Havard 1981) A new device, called a torsional damper and detuner (TDD)

(Lilien et al. 1993), has been developed more recently. It has been shown to perform well

in field trials (Lilien et al. 1998). However, a TDD is unlikely to be effective for a

classical plunge galloping because it is designed-to control only a twist. Therefore, more

effort is required to develop a cost effec.tive, add-on control device.

L4

1.4 Objectives

This thesis aims to

rainstorm on overhead

following aspects.

investigate both the static and dynamic effects of a freezing

power lines. More specifically, the objectives include the

To predict the extreme ice load on a power iine from historical weather records.

To predict the time-evolving shape of (dry) ice accreted on overhead power lines.

To develop a novel, add-on device for controlling galloping power lines.
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1.5 Overview and original contributions of the thesis

In this thesis, both the static and dynamic effects of an ice storm on an overhead

power line are investigated fairly comprehensively. To determine the static, extreme ice

load, as well as the combined ice and wind load, a systematic procedure is established

based on extensive freezing rain experiments and a Monte Carlo simulation. On the other

hand, a dynamic effect 
- 

galloping 
- 

is examined quite extensively with the objective

of better understanding its behavior. To more effectively control galloping, a novel add-

on device 
- 

the hybrid nutation damper (HND) 
- is proposed. Its effectiveness is

assessed numerically by using a modified, 3DOF based, galloping software. The

following aspects constitute the original contributions of the thesis.

ø An existing freezing rain simulator has been improved by introducing a precipitator

to simultaneously measure both the vertical and horizontal precipitation rates. This

addition substantially increases the measurement accuracy for the simulator.

Extensive freezing rain experiments have been performed which confirm, for the

first time, that Goodwin's simple theoretical model surprisingly predicts, quite

accurately, the temporally changing weight of not only a dry ice growth but also

transition and wet growths. On the other hand, this model's circular ice assumption

is generally inconsistent with the experimentally observed ice shapes.

A systematic procedure has been established to predict an extreme ice loading from

historical weather records. A Monte Carlo simulation has been used to examine the

currently used, return period based, design practice. It has been found that the

maximum ice loading may vary significantly over a power line's planned lifetime

15
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because of the randomness of an

identifying the extreme probability

essential in an ice prone area.

ice storm and the uncertainty involved

distribution. Therefore, backup protection

r6

in

ls

A semi-empirical model has been proposed to predict the time evolving shape of a

dry ice accreted on an overhead power line. it has been confirmed that ice tends to

be more circular towards a line's midspan or with more freezing precipitation.

However, a conductor's torsionat flexibility does not appear to affect the growth of

ice weight.

Classical shallow water theory has been used to simulate the sloshing of the liquid

in a nutation damper (ND) undergoing a coupled horizontal and rotational motion.

The importance of a hydraulic jump is recognized, for the first time, as a major

source of energy dissipation. Furthermore, a properly induced rotation is found to

significantly enhance a ND's performance.

A novel, hybrid nutation dmaper (Irt\rD) has been proposed and a two tiered

procedure has been established to optimize its design. Illustrative examples indicate

that the device's performance is very promising.

The behavior of galloping has been examined by using a 3DOF model. It has been

found that the ice shapes (a crescent, D-like and icicle pendant) that represent th¡ee

types of ice growth can initiate galloping. Hence, galloping may occur in any icing

condition. Moreover, a noticeable swingback or twist appears to develop only when

their respective natural frequencies coincide with the plunge's natural frequency.
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Consequently, a HND beneficially needs to be

the plunge's natural frequency.

1'7LT

tuned to only a single frequency, i.e.

1.6 Organization of the thesis

An experimental investigation is presented first in Chapter 2 to correlate the mass of

ice accreted on a conductor with the associated weather conditions. Also included in

Chapter 2 is the prediction of an extreme ice loading by using a Monte Carlo simulation.

The currently used, retum period based design practice is examined criticalty.

Chapter 3 is devoted to the study of the effect of a conductor's torsional flexibiliry

on the shape of a dry ice growth. A semi-empirical icing model is proposed.

Chapter 4 discusses the effectiveness of a ND undergoing a coupled horizontal and

rotational motion. A numerical model is developed initialty by using classical shallow

water theory to simulate large liquid sloshing within the damper. Then a much simpler

single-degree-of-freedom (SDOF) model is employed to characterize the liquid's

sloshing. Different ways of enhancing a ND's performance are also explored.

The preliminary findings for a ND are used in Chapter 5 to develop a novel, hybrid

nutation damper (FIND). This device combines the dynamic behavior of a ND (which

acts as an energy dissipator) with that of a tuned mass damper (TMD). The TMD is used

to convert a conductor's plunge motion into a ND's rotational motion. The IIND's

performance is examined for a Ci1 ice shape (Stumpf 1994) and different combinations

of a power line's natural frequencies. It is shown to be very promising. Finally,

conclusions and recommendations are given in Chapter 6 for future work.
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CTIAPTER 2

PREDICTIING ICE LOADII\{G

2.1 Introduction

An extensive experimental investigation is reported in the first part of this chapter

on fixed, unheated conductor sections by using a freezing rain simulator (Stump f 1994;

Lu et al. 1998b) that is located outdoors at the University of Manitoba. The study aims to

find the effect of meteorological parameters on the weight of ice accreted on a short

sample of conductor under more controlled conditions than field situations. The second

part of this chapter is devoted to predicting a future extreme ice loading from historical

weather data.

The present simulations introduce the following advances over the experiments of

Lanctot et al. (i960): the direct measurement of both the vertical and horizontal

precipitation rates; the incorporation of a simulated side wind; the use of a much lower

and, hence, a more realistic precipitation rate; a much wider range of ice growth patterns.

Therefore, the present simulations are more exhaustive.

In order to improve a prediction, it is essential to have as long as possible historical

weather record. However, a historical weather record is quite often blemished by missing

data, especially for early years. Then measures have to be taken to complement the data

so that all the information required by an icing model is available. As an example, a

procedure is described in this chapter to compiement missing weather data.
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Chapter 2 - Predicting ice loading

An ice covered, overhead line is exposed invariably to wind. The two currently used

methods of combining the wind load with the extreme ice weight are examined and found

intuitively to be unreasonable (Krishnasamy 1985; ASCE 1991). Therefore, a somewhat

novel procedure is proposed to find a more plausible combination of ice and wind than

currently used methods.

A fundamental issue in analyzing ice storms is how to predict a future extreme ice

loading from a given history of arurual maximum (AM) ice loadings. It is a com.mon

practice to use an extreme ice loading whose return period is comparable to a power line's

planned lifetime as the design ice loading (CSA 1987; ASCE 1991). In order to examine

the practice, a Monte Carlo simulation has been proposed (Lu et al. 1998a, 2000a,

2000c). Then the variation in an extreme ice loading due to random occurrences, as well

as the possible deviation of the empirical probability distribution from its underlying true

counterpart, can be addressed.

2.2 lce load from freezing rain experiments

2.2.1 Freezing rain experiments

2.2.1.1 Test facility

The freezing rain simulator has a supply of pre-cooled water that is pumped at a

pressure befween 100 to 300 kPa, depending on the required precipitation rate. It

incorporates two spray nozzles, each having a 0.7 mm diameter exit, to produce water

droplet diameters that are representative of a freezing rain (around 1 mm in terms of the

volume median diameter, Stallabrass 1982). An axial flow fan with a calming plenum
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Chapter 2 - Predicting ice loading

simulates a wind (with about 20% fluctuation in the nominal air speed) on a short (about

0.8 m) conductor sample held horizontally and perpendicular to the wind. A schematic of

the experimental set-up is given in Fig. 2.1. The simulator is located in an outdoor space

surrounded by buildings to reduce the interference from the ambient wind.

Instrumentation includes a hand held anemometer to measure the wind speed normal to

the sample, a precipitator to determine both the vertical and horizontal components of the

precipitation, a high precision weighing scale, and a microscope to measure the water

droplet sizes.

20
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Fig. 2.1 Schematic of freezing rain simulator.
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2.2.1.2 Creating super-cooled water droplets

A freezing rain simulation requires super-cooled water droplets that are comparable

to their natural counterpart to be realistic. Consequently, water was first pre-cooled to

about 3 oC, a temperature that was monitored by using a calibrated thermocouple. It was

passed through about 30 m of copper tubing that was exposed to the outside air before

exiting the spray nozzles. The water was presumably just above the freezing point at the

nozzles because no clogging was observed due to freezing. Finally, the water droplets

produced by the nozzles were super-cooled towards the ambient air temperature by

spraying them to a height of approximately 7 m before they fell on a conductor sample. A

droplet's super-cooled temperature just before impinging on a conductor sample is

estirnated to be about 40o/o to 80% of the ambient air temperature (Lu et al. 2000b).

Trajectory of droplets
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Fig.2.2 Schematic of water droplets'trajectories and the precipitator.
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2. 2. I. 3 Measuring precipitatton rates

It could be observed visually that the simulated fatling water droplets are still

accelerating horizontally just before they impinge on a conductor sample. Indeed, a

droplet's trajectory in the vicinity of a sample is curved, as illustrated in Fig. 2.2. Thus a

droplet's horizontal speed, unlike that of areal rainfall which is presumably comparable

to the wind speed, does not have time to reach the air speed generated by the finite sized

fan. Moreover, the light but fluctuating ambient wind may cause the falling water

droplets to disperse intermittently in the simulator. Hence, the simulated precipitation is

somewhat spatially non-uniform and its rate is not temporally constant at the location of a

conductor sample. Therefore, it is found necessary, for consistent results, to design a

precipitator that simultaneously measures both the vertical and horizontal precipitation

rates. A schematic of this precipitator is shown in Fig. 2.2. Both the horizontal and

vertical collectors are designed to be comparable in size to a conductor sample. The

precipitator replaces a conductor sample but only during the measurement of the

precipitation rates.

2.2.1.4 Measuring water droplets' size

The faithfulness of a freezing rain simulation depends largely on the realism of the

water droplets generated by the nozzles. it depends not only upon the temperature and

speed of the droplets but also upon their size. The size was measured by intermittently

collecting samples of droplets over the duration of each experiment. The droplets were

suspended in a dish containing a light oil with a depth of approximately 5 mm so that a
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microscope couid be used to find their size distribution. The results are presented in Fig.

2-3'In this figure Do is a given droplet diameter and { is the cumulative volume of the

water droplets (within the total volume of the collected droplets) that have diameters up

to Do ' Although this method may lead to a somewhat exaggerated diameter because the

oil tends to "flatten" a droplet, the results are considered acceptable because the effect of

perturbed droplet diameters on an accreted ice weight is shown to be inconsequential

later. Regardless, Fig. 2.3 indicates that the simulated size distributions are quite

comparable, qualitatively, to those measured in a real rainfall (Best 1950).
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Fig. 2.3 Illustrative size distributions of the simulated water droplets. f : test number

used in Table2.2.
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2.2.1.5 Test procedure

Tests were performed when the ambient wind was relatively light (less than 5 km/h)

and the ambient air temperature was usually between -1 
oC to -10 oC without a naturally

occurring precipitation. The following procedure was adopted.

1. Spray nozzles were connected to the pre-cooled water supply. Copper tubing was

r,rsed in series with the water line but only when the ambient air temperature was between

-1 
0c to -5 0c.

2. The water supply and fan were turned on and the water pressure and nozzles were

adjusted to produce the required precipitation rate. The simulator was run for at least 15

minutes before measurements were taken so that the water flow was steady.

3. A slim, sturdy stand was placed in front of the fan to support either the conductor

sample or the precipitator.

4. Measurements were taken half hourly. In each halÊhour period, the precipitator

was first placed in the simulator for five minutes. Then the precipitator was replaced, in

precisely the same position, by a conductor sample for the next 25 minutes. This

substitution procedure was repeated continually over a complete experiment. However,

an additional precipitation measurement was made at the very end. The precipitation rate

over a particular halÊhour period was estimated by determining the arithmetic average of

the readings taken at the beginning and end of that period. The resulting data were found

to be within an acceptable LI}o/o of that determined similarly but over quarter-hourly

rather than half-hourly periods.

5. The ambient air temperature and wind speed were monitored half hourly.
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Chapter 2 - Predicting ice loading

Table 2.1 Comparison between observed and experimental range of values for individual

factors.

Parameter Observed range Experimental range

25

Air temperature,4 ('C)

Precipitation rate, P" (cmlh)

Precipitation amount, 11" (cm)

Wind speed, Z- (rrls)

Droplets' m.v.d.*, D¿n, (mm)

Bare conductor's radius,Ro (cm)

0--10
0.0 - 0.s

0-4
0 - 15

0.5 - 1.5

0.2 - 2.5

-I - -25

0.29 - t.89

0.5 - 5.9

0*,5 - i0

0.8 - 1.4

0.65 - 2.20

x Although the fan was turned off, an ambient wind having a speed less than 5 km/h

might still exist.

+ m.v.d. - median volume diameter.

2. 2. I. 6 Test conditions

Six factors primarily affect an ice accretion. They are the ambient air temperature,

the precipitation rate, the precipitation's duration, the wind speed, the conductor's

diameter, and the size of the water droplets (Stallabrass 1982; Poots 1996). Except for the

ambient air temperature, the other five factors were intentionally varied from case to case

to encompass a wide range of experimental conditions. This is reflected in Table 2.1 in

which a comparison is given between field conditions (Stallabrass 1982) and the range of

the simulated values. In this table, d is the ambient air temperature; { is the vertical

precipitation rate; 11" is the vertical precipitation amount; ( is the normal wind speed;

Don, is the median volume diameter of water droplets; and ,Ro is the radius of a bare

conductor. Table 2.1 indicates that the experimentai { may be higher than that actually
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observed in the field. This discrepancy occurred as a consequence of not intemrpting any

one single experiment and thereby avoiding the need for temporary artificial

refrigeration. On the other hand, a high { was used primarily at the colder ambient air

temperatures reported so that the freezing fraction defined by Makkonen (1984) remained

realistic.

Fifty-fwo (52) specimens were obtained under both wet and dry ice growth

conditions. Twenty f,rve (25) of these specimens involved a dry ice growth; the remainder

had a wet ice growth. A dry ice growth happened when freezing of the super-cooled

water droplets occurred quickly after their contact with a conductor sample so that there

was no obvious water flowing over the conductor's surface (Makkonen 1931). Otherwise,

the ice growth is termed "wet" here. In practice, the two growth patterns could be

distinguished by the resulting ice shapes. A typical dry growth is characterized by the

crescent shaped ice accretion shown in Fig. 2.a@). On the other hand, a wet ice growth

could be identified by either (i) pendant icicles formed beneath a conductor sample [Fig.

2.a@)l or (ii) an onset phase for which a D-like accretion developed [Fig. 2.a(b)]. The

state of an ice accretion can also be estimated by using the freezing fraction, n

(Makkonen 1984). An ice growth is considered wet if n < 1, and dry if n: r. The

freezing fraction values were estimated and the results confirmed that a fairlv wide ranse

of ice growths occurred (Lu et al. 2000b).

Additional details of the individual test conditions, as well as a summary of the test

results are given in Table 2.2.Here,Pr, is the horizontal precipitation rate; r.u* is the icing

duration in a test; å-.* is the ice thickness at the end of a test; Æ is the correlation
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(a)

Fig.2.4 Representative ice shapes for: (a) dry ice growth; (b) transition growth; and

(c) typical wet ice growth. (Drawn to scale.)
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Constant defined by Eq. (2.1) and r is the associated correlation coefficient. The

remaining parameters can be found in Table 2.1.

Table 2.2 List of tests.

28

No
^0

(cm)

l/

lmc l

I a

("c)

P

(cm h-')

Drh

(cm h-,) (h)

D¿*

(mm) Shape (cm) k

sl/Tl " I.43 9.8 -25.0 0.35 0.21 2.08 0.8s L 0.33 0.5ó 0.998

s2rI'2 1.43 8.4 -tJ.5 1.31 0.97 4.52 I.36 2.61 0.59 0.987

S3/T3 1.00 8.9 - 13.0 0.62 0.54 4.08 t.4z C 1.08 0.47 0.997

S4/T4 r.00 E.9 -8.0 0.71 U.)U 2.92 0.92 1.06 0.59 u.9yð

S5/T5 2.20 10.2 r 8.5 0.62 0.65 4.t I t.ll L t.79 0.65 0.99 8

Só/T6 1.00 8.9 -8.0 0.58 0.37 6.25 1.43 u.4ð 0.999

S7IT7 1.43 ð.9 -5.0 0.16 u.ôð 4.50 L) l.55 0.45 u.vv0

S8/T8 t.43 0.0 -IU.U U.UU 0.00 1.33 I.Uð C 0.4 u.)4 0.997

S9/T9 1.43 0.0 -15.0 0.50 0.00 1.33 r.00 0.22 0.43 0.99^l

s 10/T10 | /11 ð.v -r 5.0 1À1 0.75 r.ó5 u. ðv 0.46 u.999

sll/Tl0 1.43 7.5 - 15.0 t.49 0.28 1.75 0.80 0.M u.vvo

s t zrfu t.43 8.9 I t.0 I .01 0.85 3.33 t.16 1.30 0.43 0.997

sl3/Tl1 ì.43 7.5 l r.0 0.ó9 0. t3 J.JJ 1.16 0.77 0.44 0.998

s l4lT12 0.85 8.9 -).u 1.89 1.34 2.50 I.Z5 2.06 0.49 v.v99

s l 5/.t't 2 1.43 7.5 -5.0 l.ól U.YJ 2.50 t.25 T.J¿ 0.42 0.999

sl6/T13 0.65r 1-6 -10.0 1.00 0.95 2.08 t.l5 c 0,9 r 0.54 0.999

s Ì 7/'t'l 3 t.43 4.9 - 10.0 l.3 i 0.05 2.08 1.15 u.v+ 0.47 0.999

s r8/Tr4 L00 ö.v -J. U 1.06 1.08 LOõ I 0.99 U.)J u.99 I

s r 9/Tl5 r.00 8.9 -t.0 0.53 0.66 1.25 0.33 0.44 0.998

s20/Tl5 1.00 '7.5 1.0 'J.2t 0.21 1.67 U.¿tð 0.56 0.993

s2rÆ16 1.00 9.8 -5.0 0.73 0.74 2.92 t.29 0.64 0.992

s22t'tt7 1.00 0.0 -7.0 J.)Õ 0.00 ¿.v¿ 0.50 U.4J 0.997

s23/T I 8 r.00 U.U -3.5 0.s 8 U.UU 3.32 I 0.68 0.5 r r.000

s24lTl8 1.10, 0.0 -J.) 0.57 0.00 2.92 0.ó0 0.50 u.9vð

s25/Tl9 1.00 9.8 -5.0 1.00 1.30 1.67 D 0.72 0.40 0.986

s26iTl9 1.00 '7.5 -5.0 t.t3 u.ðó 2.91 D 0.71 u.)¿ 0.994

s27/T20 l.00 8.4 -8.0 0.5 E 0.43 2.50 u.)Õ 0.47 0.99 r

s28/T20 1.00 7.5 -8.0 0.39 0.36 2.50 0-44 u.40 U.9ÕU
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Table 2.2 List of tests (Continued).

No.

l(s

(cm)

vw
/ -l\

.|
t^

("c) (cm h-,)

n

(cm h-r)

.mu

(h)

Dd'

(rn¡n) Shape

Daaa

(cm) t.

s29/T2l r.65 1.6 0.84 t.t7 2.50 1.21 0.49 u.999

s30/T2l U.OJ - 7.6 -4.0 0.7 t 0.53 2.50 D 0.71 0.46 0.998

s3t/T22 ¿. tL 0.0 -4.0 0.51 0.00 3.3 3 0.53 0.40 0.975

s32tT22 1.00 0.0 -4.U U./J 0.00 3.35 0.69 0.3 8 0.t)94

s33/T23 1.70 7.6 -3.0 0.41 0.34 2.07 D 0.41 0.49 0.989

s34/T23 t.00 1.6 -3.0 0.88 1.03 3.33 I 1.87 0.54 0.995

s35tr24 r.00 0.0 -).u 0.65 0.00 J. /) 0.86 0.50 0.999

s36n24 1.65 0.0 -5.0 0.68 0.00 3.5 8 0.82 0.41 u.9v I

s37tT25 0.63r 0.0 -8.0 0.67 0.00 2.50 0.64 0.48 0.998

s3 ti/'f 25 l.l0 / 0.0 -ð.u 0.66 0.00 2.50 C 0.57 0.45 0.998

s39/T26 1.00 0.0 -6.0 0.98 0.00 2.50 0.95 0.55 0.987

s40/T2ó |.43 0.0 -6.0 0.73 0.00 2.50 I 0.7'7 0.63 0.99ó

s4vT27 .10 0.(.) -ð.u t.27 0.00 2.43 |.zl 0.52 0.99 r

s42tT27 1.10 / 0.0 8.0 r.06 0.00 2.48 0.95 0.53 0.999

s43/T28 1.00 7.6 -4.0 1.06 t.0z ¿.JL D 1.19 0.48 0.997

s44/T29 2.00 0.0 -t 4.0 0.92 0.00 3.33 0.94 0.42 0.999

s45/T29 0.901 0.0 - 14.0 0.86 U.UU 3.33 ¡ 0.93 0.46 0.999

s4ó/r 30 ¿.w u.u -i).u 0.ó0 0.00 2.50 u.4ð rJ.4l u.vðð

s47lT30 U,ðJ' 0.0 - 15.0 0.5'/ U.UU 2.50 C 0.5 r 0.56 0.990

s48/T3 I t.43 5.0 -r0.0 0.29 0. 16 2.98 C U.JU 0.52 0.998

s49rI32 0.46r 5.0 -4.0 0.16 U.U9 2.50 D 0.70 0.54 u-9v I

s50Æ32 0.46r 5.0 -4.0 0.64 0. l0 2.92 D 0.71 0.50 0.996

s5l/'f33 I,UU ð.) -l.u 0.66 U,5U 1.25 I 0.34 0.47 0.998

s52/T34 1.00 8.9 -2.0 t.07 0.50 t.o / 0.77 0.48 0.972

b

c

d

specimen number / test number.
crescent-like ice shaoe.

unavailable.
D-like ice shape.
ice shape with pendant icicles.
smooth cylinder.
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2.2.2 Results

2. 2. 2. I Data processing

A typical example of dimensional experimental data is presented in Fig. 2.5. Here

Mi is the ice mass per unit length of a conductor sample. It is calculated from the result of

subtracting the measured weight of a bare conductor sample from that found after a given

period of icing. The vertical and horizontal precipitation rates, { and f,, are evaluated

by measuring the weights of the precipitated water collected over five minutes. That is,

2.0

0.5

0.0

t (hr)

Fig. 2.5 Dimensional data for specimen 56.
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m,p_ ,.

'h - p*Ana,t

where ffi, and ffit are the mass of water received by the vertical and

precipitation collectors, respectively, over a given time interval, A,t; A"and,

areas of the vertical and horizontal precipitation collectors, respectively; and

density of water. The combined precipitation rate, P, is defined as

t* = ZP* P^t

P¡ frRo

3l

(2.2)

horizontal

/n are the

p* is the

(2.3)

Note that the typical { and Pn shown in Fig. 2.5 clearly fluctuate due mainly to the

fluctuating ambient wind, although its speed was invariably less than 5 km,h. To

accommodate these fluctuations, the original data are non-dimensionalized by

introducing a dimensionless time, /*, and a dimensionless ice thickness, å*. The r* is

given by

(2.4)

where p, is the density of ice; I is the time measured from the start of a (simulated)

freezing precipitation.; and Pu is the combined precipitation rate averaged over /. The ¡t

can be interpreted physically as the ratio of the mass of water droplets that impinge over

period t on a bare conductor having a diameter of 2Ao to the mass of ice that has the

same cross sectional area as the bare conductor. On the other hand. å* is

bb*__
-Ro

rj+rl

(2.s)
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where å is the equivalent radial ice thickness (CSA 1987; ASCE 1991) which is

abbreviated here to simply the ice thickness. The å can be determined experimentally

from the measured mass of ice per unit length, M¡ às

(2.6)

The advantage of using the ice thickness, b, rather than the corresponding ice mass, M¡,

is that the thickness, unlike the rnass, is always independent of a conductor's size, as will

be shown later from a purely experimental viewpoint.

Visual observations on the dimensionless data indicated that the dimensionless ice

thickness, åx, is invariably proportional to the dimensionless time, /x, for an individual

specimen, i.e.

b*=kt* (2.7)

where the correiation constant, k, is determined by using the method of least squares.

Consequently, Eq. (2.7) suggests that a single value of k can completely describe the

evolution of the non-dimensionalized ice mass of an individual specimen. The k, as well

as the corresponding correlation coefficient r, are given in the last two columns of Table

2.2 for all the conductor specimens. It can be seen that r is invariably larger than 0.96 so

that the form of Eq . (2.1) is reasonable.

2. 2. 1.8 Factor ønalysis

To identify how the value of Æ may change with different factors, the effects of the

ambient air temperature, precipitation rate, wind speed, conductor radius and water

anJL

(î*Ro')-Ro.
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droplet size are examined successively in Figs.2.6 through 2.10. The duration factor is

dropped intentionally because its effect has been separated from that of Æ in Eq. (2.7).

The f,rgures indicate that the value of ft did not alter significantly over the range of

experimental conditions used. However, a possible variation in /c could be comparable to

the fairly small experimental error. Therefore, it appears acceptable, for practical

purposes, to pragmatically view Æ as constant even though it may change somewhat with

different experimental conditions. Particularly, Fig. 2.10 indicates that the change in the

water droplets'median volume diameter, Don,, from 0.85 to I.42 mm did not affect the

corresponding k value significantly. This result suggests that a precise measurement of

the droplets' size may not be critical.

1.0
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Fig. 2.6 Effect of the ambient air temperatttre, Tu, on k.
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1.0
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0.2
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Fig.2.7 Effect of the combined precipitation rate, p, on k.
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Fig. 2.8 Effect of the side wind speed, Y*,onk.



Chapter 2 - Predicting ice loading
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Fig. 2.9 Effect of the conductor radius, R6, on È.
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Fig. 2.10 Effect of the median volume diameter of water droplets, D¿¡1, on k.
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Paired comparisons were considered next to provide further evidence supporting the

hypothesis that k is invariant. A paired experiment is defined here if two conductor

samples were tested simultaneously and, therefore, their icing was obtained under very

similar weather conditions. These conductor samples were placed in the freezing rain

simulator with a vertical and horizontal separation more than 20 times the conductors'

diameter. Therefore, the airflow interference befween the two samples was small (EpRI

1979). A conductor pair is identified in Table 2.2 when a test number is repeated in

different rows of the first column. Thus, it can be seen that there were ten (10) pairs

involving different conductor radii. The resulting average difference in k was +7%o for

these pairs. Clearly, the conductor radius had little effect on the ice thickness. Moreover,

there were six pairs that involved a stranded conductor and a smooth cylinder. Then the

average difference in k was t3o/o. Therefore, these limited experiments suggest that the

stranding had little effect so that the commonly used, smooth cylinder assumption for

predicting the accreted ice mass appears plausible.

The above findings are supported somewhat by the more limited experimental

results of Lanctot et al. (1960). They showed that a conductor's diameter could cause a

variation in the ice thickness of up to merely 20%o when the diameter ranged from 0.64 to

4.40 cm. Such a variation is quite comparable to that found in the present study.

Further supporting evidence is given by the field observations made by White

(1998) on tree branches in Hudson, Quebec, that were iced during the 1998 ice storm.

Short sections of tree branches having different cross sectional sizes were cut and the

accreted ice was weiehed to find the equivalent radial ice thickness. The results are
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shown in Fig. 2.11 where the ice thickness, å, is plotted against the radius of a branch,

Ro. Again, the ice thickness appears to be quite constant, regardless of a branch's size.

^^oo
0-_^_ _.o. _ _ _ _ o.o

Measured

Average:0.71

0.0 0.4 0.6 0.8

R6 (cm)

Fig. 2.11 Field observations on iced tree branches (White 1998).

2.2.1.9 Summary of results

A further comparison of variations in Æ is made by subdividing all the icing

specimens into four categories, viz. a dry growth with or without a wind, as well as a wet

growth with or without a wind. Fig.2.12 presents this data in terms of the dimensionless

ice thickness, åx, plotted against the dimensionless time, l*. The figure clearly indicates

that the extreme change in Æ is between 0.49 and 0.5i for these different categories. This

4 o/o difference is inconsequential in comparison to the experimental errors. Therefore, all

the data can be reasonably pooled, as shown in Fig. 2.13.
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(a)

2.0

Fig.2.L2 Simulation results for four individual icing and side wind categories: (a) dry

ice growth without wind; (b) dry ice growth with wind; (c) wet ice growth without wind;

and (d) wet ice growth with wind.
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'1.5
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1.0

0.5

0.0

Fig. 2.13 Summary of all test data.

Performing a linear regression analysis on all the simulator data gives fr as 0.50 or

å*=0.50r* (2.8)

with a high correlation coefficient, r, of 0.98. Expanding Eq. (2.8) gives the following

dimensional form

(2.e)

where H, = Put is the total precipitation upto instant /. The key feature of Eq. (2.9) is

that the simulated dimensional ice thickness, å, is independent of a conductor's radius,

regardless of the icing category. It is interesting to note that Eq. (2.9) corresponds

39
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exactly to the theory of Goodwin et al. (19g2) and Jones (i996). However, Eq. (2.9) is

purely an experimentally derived result here.

2.2.2 Discussion

2.2.2.1 Horizontal droplet speed

It is a colrunon practice to assume in anal¡ical modeling that the freezing rain

droplets' horizontal speed, V6, and the horizontal wind speed, V,,, are identical. Hence the

former can be estimated from the latter (Goodwin et al. 1982). The validity of this

assumption is examined by first finding the ratio, þ , of the two horizontal speeds, or,

alternatively, from the measured vertical and horizontal precipitation rates, i.e.,

40

o:+î (2.10)

Here Vu is the terminal speed of a water droplet whose diameter is taken as the median

volume diameter of all the droplets. By reasonably assuming that Vo is 4 m/s (a terminal

speed which corresponds to a I mm diameter droplet), p can be calculated for each

individual experimental simulation. The results are summarized in Fíg.2.14, where Zo

can be as low as I)Yo of V*. Clearly, the assumption is dubious for the simulator.

Fig. 2.15 gives the experimental relationship between the two dimensionless

parameters å* and /* found by replacing the measured horizontal precipitation rate with

the one estimated from the measured wind speed by assuming p equals unity. Hence,

from Eq. (2.10),
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Fig.2.l4 Ratio of horizontal droplet speed to wind speed.
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Fig. 2.15 Re-analyzing data by assuming wind speed and droplets'horizontal speed are

equal.
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PVt vt w
^h r./'o

(2.1 1)

(2.r2)

(2.14)

Zo is taken to be 4 m/s again. Compared \¡/ith Fig. 2.l3,the data in Fig.2.15 has more

scatter so that the estimated horizontal precipitation rate produces less consistent results

for the simulation experiments. This conclusion is not affected by slightly changing the

assumed value of Vd.

2.2.2.2 Growth rate patterns

The growth rate of an ice accretion can be expressed in terms of either its mass or its

thickness. To ascertain the difference, the data in Fig. 2.I3 are re-plotted in Fig. 2.16 in

terms of the dimensionless ice mass, M*, versus the dimensionless time, t*. Here M* is

defined as

M* - -Y-
P¡ERõ

so that M* is related to b* bv

M*:b+(2+b*). (2.r3)

The data in Fig. 2.16 is curve-fitted to give the following equation with a 0.98 correlation

coefficient.

M*-0.287t*(r*+0.941)

Therefore, in contrast to the linear growth pattern observed for the ice thickness, Fig.

2.16 or Eq,. (2.14) indicates that the mass growth follows a parabolic relationship.

However, if the freezing precipitation is not extreme and prolonged, in other words if
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¡* I 2, then the parabolic growth can

relationship.

+J

by a linearbe approximated reasonably

12

10

B

6

4

2

U

t.

Fig. 2.16 Experimental M* versus lt

2.2.2.3 lce shape

Ice shape is an important indicator for qualitatively evaluating whether a freezing

rain simulation is faithful or not. All the ice shapes obtained in the present experiments

can be categorized into three patterns, namely, a crescent shape (i.e. a fan-like shape), a

D-like shape, and one with pendant icicles. The crescent shape illustrated in Fig. 2.a@)

invariably happens on the impinged part of a conductor's surface at a relatively low air

temperature, usually below -5 
oC when the simulator produces an air flow. Consequently,

the super-cooled droplets freeze fairly soon after impacting the conductor sample.

*
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Although the ice accretion is dry overall, part of the ice, especially that near the

stagnation, may exhibit the character of a wet growth (Makkonen 1984). A D-shape

accretion can form on either the windward [specimen S30 in Fig. 2.4(b)] or the leeward

side (specimen 526) of a conductor's surface. It occurs at a moderate air temperature

between approximately - 4 and - 5 oC in a wind-on simulation. The impinged water

droplets flow over the icing surface of a conductor sample under the joint action of wind

and gravity, but only to the extent that pendant icicles do not grow. Therefore, the ice

accretion is in a state of transition from a dry to a wet growth or, in other words, this case

corresponds to the onset of a wet ice growth. Both the crescent and D-like shapes have a

fairly constant cross section along the length of a conductor sample.

The third category - that with pendant icicles beneath a conductor - occurs at a

relatively high - 4 to 0 oC air temperature in a wind-on simulation. The impinged water

droplets flow over the icing surface so that icicies appear [Fig. 2.a(c)]. The icicles are

distributed intermittently along the conductor at an average spacing of about Z cm, a

value that agrees well with that found by Makkonen and Fujii (1993). Clearly, the ice

growth is wet. An interesting observation from the present experiments is that the icicles

may grow in either a single row if the conductor's diameter is less than 1 cm, say; or in

two, almost parallel rows if the conductor's diameter is greater than 2 cm. Fig. 2.a@)

shows that a wet ice accretion can be fairly symmetrical, regardless of the action of the

wind.

All three icing categories can be created by a natural freezing rain on overhead lines

and, therefore, the simulations appear to be realistic. For example, Fig.2.l7(a) shows a
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Fig. 2.17 Comparison of ice shapes between field obser-vations on (a) a power line; (b) a

non-energized conductor section; and (c) the experimentally simulated ice of specimen

s52.



Chapter 2 = Predicting ice Ioading

natural ice accretion with icicles that stayed on a Manitoba Hydro power line

immediately after a major (04/84) freezing rainstorm. Fig.2.I7(b) depicts the ice accreted

naturally during the same storm but on a non-energized conductor sample. The same ice

pattern was observed in the freezing rain simulator. See, for example, specimen S52 in

Fig. 2.17(c).

2.3 Predicting extreme ice loading

2.3.1 Description of hístorícal weøther døta at lVinnipeg

Historical weather data recorded at the Winnipeg Intemational Airport are used as

an illustration. The data covers a period of 126 years from 1872 to 1997. The last 45

years data, from 1953 to 1997, includes the hourly air temperature, hourly wind speed

and its direction, daily rain amount, as well as a verbal indication of the hourly weather

pattern. However, prior to 1953, only the daily rain amount and the daily maximum and

minimum temperatures were digitized. Efforts have been made to complement the

missing data as described in the next subsection.

The following major assumptions are used to find the ice thickness.

Ice deposited on a conductor persists for a given number of days with a constant

weight after a freezing rain stops. It then completely melts immediately.

All the rain falling within a day is assumed to be freezing precipitation if so noted.

Goodwin's model applies to live field conductors which are not fixed but may

rotate due to an eccentric ice deposit.

40
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ø The ice persistence, droplet diameter and the drag coefficient of an iced conductor

are assumed to take the default values listed in Table 2.3 unless noted otherwise.

Efforts have been made to justify these assumptions by either exercising a sensitivity

analysis or applying previous experience. See Lu et al. (1998a) for details.

Table 2.3 Parameter values.

47

Parameter Field range Range in anaiysis Default

Ice persistence

D¿^

Cot

1-7days

0.5 - 2.0 mm

0.8 - 2.5

1-7days

0.8 - 1.5 mm

1.5 - 2.5

3 days

1.0 mm

2.0

t : Drag coefficient of iced conductor (Lu et al. 1998a).

2.3.2 Complementing weather data

The 126 years' weather data recorded at the Winnipeg Intemational Airport is used

next to illustrate the procedure for complementing incomplete weather data.

2. 3. 2. 1 ldentifying freezing rain events

In the latest 45 years' data, there is a recorded index indicating whether a freezing

rain or drizzle occurred or not in Winnipeg. However, the index is not available in the

earlier 81 years' data. In this latter period, afreezing rain is assumed to occur if the daily

minimum air temperature is below 0 oC and there is rainfall in that day. This criterion is

tested against the latest 45 years' known records by comparing the results in Fig. 2.18.

The reduced variate, y, in this figure is related to the cumulative probability of occurrence
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-0.5 0.0 0.5
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1.0

v

2.0 2.5

Fig. 2.18 Test of freezing rain criterion: ice thickness.

of an ice thickness upto a given AM ice thickness, å. It is defined formally later. Fig. 2.18

indicates that the suggested criterion appears acceptable. In this comparison, the accreted

ice is presumed to persist for 3 days after an ice storm stops. In other words, two freezing

rain events are said to be different episodes if they happen three days or more apart. In

reality, ice persistence may usually vary from one day to seven days. Fig. 2.19 compares

AM ice thicknesses for different persistence days. No significant difference is observed.

Thus, the assumption of three days' ice persistence appears plausible.

ø Originaldata

{- Data from criterion
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Fig. 2.19 Sensitivity to ice persistence.

2. 3. 2. 2 Comp lementing mis s ing wind information

No wind information is available in the earliest 81 years' data. To estimate this data,

a correlation is used between the wind speed and the air temperature that is similar to the

one proposed by Stallabrass (1982). By manipulating the latest 45 years' data, the

following two equations are proposed to estimate a nominal daily average wind speed,

V*,urg, and a nominal daily maximum wind speed, Vrr,^^*, respectively:

49

Vrr,uus = 0.27^,,, + 6.9 (m/s)

f ,u,^u* = 0.64,u", +I2.0 (rnls)

(2.1s)

(2.16)

where Zu,.ug is the average of the daily maximum and minimum air temperatures (oC).

These estimated speeds are termed "nominal" because they are adjusted by trial and error

to accommodate estimating an AM ice loading. More specifically, V*,^us is used to find
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an ice thickness and ,/,u,max is employed to determine a wind load that acts on an iced

conductor. These different usages can be explained intuitively as follows. An ice weight

normally has a monotonic growth that is more or less a result of an average wind effect.

On the other hand, a wind load may fluctuate signif,rcantly due to gusting. However, the

peak wind load that corresponds to the peak wind speed is primarily of concern for

engineering purposes. Eqs. (2.15) and (2.16) are employed to find the ice and wind loads

for the latest 45 years. Figs. 2.20(a) and 2.20(b) compare these results to those obtained

from the measured wind speeds. Fairly good agreement is found between the two results

which is somewhat surprising in view of the poor correlation between the wind speed and

air temperature (Lu at al. 1998a).

2.3.3 Com'bined ice and wind load

It is customary to use a frequency analysis to predict an extreme ice loading for

future ice storms (CSA 1987; ASCE 1991). By performing such a frequency analysis, the

AM series leads to the empirical probability distributions of the extreme ice thickness,

b,, and the extreme combined ice and wind load, L", îor a given return period T. The b"

and L" for V/innipeg are shown in Fig. 2.21 as a function of¡ the reduced variate defined

by (Sachs l9l2)

y - - log(- log P) . (2.r7)

Here P is the cumulative probability up to a given level, b" or L". P is related to the return

period, I, by (Sachs 1972)

50
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Fig. 2.20 Test of wind speed estimators for (a) ice thickness; arid (b) combined ice and
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Fig.2.2l Empirical extreme distributions for (a) ice thickness; and (b) combined ice

and wind load.
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(2.18)

The raw data given in Fig. 2.2I are curve-fltted by using the method of least squares to

give the following two empirical probability distributions

)J

1
D -'t _-¡ -r T'

and

, fz.q, -2.00- e-tts' ) (y > o)
-e l.o (v<o)

foo, - 
29 + 36e-o B, (y > o)

t"=1ll.2y+7.0 (0>y>-0.625) .

fo e < -0.625)

(2.re)

(2.20)

Thus, for a given return period T, b" and L" can be found straightforwardly from Eqs.

(2.19) and (2.20) or Figs. 2.21(a) and (b). The wind pressure that accompanies the Z-year

extreme ice thickness can be back-calculated from the known b" and L"by using

2(Ro + b")
(2.2r)

It can be seen in the preceding procedure that the wind effect that accompanies an

extreme ice thickness is defined so that the resulting combined load has a given, known

probability of occurrence (i.e. a known return period) - even though the probability of

occumence of the wind effect itself is unknown. Conversely, two existing procedures

(ASCE I99I; Krishnasamy and Kulendran 1996) specify the probability of occurrences

for both the wind and ice effects, but the occurrence of the resulting combined load is

unclear. Fig.2.22 gives the extreme ice thickness and its accompanying wind pressure as

a function of the return period, T, for V/innipeg. The figure shows that an extreme ice
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thickness that corresponds to a longer return period tends to be accompanied by a lighter

wind. In contrast, existing methods assume either a constant accompanying wind,

regardless of the return period of an extreme ice thickness (ASCE i991), or they result in

an increased accompanying wind when an extreme ice thickness has a longer return

period (Krishnasamy and Kulendran 1996).

9 o o o o.., e @ o I g & & @ I @ @ @ o

_ coouooooooc6 "voooooo
@

6 lce thickness

9 Wind pressure

0 20 40 60 B0 100

T (years)

ßig. 2.22 Extreme ice thickness and accompanying wind pressure for various return

periods.

2.3.4 Monte Carlo simulation

A Monte Carlo simulation is considered next to address the randomness of an AM

ice thickness. The procedure is briefly described first.

Initially generate a series of random numbers that are distributed uniformly over the

interval [0,1] by using the robust generator (Bratley et al. 1987)
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(2.22)Xi*, = 16807 Xt mod(23' - 1) .

Then divide these numbers into z sub-series, each having an identical length, N. One sub-

series corresponds to one realization of an AM ice thickness series that may occur over a

future period of N years. Therefore, n is the number of realizations and N is the number

of years in one realization. For each sub-series, say the jTh sub-series

L., \

lui'' I (i = 1,2,3,... , ¡/) , the corresponding jth realization, i.e. the analogous 7th AM ice

. I ¡,t)
thrckness series tr)"i (i =1,2,3,...,N), can be found by using the method of inversion

(Bratley et al. 1987). That is

,:i) = F;'@:i)) (2.23)

where d' denotes the inverse function of Fo. 4 is the extreme probability distribution

obtained empirically from a set of historical data. Take the ice thickness as an example.

d is derived by rearranging Eq,.(2.19) in the form of a cumulative probability, P, plotted

as a function of the extreme ice thickness å". That is

P = Fo(b") . (2.24)

In this way, an arbitrary number of realizations can be created for an arbitrary number of

years. The resulting realizations are analyzed next.

2.3.5 Results

Only the AM ice thickness is discussed in the following analysis for conciseness.

However, the approach and the resulting conclusions are also applicable to the AM

combined load.
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Fi9.2.23 Variation of extreme ice thickness.

2.3.5.1 Variation of extreme ice thicltness due to randomness

Extensive Monte Carlo simulations were performed based on the empirical

probability distribution arising from Eq. (2.19). The results are summarized in Fig.2.23,

where, å.u* is the maximum ice thickness in a simulated, N-year long, AM time series;N

corresponds to a power line's planned lifetime; ERP refers to the extreme ice thickness

whose return period is equal to the line's lifetime N. Moreover, the lower bound

corresponds to a cumulative probability of 5o/o, i.e. there is 95Yo probability that the lower

bound will be exceeded within the N years. On the other hand, the upper bound

corresponds to a cumulative probability of 95o/o. Therefore, the maximum ice thickness

over a period of 1/ years has a 90o/o probability of falling between the lower and upper
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bounds. It can be observed from Fig. 2.23 that the maximum ice thickness over a given

period can be any value in a wide range which is defined by the upper and lower bounds.

For example, the maximum ice thickness within a 50 years' period may vary from 2.2 To

6.2 cm, a 2.8 fold difference. This difference indicates a large uncertainty in the

maximum value even though the extreme distribution underlying the AM series is

assumed to be identified exactly.

In order to examine the reasonableness of an ERP value as a design load, the

probability density curves are plotted in Fig. 2.23 for the maximum ice thickness thar

may happen over 50 and 100 years, the two typical lifetimes used for a power line. It can

be seen that the ERP is located approximately at the peak of the density function,

suggesting that the ERP will more likely occur than any other value. However, there is a

high (about 64%) probability that the ERP will be exceeded within a power line's

lifetime. Therefore, the use of an ERP as the design ice load seems unsafe.

2.3.5.2 ldentification of true extreme distribution

In determining a design extreme, either by using a probability-based approach or by

employing the commonly used, return period-based approach, an essential assumption is

that the "true" probability distribution of an extreme ice thickness can be identified from

a historical record. To find the uncertainty due to this assurnption, Monte Carlo

simulations were run again assuming that the true probability distribution is given by Eq.

(2.I9). Two different sets of realizations of AM ice thickness series were simulated, one

corresponding to a duration o120 years and the other to 100 years. Each set involved
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1000 realizations (i.e. AM series). The results are summarized in Figs. 2.24(a) and (b)

where the ERP corresponds to the true probability distribution and the upper and lower

bounds (95% and 5o/o of cumulative probability, respectively) define a practical range in

which an empirical distribution may be located (with a probability of 90%). Note that all

the realizations have an identical probabiiity of occunence. They originate from an

identical probability distribution, although they may produce quite different values. Ir

can be observed from Fig. 2.24 That, in general, an empirical distribution obtained from a

single realization (i.e. a single AM series) may deviate quite significantly from the true

distribution. More specifically, if an extreme value of a given return period is identified

from an AM series whose length equals to the return period, then its error from the true

counterpart in the case of Winnipeg can be as high as 100% for a 20 years' record and

80% for a 100 years' record, as shown in Fig. 2.24. On the other hand, if an AM series of

a given duration, say 100 years, is used to find an extreme value whose retum period is

shorter than the duration, say 20 years, then the resulting er¡or is reduced to about 30%.

However if, conversely, an AM series of a given duration is used to estimate an extreme

value whose return period is longer than the duration, then an uncontrollable error may

occur due to the extrapolation effect that is illustrated in Fig. 2.25. In this figure, the

extrapolation of an empirical distribution curve, l, can go well beyond the range defined

by the upper and lower bounds.
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I

Fig. 2.25 Illustrating a plausible extrapolation.

2.4 Concluding remarks

Extensive experimental freezíng rain simulations have been performed over a wide

variety of icing conditions. Consistent experimental results could be found more readily

after the horizontal as well as the vertical precipitation rates were measured. The present

investigation has shown that a simple icing model - that due initially to Goodwin - agrees

surprisingly well with the measured ice weight of both dry and wet ice growths in several

wind conditions. Although the experiments are by no means all encompassing, they do

provide a database to help verify any icing modeling.

A systematic procedure has been described to find the extreme ice loading based on

historical weather records. The followine observations can be made.

60
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A longer historical record of ice loading can be obtained by complementing missing

weather data.

An improved procedure to combine ice and wind effects has been proposed. It leads

to the observation that an extreme ice thickness for a longer return period tends to be

accompanied by a lighter wind.

An extreme ice load is seen to be subject to large variations and uncertainties. The

current practice of using an extreme ice loading whose return period is comparable to

a line's planned lifetime may not be safe. Then it is prudent to use backup protection

to sustain a power line's operation.
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CITAPTER 3

PREDICTING THE SHAPE OF'ICE ACCRETED ON

AN OVERTIEAT} I,XNIE

3.1 Introduction

The shape of ice accreted on an overhead power line plays a decisive role in

initiating galloping of the line. However, the ice shape is difficult to obtain in the held

because ice samples are collected mostly on the ground after falling from a line. Such

samples are probably damaged when hitting the ground. Moreover, it is virtually

impossible to accurately determine the shape from visual observations of an iced line

when the ice is transparent. On the other hand, a purely theoretical model does not appear

to predict a realistic shape by using the current state of the art. Therefore, a semi-

empirical approach is proposed in this chapter to (1) predict the evolution of an ice shape

with a continuous freezing rain precipitation; and (2) help recover the overall shape of

likely damaged ice samples found in the field. First, the ice shape is idealized on a fixed

conductor based on experimental evidence. Then the result is extended to accommodate

the power line's torsional flexibility. Only an ideal dry ice growth is considered in which

a precipitation freezes immediately upon impinging the power line. in reality, of course, a

dry ice growth happens when this freezing occurs quickly rather than immediately but

without an obvious flow of water.
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Example water droplet

Q'
Icing window

,"' //./z \j /Á^,,,íà',*
droplets

Fig. 3.1 Illustrating the water droplets' catchment area. The droplet is intentionally

exaggerated for clarity.

3.2 Assumed shape of ice for a fixed conductor

The freezing rain experimental resuits described in the last chapter show that the

growth of an ice mass corroborates, surprisingly well, the model of Goodwin et al.

(1982), regardless of icing conditions. However, they do not support the uniform radial

ice accretion assumed by Goodwin et al. (1982). An important finding is that the icing

"window" (the projected cross-flow area of ice upon which further ice can be deposited)

becomes a little wider with increasing ice thickness. These experimental observations are

used here to establish a semi-empirical, icing model.
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For this purpose, the following assumptions are made to simplify the problem of

predicting the ice shape's evolution for a dry ice growth.

o Air flow is two dimensional so that each cross-section of a conductor or sub-

conductor can be treated independently.

n The impinging water droplets are distributed uniformly. Interference of the droplets'

flow by an iced conductor is negligible.

@ All the super-cooled water droplets freeze immediately upon contact with an icing

surface. That is, the accretion is an ideal dry growth with no droplet shedding.

u A (spherical) droplet whose center is located somewhat outside the icing window may

still "touch" the icing surface if the distance of its center from the edge of the window

is less than its radius. See Fig. 3.1.

From the first two assumptions, the ice shape for a freezing rain falling uniformly on

a f,rxed conductor can be found to be as shown in Fig. 3.2 except for the side icing. That

is, every point on the initial icing surface (i.e. the half of the conductor surface that faces

the droplets' flow) is moved out against the flow's direction by a common distance l/p.

l1p is the combined freezing rain precipitation given by

H, = Put (3.1)

where all the parame.ters are defined as in the last chapter. Thus, the top of the icing

surface remains semi-circular but it is transposed linearly from the conductor. Clearly, the

maximum width of the icing window remains unchanged. However, the equivalent radial
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Side icing

Fig. 3.2 Idealized ice shape for a fixed conductor.

ice thickness of this projected shape does not grow linearly with time - the evolution

found experimentally. Therefore, side icing has to be considered by using the third

assumption. Fig. 3.3 illustrates the icing process, step by step. The temporal order of the

steps is indicated by the sequential numbers. By decreasing the step sizes, the shape of

the side icing can be seen to tend to the isosceles triangle shown in Fig. 3.2. Angle p ín

this figure is 32.5 degrees in order for the growth of the ice thickness to match the

experimental observations. Therefore, Fig. 3.2 represents the general form of the

idealized ice shape for a fixed conductor.
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Fig. 3.3 Exaggerated stepwise ice accretion.

3.3 Modeling the ice shape for a torsionally flexible conductor

An overhead power line in the field invariably possesses torsional flexibility so that

it can rotate under an eccentric ice weight. Therefore, the icing model described

previously for a fixed conductor is extended next to accommodate conductor's torsional

flexibility. To do so, the following additional assumptions are made.

e A conductor or sub-conductor is a torsionally flexible, sag-free cylinder having both

ends fixed.
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The precipitation rate of a freezing rain and the wind speed are constant

However, they each can change independently with time in a stepwise

wind direction is always perpendicular to a conductor or sub-conductor.

The aerodynamic moment is negligible compared with the moment due

of an eccentric ice accretion. This assumotion is examined later.

/-n/

along a span.

marurer. The

to the weight

The separation between the sub-conductors of a bundle conductor remains constant

along a span; only the overall or bulk torsion is considered. Thus, the torsion of

individual sub-conductors is neglected so that the bundle can be idealized as an

equivalent single conductor.

The sub-conductors in a bundle conductor are assumed to have the same ice

accretion. That is, there is no interference of a falling droplet from a neighboring sub-

conductor.

Fixed end Node Conductor

N+1

Fig. 3.4 Idealized and discretized line span.

The duration of a freezing rainstorm is divided into small intervals. Similarly, the

conductor span is divided into the small sections (or elements) illustrated in Fig. 3.4.

During the small, arbitrary,ith time interval, the ice accretes as if the conductor is fixed.

Ni+1;1L-L



Chapter 3 - Predicting ice shape 68

Ice contour at the end
of (i-1)th time interval 4?
Side icing

Ice contour at the end
of ith time interval

Fig. 3.5 Illustrating the ice accretion during an arbitrary ith time interval. This

incremental accretion is exaggerated for clarity.

The icing process during the ith interval is illustrated in Fig. 3.5, where AI1" is the

combined freezing precipitation increment over the interval. The contour at the end of the

interval is obtained by moving the contour at the end of the (i-l)th time interval a

distance AH p against the droplets' impinging direction. In addition, fwo side icing

triangles are added that are charactenzed by the anglep:32.5o. The rotation of the

(equivalent) conductor due to this additional icing can be found from the following

simultaneous equations :

Side icing
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lL t ,

¡jlQt,<t-t> 
+ Qt,q¡*t¡ -2Q,,¡) = M i,¡Eei,¡ cos(ár,j),

with the (fixed) end conditions:
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Q¡,0=9i,1r*t¡=0' (3 .3)

Here 9,., is the (total) rotation of the conductor's 7th node at the end of the ith time

interval; M¡¡ and e¡¡ aÍe the corresponding ice mass per unit length and the offset of the

center of ice mass from the bare conductor's center, and g is the gravitational constant.

Furlhermore, 0¡,j is the corresponding angle (from the horizontal) of the line connecting

the ice mass' center to the center of the conductor alone; and A/ is the length of the

conductor element. Kt is the equivalent torsional stiffüess of the conductor which is siven

bv

K,:GJ for a single conductor,

(3.2)

(3.4)

OT

K, = GJ + HRI for a bundle's sub-conductor. (3.5)

GJ is the intrinsic torsional stiffüess of a single conductor; 11 is the conductor's

(horizontal) tension; and R6 is the radius of the bundle conductor.

3.4 Illustration and discussion

A Quebec Hydro's 230 kV line is used as an example to illustrate the proposed

method for predicting ice shape (Van Dyke and Drapeau 1998). The conductor is a twin

bundle with a separation of approximately 450 mm between the two sub-conductors.

Each sub-conductor, having the code name Curlew, has a diameter of 31.6 mm and a
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mass (per unit length) of 1.98 kg/m. The span length is taken to be 400 m, which

corresponds to the line's ruling span. The conductor is assumed to be suspended at the

average height of 40 m above the ground. The line's icing process during the 199g

"Great Ice Stom" is to be simulated.

Weather conditions are required to predict the ice shape but no information is

available locally. Therefore, data from the nearest weather station at St. Hubert is used

(Jones 2000). This information may not give an accurate representation of an ice shape at

a particular instant but it should give a reasonable impression of the overall evolution of

the ice shape. 
'Weather conditions measured at a 10 m height at St. Hubert befween the 5th

and 10th January, 1998, are protracted in Fig. 3.6 to corresponding data 40 m above

ground. The air temperature and precipitation rate remain the same as the original values

in this projection. The wind speed, on the other hand, is corrected according to IEC

(1991), i.e.,

l40\ o''u

V*,00, =V*,ro^lrg) (3.6)

where Vw,ilu, and V¡,y¡6,n are the wind speed at the above-ground height of 40 m and 10 m,

respectively. A flat, type B terrain is reasonably assumed (IEC 1991). The wind direction

is assumed to be perpendicular to a transmission line so that the resulting ice weight tends

to be overestimated.

Predictions are given next. Fig. 3.7(a) gives the time varying static tension at a mid-

span under the joint action of the conductor and ice weight as well as the wind pressure

for which the drag coefficient, C¡,, is taken to be 2.0 (Lu et al. i998a). Note that this static
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Figure 3.6 Weather conditions 40 m above ground projected from observations at

Hubert. Showing the history of (a) the air temperature; (b) wind speed; and

precipitation rate during 5th to 1Oth of January,1998.
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Fig. 3.7 Computed results at the middle of a 400m span of a 230 kV line for (a) the static

tension; (b) angle of rotation; (c) radial ice thickness; and (d) the eccentric ice weight's

moment compared with the aerodynamic moment. + During January, 1998, assuming no

line failure.

(b)
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tension may fluctuate temporarily when the wind gusts. However, as expected, the

overail static tension tends to increase as more ice is accreted.

Fig. 3.7(b) presents the corresponding static angie of rotation of the conductor at its

mid-span. This figure indicates that one complete revolution is possible for this win

bundle line due solely to the eccentric ice weight. In fact, there were cases reported

during or after the ice storm in which the twin bundle was twisted. See, for instance,

Fig. 3.8 for the photograph obtained from Hydro Quebec (Van Dyke and Drapeau 1998).

1at)

Fig. 3.8 Photograph showing a twin bundle line that twisted during the ice storm.
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t*

Fig. 3.9 The relationship of b* versus t* at the mid-span.

Fig. 3.7(c) shows'that the equivalent radial ice thickness at the mid-span increases

monotonically with time because no thawing is allowed in the modeling between freezing

rain episodes. The same data are expressed in dimensionless form as in Fig. 3.9, which

can be approximated as a straight line with a slope of 0.50. Remember that the conductor

at this mid-span was undergoing rotation during icing. Therefore, Fig. 3.9 suggests that a

conductor's rotation does not appear to affect the growth of ice weight. In other words,

Goodwin's modei appears to be valid regardless of a conductor's torsionui n.*iUitity.

Furthermore, Fig. 3.7(d) confirms the assumption that the aerodynamic moment is

negligible compared with the moment due to an eccentric ice weight. The aerodynamic

moment, Mu,is computed from

M^ = o.Sp^Vl(D. + 2b)2 CM (3.7)

where ¿ is the air density, which is taken to be 1.3 kg/m3. D. is the diameter of a bare

conductor. å is the equivalent radial ice thickness. Ctr is the aerodynamic moment

1^la
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coefficient which is assumed to be 1.0. This value is likely to be a conservative

overestimation based on wind tunnel experiments of over twenty iced conductor samples

(Stumpf and Ng 1990).

The predicted ice shapes at different instants and span locations are given in Fig.

3.10. As expected, the ice shape at a given instant tends to be more eccentric near the

torsionally stiffer ends of a span. Ice shapes are invariably offset towards the wind. This

phenomenon was observed in the outdoor freezing rain simulator for freely rotating

conductor samples (Stumpf and Ng 1990). It was also noted in an indoor icing chamber

for cylinders that were mounted on torsional springs (Smith and Barker 1982), although

the latter simulated in-cloud icing.

Knowledge of the ice shapes gained from the modeling is used to assess the overall

shapes of the ice samples found on the ground from the lines of similar conditions during

the ice storm. Fig.3.11 gives sketches of three ice shapes. Fig.3.12 shows photographs

of these ice samples (Van Dyke and Drapeau 1998). The three shapes had an equivalent

radial ice thickness of about 77 , 13, and 22 mm at the date and time they were observed.

(See the second row of Table 3.1.) The approximate times when the samples dropped

from the lines can be estimated by matching the samples' ice thicknesses to those shown

in Fig. 3.7(c). The predicted time is shown in the fourth row of Table 3.1. Also given in

the third row of this table are the actual times when the samples \¡/ere found (Van Dyke

and Drapeau 1998). Reasonable agreement can be seen between the actual and predicted

times. Sarnples (a), (b) and (c) of Fig. 3.11 appear to correspond to afreezing duration of

about 30,25, and13 hours, respectively. The likely damaged parts of the ice shapes are
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Conductor

0 2 4(cm)

lrl

Fig. 3.10 Evolving simulated ice cross-sections (a) 8 m, (b) 80 m, and (c) 200 m from

the end of a 400 m long, twin bundle span. The ice shapes correspond to a freezing rain

duration of 24, 48,72, and 96 hours as the shape generally progresses away from the

conductor. No thawing or ice shedding is considered.
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Conductor

'+- Reconstruction

Ice

(c)

0 | 2 3 4cm
rtltl

Fig. 3.11 Sketches of the ice samples collected on the ground from: (a) a230 kV line;

(b) and (c) a 735 kV line of Hydro Quebec. The likely undamaged ice shapes are

indicated by the dashed curves which are based on knowledge gained from the ice

modeling.

1,1

(a)

(b)
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Fig. 3.12 Photographs showing ice samples collected in the field from a (a) 230 kV line;

(b) and (c) 735 kV line.
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Table 3.1 Predicted fall times of three ice samples.

Sample shown in Fig. 3.T2 (a), (a)
(b) or (c)
Radial ice thickness of samole

79

t7

98l0Il06l13:00

98/01/06/11:00

13

98/0Il06lI6:00

98/01/06/05:00

(c)

22

98/01/08/14:00

98/01/08/05:00

(b)

(mm)
Time that sample was observed

Predicted time that sample fell
from line

reconstructed in Fig. 3.11 as dashed curves. These, pragmatically determined, ice shape

re-constructions are corroborated by the ove-rall shapes of ice accretions that actually

remained on fallen conductors when photographs were taken. [See Fig. 3.13 (Van Dyke

and Drapeau 1998).1

3.5 Concluding remarks

A semi-empirical icing model has been established based on extensive freezing rain

experimental evidences to predict the shape of ice deposited on an overhead power line,

which is invariably torsionally flexible. A twin conductor span is used to illustrate the

model. A qualitative comparison between the predicted ice shapes and those obtained

from the field during the 1998 Great Ice Storm in Eastern Canada shows a fairly good

agreement. Furthermore, the numerical simulations lead to the following findings:

' Goodwin's model remains valid in predicting ice mass for a torsionally flexible

conductor.

e The ice deposited on a conductor tends to be less eccentric (or, alternatively, more

circular) towards the middle of a span, or with a longer icing duration.
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@ An ice deposited conductor could rotate one or even more cycles during a severe ice

storm so that the sleeve ice (i.e. circular shaped ice) that was quite often observed in

the field is explained.

The present model applies only to an ideal dry ice growth. An extension is required

to encompass a wet or transition ice growth.
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Fig. 3.13 Photographs showing the ice accreted on fallen conductors.
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CIIAPTER 4

r...iUTATIOl\ DAMPER. FOR A COUPI,ED TXORIZONTAI, AT{D

ROTATIO}.IAL MOTION

4.1 Introduction

Many engineering structures, such as overhead power lines, long span bridges, tall

buildings, and highrise towers, are flexible and lightly damped so that they are vulnerable

to a low frequency excitation typical of a wind or an earthquake. A nutation damper

G{D), also called a tuned liquid damper (TLD), has proved to have the potential for

suppressing the resulting excessive or even damaging vibrations because of its excellent

damping performance at frequencies below 3 Hz (Soong and Dargush 1997). A ND is

simply a rigid container that is frlled partially with a shallow liquid. It is mounted on a

structure and dissipates a vibrating structure's energy by the structure-induced sloshing of

the liquid. The container is dimensioned so that the iiquid's fundamental sloshing

frequency matches the predominant excitation frequency.

The idea of using liquid sloshing to dissipate energy first appeared in space satellites

(Bhuta and Koval 1966) and, a little later, in marine vessels (Watanabe 1969). Only much

later was it applied to ground structures (Modi and Welt 1987; Shimizu and Hayama

1987). Recently, there has been growing interest in NDs because of their low cost, easy

installation, few maintenance requirements, as well as their ability to accommodate an

excitation's magnitude as well as direction variations and, to a lesser degree, changes in

the excitation's frequency spectrum. However, the ND's mechanisms for dissipating
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energy are still not understood well because of the difficulties in ascribing the relative

importance of phenomena like turbulence, wave breaking, hydraulic jumps, boundary

shear, surface tension - parameters which likely contribute to the energy dissipation.

These difficulties increase signif,rcantly as the vibration amplitude grows. Therefore, it

has been common practice to resort to a semi-analytical or a semi-empirical approach.

That is, empirical parameters are included and calibrated so that a particular approach

corroborates experimental data on a trial-and-error basis.

Although a ND may take different shapes, a rigid, rectangular cross-section is

considered here. Compared with a circular or annular shape, a rectangular ND has a

comparable energy dissipation capacity (Yu 1997) bu,t it is more flexible in differential

tuning along two orthogonal directions. This advantage is useful for tall buildings where

different, but closely spaced, natural frequencies exist between the in-plane and out-oÊ

plane vibrations. Another reason for preferring a rectangular shape is that it is likely to be

applied more easily to a galloping power line (the main subject of the present

investigation) because of the space limitation across the line imposed by electrical

requirements.

Shimizu and Hayama (1987) first developed a nonlinear model of a rectangular ND

by combining shallow water theory with potential flow theory. (The term "water" is used

here to emphasize that a particular theory applies only to a water-iike, low viscosity

liquid. Such a liquid, however, should not freeze at the sub-zero temperatures associated

with a freezing rain.) Sun et al. (1989) improved the model for a harmonic motion by

deriving a semi-analytical expression for the equivalent damping coefficient arising from

83



Chapter 4 - Nutation damper

a liquid's viscous shear at a boundary. This model is valid provided the liquid has a small

sloshing motion and the slope at its free surface is also small, i.e. there is no jump or

wave breaking. Later, Sun et al. (1991) considered wave breaking by introducing two

empirical parameters. Koh et al. (1994) extended this work to include an arbitrary

excitation. As the Shimizu-Hayama model and its improvements use potential flor,v

theory, these models are not applicable, in principle, when the liquid's amplitude or free

surface slope no longer remains small. Therefore, Reed et al. (1998) resorted to a pure

shallow water theory (Stoker 1992) which has no such limitation. They employed the

classical shallow water equation to simulate a liquid's sloshing in a rectangular container

and numerically solved the governing equation by using the random choice method

(RCM). This scheme allows the liquid's surface to be discontinuous (Holt 1984).

However, it only applies to a stationary container so that it is unclear how the results may

be extended to a moving ND. Regardless, there is a quite good agreement in the energy

dissipation between the predictions and experimental data when the excitation's

amplitude ranges from 1 cm to 4 cm. Clearly, a shallow water theory captures the major

features of the liquid's sloshing for this range of amplitudes. Because the effect of a

boundary layer is not considered, however, it follows that the major source of energy

dissipation does not come from the boundary shear as implied in the model of Sun et al.

( 1 e8e).

All previous investigations have been limited to excitation amplitudes up to 4 cm.

However, a larger amplitude may occur in reality and, if it does, a control device should

remain especially efficient. Moreover, most previous investigations have been
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consffained to a purely horizontal motion. To the

(1995) considered a purely pitching (rotational)

rotations were limited to less than a very small 0.3o.
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author's knowledge, only Sun et al.

motion. However, the experimental

A hybrid device is proposed in this thesis to control the galloping of a power line. It

combines a tuned mass damper (TMD) with a nutation damper (l.,lD) (See Chapter 5 for

details.) The ND aims to effectively dissipate the vibrational energy. In this situation, the

ND is generally performing a three-directional (vertical, horizontal, and rotational)

motion. But its dynamic behavior is quite insensitive to the vertical movement.

Therefore, the vertical movement is negiected so that a simpler model can be developed

for merely a coupled horizontal and rotational motion.

Exploratory experiments performed by the author revealed that the performance of a

conventional ND can be enhanced significantly by making it rotate. Therefore, a ND

model that is applicable to a coupled motion may be useful not only for the control of a

galloping power line, but it can also be employed for the low frequency, vibration control

of tall buildings, highrise towers, and long span bridges.

Classical shallow water theory is used in this chapter to simulate the sloshing of

liquid in a rigid, rectangular ND that moves in a coupled horizontal and rotational

manner. An improved boundary shear model is incorporated in the model to

accommodate the partial exposure of the ND's floor to air when the liquid sloshes

violently. The model is checked against limited, existing experimental data for a

horizontal motion. Good agreement is generally observed.
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The numerical model can be solved by using time integration. However, to

incorporate the ND model into an existing, perturbation based, galloping software (MH

1992), the ND needs to be charactenzed by equivalent, time independent parameters.

Consequently, a single-degree-oÊfreedom (SDOF) oscillator having time invariant

properties is proposed to simulate the liquid sloshing of a ND undergoing a coupled

horizontal and rotational motion. These mass, stiffness and viscous damping properties

are determined so that the energy dissipation (per cycle) from the oscillator and that from

the numerical model coincide. The relationship is investigated between the equivalent

properties and the basic parameters (length, depth and vibration amplitude) of the ND.

4.2 Numerical modeling

4.2.1 Modeling a nutation dømper (ND) using shallow water theory

Consider a rigid, rectangular container that is subjected to a coupled horizontal and

rotational motion, as shown in Fig. 4.1. Let Ly and Brbe the length and the width of the

container, respectively, and suppose Dl is the (initially quiescent) depth of the liquid

within the container. The ND's absolute horizontal motion is defined by x6 while the

corresponding rotational motion is specified by 0u. The equations that govem the liquid

sloshing are derived more conveniently in Appendix A by using shallow water theory

(Stoker 1992).In summary, when the liquid does not hit the top of the container, these

equations are
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dh .âv Ah

- +h ^ +v ^ =0or ox ox

and

(4.1)
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Av Ah õv
;+B;+v= -E@tot ox dx

a')
d-vvrr

-ò)+ ,-g=0
Õt-

(4.2)

_F
*Dr

I

+

(a)

Rigid container Sloshing liquid

(b)

Fig. 4.1 lllustrating (a) a rectangular ND's dimensions; and (b) its coupled horizontal and

rotational motion.
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The above equations have to be solved in conjunction with the boundary conditions

Vl..=o=vl'=rr=0

s=+.
pgtt

88

and the appropriate initial conditions. For example, if the liquid is at rest at time / = 0.

hl,=o= D'- and vl¡=o = 0 Vx e[0,2r]. (4.4)

Here, lz is the liquid's (sloshing) depth at instant r and location x; v is the liquid's velocity

relative to the rigid container (averaged over a given vertical cross-section of the ND); x

is the local (moving) longitudinal coordinate that is attached to the container; and g is the

gravitational constant. In addition, ,S is the slope of the energy grade line (Henderson

1966) which is related to the liquid's shear stress at the ND's floor , tb,by

(4.3)

(4.s)

(4.6a)

The rb is estimated in Appendix B by using a one-dimensional, small amplitude,

harmonic vibration model for the viscous liquid. The final, simplified expression for ro is

n _ [N^*
eb- 

L
fT

for z < 0.7

and

(4.6b)

where p is the density of the liquid; p is its dynamic viscosity which is related to the

kinetic viscosity, u,by p= pt). In addition, úr is the circular frequency of the vibration,

and z is the liquid's dimensionless (sloshing) depth defined by

4 = 
",J 

p¡ttttv^ * for z> 0.7

"=ffr. (4.7)
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Moreover, vn.'u* is the liquid's velocity at its free surface, relative to the container.

Because of its viscosity, the liquid's relative velocity varies from zero at the container,s

floor to its maximum value, vmax, at the liquid's free surface. This variation is illustrated

in Fig' 4.2' However it is implied, not only in the classical shallow water theory but also

in Eqs. (4.1) and (4.2),that v is distributed uniformly over a vertical cross-section. To

account for the variation, Eqs. (a.1) and(4.2) are modified by treating v as the average

velocity, vavs' over the cross-section. The relationship between vn,,'r* and vavs, over a glven

cross-section, is found in Appendix B to be

vuu, = v*"*(-0.001126 +0.01692s -0.09362a +0.209323 -0.llg1z2 +0.01292+0.5012)

for z <5

and

vuu, = v.u*11- exp(-0,08532 -2.2801)l for z> 5.

Such a cor¡ection is necessary when the liquid is very shallow, say less than 1 cm.

(4.8a)

(4.8b)

Liquid's free surfac

Body of liquid

Boundary (floor)

Fig.4.2Illustrating the variation of the relative velocity, v, over a vertical cross-section.
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It is interesting to note that the boundary shear stress given by Eq. (4.6b) is identical

to that proposed by Koh et al. (1994) but it is Jl times the expression formulated by Sun

et al. (1989). Calibration against experimental results suggests that Koh's expression

gives better agreement (Koh et aI. 1994). As Eq. (4.6b), as well as the expressions of

Koh et al. and Sun et al. for the boundary shear are valid only for a relatively deep liquid

(t.e. z > 0.7 ), the inclusion of Eq. @.6a) in the shear model is essential for modeling the

partial exposure of a ND's floor to air. Eq. @.6a) implies that an extremely shallow liquid

behaves as if it is a rigid body so that the depth would not approach zero. Thus the

singularity problem arising from a partially null iiquid depth can be avoided. In conrrasr,

the consistent use of Eq. (4.6b) for an arbitrary liquid depth could lead to a zero depth or

even a negative depth so that the solution becomes erroneous.

It can be confirmed straightforwardly that the present model reduces to the classical

shallow water theory when the ND's container is stationary.

4.2.2 Numerical solution

The ND model is solved numerically by using the Lax finite difference scheme

(Cunge et al. 1980). This scheme is chosen because it is able to capture a sharp change in

the liquid's surface while damping the overall unimportant, high frequency components

that may cause numerical instability. Moreover, the scheme is simple and it can be

implemented easily.

By following the Lax scheme, terms in Eqs. (4.1) throughØ.Ð are discretizedas
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and

ai _ Ì|r", -r"Ì;r, * o- ">rî;:l * Ì;:l¡ tzl
ât Lt

î ìr*t ,. ,Î;:,' 
* î;:,'

I = dJ ì.', +lI- d. 
2

aî î<tt - ?<tto/J Jj+r Jj_L

âx 2Lx

9I

(4.e)

(4.10)

(4.11)

where the generic variable f may represent h, v or S. In addition, Ál is the time step

which can be variable. However, Ax is an elemental length along x that is constant over

the ND's total length, Z¡. Superscript Æ denotes the kth instant, k1lt , andsubscriptj refers

totheithspatialnode, iAx,alongx.Furthermore, d el0, 1] isanartificial,empirically

determined, damping parameter that is used to da-p unwanted high frequency

components in order to ensure numerical stability. A lower value of a corresponds to

stronger damping.

To be numerical stable, the following Courant condition has be to satisfied (Cunge

et al. 1980)

Lt<
max(lvl +,[gh) (4.r2)

However, this condition applies only to the linearized version of Eqs. (a.1) and (4.2) so

that it is used solely as a first estimation of A/. The allowance for a variable time step in

the Lax scheme enables a smaller step to be taken when inequality (4.I2) alone does not

lead to a numerically stable solution. Such a solution is found by reducing Á,/ further on

a trial-and-error basis.
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The Lax scheme can be solved explicitly by finding the new state i.e. hjk*t) ,v(!*D , i
: 0, 1 , 2, ..., N (where N is the number of spatial divisions over Z¡) at instant (Æ + 1)A¿

from the old state hjo',r'|', j:0, 1,2, ..., N arinstant kat by using Eqs. (a.9) through

(4.11). The Lax scheme has first order accuracy. However, the stability requirement

dictates that N has to be very small so that the order of the approximation is not

especially crucial.

4.2,3 Comparison with existing experimental results

Experimental results are used next to examine the validity of the proposed ND

model. There are two available sets of experimental results for a rectangular ND

containing water (Sun et al. 1989; Reed et al. 1998). Each ND has the same length, Lr:

59 cm, width, Br:33.5 cm, and (quiescent or static) water depth of Dy: 3 cm. This

water's fundamental (linear) sloshing frequency is 0.458 Hz. The excitation provided by a

shaking table is harmonic and purely horizontal. Comparisons between the numerical and

experirnental results are given in Figs. 4.3 through 4.6 for several typical situations. In

these figures, ry is the ratio of the liquid's surface displacement,l.T cm from an end, to

the static depth Dü F is the total (horizontal) force that is exerted on the ND's walls and

floor due to the sloshing of the ND's liquid; x5 is the (dynamic) displacement of the ND

as awhole;f* is theratio of the excitation frequency,f to the fundamental frequency of

the sloshing liquid; and E* is the ratio of the dissipated energy per cycle, E¿, to a nominal

kinetic energy, M,ø' Xi , i.e.
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F
FX<- s

D
Mrdt'X; (4.13)

Here M t is the water's total mass and Xb is the amplitude produced by the excitation.

Predictions are computed by using N: I ms, &y: I.7 cm and u = 10-óm2/s.

A crucial issue in using the Lax scheme is the choice of a . Here, the values îor a

are taken on a trial-and-error basis so that the computed energy dissipation matches the

corresponding experimental data. The a values are given in Fig. 4.7 for three different

amplitudes: Xa:1 cm, 2 Çm, and 4 cm. It is seen that a high ø of 0.995 is usually used

here for non-resonant situations. Such a value indicates that only very little artificial

damping is needed. In the resonance regions, however, a somewhat smaller value of ø is

required with increasing X6. This trend appears intuitively plausible because high

frequency components stand out more clearly when X6 grows (i.e. sloshing becomes more

violent) so that more artificial damping is needed.

Good agreement is generally observed in Figs. 4.3 through 4.6 befween the

experimental and numerical results for the values of ø given in Fig. 4.7. The major

discrepancy lies in the sloshing force, l¡, as shown in Fig. 4.4 in which high frequency

components are clearly noticeable in the numerical results but not in the experimental

data. This difference can be explained partly by the fact that all the frequency

components higher than 5 }Jzhave been filtered from the experimental data. If a similar

measure is taken for the numerical data, better agreement can be achieved. Fig. 4.8, for

instance, presents a numerical example showing the likely effect of the experimental

hltering.



Chapter 4 - Nutation damper

It is worth mentioning that the invariably large area enveloped by a hysteresis loop

in Fig. 4.5 indicates a ND's excellent performance as an energy dissipator. Moreover,

Fig' 4.6 shows that, with an increasing displacement amplitude, the energy dissipation

curve, E8 versusf , tends to have a lower peak but a wider frequency coverage.
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Fig. 4.3 Comparison between numerical ( 
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) and experimental ( ------ ) surface

motions atf : 9.4t, Hz whenX¡ is (a) 1 cm; (b) 2cm; or (c) 4 cm.
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Fig.4.4 Comparison between numericai ( 
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force, F, atf :0.458 Hz whenXu is (a) 1 cm; (b) 2 cm; or (c) 4 cm.
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4.2.4 Discussion

4.2.4.1 Effect of a on a ND,s calculated energy clissipation

In the previous computations, specific values were chosen for the artificial damping

parameter a ' To examine the change in the solution due to different a , thecase of Xo :
4 cm and f :0.458 Hz is used for illustration. The results are given in Fig. 4.9 for a

equal 0'977,0'900, and 0.800. They show that a ND's dissipated energy is fairly

insensitive to ø so that the choice of ø does not appear to be very crucial.

-50 0

x6 (mm)

Fig. 4.9 hysteresis loops for

Xa: 4 cm and f : 0.458 Hz.

th¡ee values of d (0.997, 0.900, and 0.g00) when

100

50
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-25 0

x6 (mm)

Fig. 4.10 Comparison of a ND's energy dissipation for cut-off frequencies of infinity,

5 Hz, and 1 Hz when Xa: 2 cm and f : 0.458 Hz.

4.2.4.2 Effect of cut-offfrequency on a ND's energy dissipation

A low pass cut-off frequency is used invariably in a shaking table experiment to

attenuate extraneous, higher frequency structural resonances. In essence, all the

components beyond this frequency are regarded as "noise". This measure is necessary

because a transducer can be effective only for a limited frequency range. On the other

hand, a numerical scheme can provide reasonable accuracy only up to a certain frequency

limit because of the numerical error arising from discretization. To examine how the cut-

off frequency may affect the energy dissipation, the case of Xb : 2 cm andf: 0.458 Hz is

used for illustration. Fig. 4.10 gives a comparison for three cut-off frequencies, viz.
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infinity, 5 Hz, and i Hz. The areas of the corresponding hysteresis loops (i.e. the E¿

values) are found to be 0.195 J, 0.195 J and 0.198 J, respectively. Therefore, the choice of

the cut-off frequency is inconsequential. This conclusion corroborates that of Reed et al.

(1 998) from their experimental investigation.

1.2

f*

Fig. 4.11 Effect ofXu on the ND's dissipated energy.

4.2.4.3 Effect of the vibration ømplitude on a ND's overall perþrmance

It is customary to use the reduced damping defined by Eq. (4.13) to measure a ND's

energy dissipation. Thus, Fig. 4.6 clearly shows that a ND's perfonnance degrades as the

vibration amplitude increases. As a result, a ND's ability to suppress a large amplitude

vibration becomes questionable. This is, in fact, an erroneous conclusion because the

adoption of the reduced damping as a criterion for judging a ND's performance can be

r02

0.6
-)

ur 0.4

1.0

0.8

0.2

0.0

0.80.6

X6: 1 cm
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misleading' A ND is, indeed, more effective at larger vibration amplitudes. This is

because the absolute value of the dissipated energy for a ND increases with the vibration

amplitude' as shown in Fig.4.11. Qrlote that Figs.4.6 and,4.11 incorporate exactly the

same data') The assertion that, from the viewpoint of an equivalent damping ratio, a

larger amplitude leads to a better performance will become clearer in section 4.3.

Therefore, caution should be exercised when a ND's performance is interpreted purely in

terms of the reduced damping.

4.2.4.4 Effect of a ND,s rotation on the energy dissipation

The present ND model provides the possibility of examining the effect of a ND,s

rotation on the energy dissipation. For this purpose, the five cases illustrated in1ig. 4.IZ

are used' They all have a common excitation frequency of 0.458 Hz and,they correspond

to the same ND described earlier. The cases are:

o case 1 : ND is in a purely horizontal motion of amplitud a xb:4 cm;

' case 2: ND is in a purely rotational motion of amplitude @o : 5o;

o Case 3: ND is rotating with an amplitude @o : 5o about an axis that is 46 cm

below the ND's base' Hence, the ND moves with a horizontal amplitude X6: 4 cm

and a rotational amplitude @o : 50.

o Case 4: ND is rotating with amplitude @, : 5o about an axis that is 46 cmabove

the ND's base. Hence, the ND moves with a horizontal amplitude xa: 4 cm and a

rotational amplitude Oo :5o;
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ø Case 5: ND is rotating with amplitude Oo : 50

above the ND's base. Hence. the ND moves with a

cm and a rotational amplitude @, : 5o,

104

about an axis that is 100 cm

horizontal amplitude Xa = 8.7

0

5

Case 2

+̂

5

Case 3

4

5

Case 4

8.7

5

Case 5

X6 (cm) :4
@, (deg): 0

Case I

Fig.4.1,2 Illustrating five positions for the ND. (Not drawn to scale.)

The corresponding dissipated energies per cycle are given in Table 4.1 from which the

following observations can be made. First, a comparison of Cases 1 and 2 indicates that a

rotation alone can produce significant energy dissipation. Secondly, a comparison of

Cases 1 and 3 shows that a ND's perforrnance can be enhanced significantly by

introducing a rotation for the ND. Finally, Cases 2 through 5 correspond to four positions

Table 4.1 Compar,ison of the dissipated energy for the five cases illustrated in Fig. 4.12.
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of the ND relative to the center of rotation. A comparison of these four cases suggesrs

that a coupled motion could either enhance or degrade a ND's performance depending on

the position of the ND with respect to the center of rotation, C.R. Specif,rcally, a coupled

motion enhances the performance if the ND's floor is located above the rotation center.

i'e. the ND behaves like an inverted pendulum. Otherwise, the performance is degraded

when the ND is positioned like a simple pendulum.

--1

f = 0.458 Hz

f = 0.687 Hz

0.0001 0.01 1

ulo*

100 1 0000

Fig. 4.13 Effect of a liquid's viscosity, ¿), on the dissipated energy,.ð¿.

4.2.4.5 Effect of the liquid's viscosity on the energy dissipation

It is implied in the model of Sun et al. (i989) that the viscous boundary shear

constitutes the major source of a ND's energy dissipation. To examine this hypothesis,

dissipated energies are computed by using the present model with varying viscosities of

the liquid. The results are shown in Fig. 4.13 for fwo cases: the resonant case (X6:4 cm,

3-

llJ

lI|
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f = 0.458 Hz) and the non-resonant case (Xb: 4 cm,f :0.687 Hz). In Fig. 4.13, a liquid's

viscosity, u, and its dissipated energy, E¿, ãTê normalized, respectively, by the water's

viscosity, u*, and the energy, Ed,,u, dissipated by the water. Fig. 4.13 shows clearly that

the ND's dissipated energy is not affected significantly by reducing the liquid's viscosity.

This assertion suggests that the viscous boundary shear d,oes not play an important part in

the energy dissipation. Moreover, the use of a "stickier" liquid may not enhance a ND's

energy dissipation capacity because a higher viscosity tends to impede a liquid's sloshing

abilitv.
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0.05
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Fig. 4.14 Demonstrating the hydraulic jump simulated by the proposed model.

4.2.4.6 Modeling the hydraulic jump

To demonstrate the theoretical model's capability to simulate a hydraulic jump, the

surface motion of case 3 in Fig. 4.12 is plotted in Fig. 4.14 for five instants: 20.00s,

20.00 s

21.00 s

20.75 s
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20.25s,20.50s, 20.75s, and2l.00 s. The initial conditions are given in Eq. (4.4).Itcan be

seen clearly from the figure that the hydraulic jump can be modeled.

4.2.4.7 Energy dissipation mechanism

The reason why liquid sloshing in an essentially open container is able to dissipate

significant energy can be explained, at least partly, by using the classical open channel

theory (Henderson 1966). This theory is a special case of the present, more general

modetr. The classical theory deals with a steady flow in an open channel, as shown in Fig.

4.15. Consider any two cross-sections of the channel that are denoted by "section 1" and

"section 2". Classical theory suggests that energy is dissipated between these two sections

if the upstream flow, at "section 1", is in a supercritical state (i.e. its horizontal flow

speed, v, is greater than the critical value v 
", = ^[gh 

which corresponds to the liquid's

wave speed), while the downstream flow at "secti.on 2" is in a subcritical state (i.e. v <

v.,). The physical mechanism for the energy dissipation is that tremendous turbulence

occurs when a flow is transiting from a supercritical to a subcritical phase. A geometrical

explanation is illustrated in Fig. 4.16, where Z is the liquid's momentum function as

defined in Appendix B; E is the corresponding energy function (Henderson L966); and. h,

as usual, is the liquid's depth. Fig. 4.15 shows that when a flow goes from a supercritical

to a subcritical state there always involves an energy dissipation LE (: ErEù although

the flow's momentum remains constant if the viscous friction is omitted at the base.

Therefore, one way to maximize the energy dissipation is to create a mechanism for the

phase transition. As the liquid in a ND has to invariably reverse its flow direction when

r07
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the liquid impacts an end of the container, a zeÍo speed has to be passed so that a

subcritical phase always exists. It follows that a phase transition occurs if the flow speed

instantaneously exceeds the critical value. Therefore, speeding the flow by allowing a ND

to rotate, say, can enhance the energy dissipation. On the other hand, energy dissipation

can also be promoted by reducing the critical flow speed. As the critical value is

proportional to the square root of the liquid's depth, a shallower liquid corresponds to a

lower v., and, hence, a greater potential for energy dissipation.

108

i

Section 1 Section 2

Fig. 4.15 Illustrating a liquid flowing from a supercritical phase at section

subcritical phase at section 2.
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Fig. 4.16 Illustrating the energy dissipation in a phase transition.

Fig.4.17 Equivalent SDOF model for a nutation damper.

4.3 Characterizing a nutation damper

4.3.1 Equivølent SDOF model

An equivalent single-degree-of-freedom (SDOF) model is obtained by replacing the

sloshing liquid in a ND with the SDOF oscillator illustrated in Fig. 4.I7. Here, ML, KL,

Cr are the equivalent mass, stiffness, and damping coefflrcient of the liquid, respectively.
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The rigid container of the ND is considered to generally undergo a coupled horizontal

and rotational motion. The absolute horizontal motion is denoted by x6 and the absolute

rotational motion is designated dr.

By assuming a small rotation of less than 10o, say, the behavior of the SDOF model

can be described by

Mri, + CL*, + Krx, = Mtg1t - Mrio

110

where x, is the horizontal motion of the mass, relative to the container, and g is the

gravitational constant. Details of the derivation of Eq. (4.14) are given more conveniently

in Appendix C. Galloping is usually a harmonic, limit cycle motion with a dominant

frequency ø. Thus x6 and 0o canbe expressed as

xa = Xv exp(iat t) do : @o expfi (ø t + ç)1 (4.1s)

where X6 and @o are the amplitudes of the horizontal and rotational, absolute motions,

respectively, and ç rs the phase difference between these motions.

(4.r4)

@.16a)

(4.16b)

Substituting Eqs.(4.15) into Eq. (4.14) yields

Mri, + CL*, + Krx, =lMrE@texp(irp)+ Mrøz Xolexp(iøt)

i, +ZÇrarÌ, + ølx, = [g@u exp(ig) + øt Xolexp(iat t) .

Here a;, and Ç, are the (equivalent) undamped natural frequency and damping ratio of

the sloshing liquid that are defined by

(4.r7)
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Eq. (4.16a) or Eq. (4.16b) can be solved for the energy, E¿,that

by the sloshing liquid. It can be shown straightforwardly that

111

is dissipated þer cycle)

DLd:ELtûu L 
lr,- - MrØt +tcralt

(4.18a)

(4.18b)

(4.1e)

OI

Ea =Ztr ÇrKrõt
x:- o,eq

(1 - o) =)'? + (ZÇrat)z

where

and

Ct)

0) =-
cùL

(4.20)

It is interesting to observe from Eq. (4.18b) how a combined motion affects the

energy dissipation, 86. with given values or Ç, K¿ and o , Eq,. (4.18b) shows, in

conjunction with Eq. (4.20), that Ea is maximized (i.e. E6 becomes E¿,.nu*) when e = 0.

That is, the horizontal and rotational motions are in phase. On the other hand, E¿ is

minimized (E¿,*in) when e = 7r, i.e. the two components of the motion are completely

out of phase. Mathernatically,

Xo+g@olatz

and

Eo,*u* : Eolr=o= 2nÇrKrøs (I- @')'z + (2Çrø)z
(a.zra)
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(l- Ø')'? + (ZÇra)'?

An important conclusion from these observations is that a ND, which undergoes

solely a horizontal motion, could be enhanced by incorporating a rotational motion that is

in phase with the horizontal motion. To understand the physics underlying this

conclusion, Eq. (4.14) is solved for x,. with the understanding that ia=-cù2x, for a

harmonic vibration. Then

gab + Ø- xb
(4.22)' ,, - cù' + i(2Çronr)'

Now x, in the above equation can be divided into two parts. The first component on the

right hand side is caused solely by the rotational motion, do. The second component is

due purely to the horizontal motion, x6. Clearly, the two components tend to enhance

each other ifx6 and 0o are in phase. Conversely, they tend to cancel ifx6 and 0, are out of

phase.

It is useful for the design of a ND to examine the relative significance of the rotation

with respect to the horizontal motion in terms of their individual capacities to dissipate

energy. Eqs. (4.2Ia) and (4.21b) suggest that the relative significance can be measured by

taking the ratio of the first term to the second term in the denominator . i.e.

Eo,-,n : t olr=,= 2r(rKrø t lxo-geolø'l

tr' Xbno:TgoJ r\'

(4.zrb)

(4.23)



Chapter 4 - Nutation damper

25

20

15

10

5

0

0.0

l1a
.I IJ

U)
0)
ìo

0.2 0.4 0.6

f (l-{z)

0.8

Fig. 4.18 Rotations that produce the same energy dissipation, at different frequencies, as

a 10 cm horizontal motion.

Thus, ifx;>> 1, the horizontal motion dominates the energy dissipation. Conversely, if

X;<< 1, the rotational motion prevails. Moreover, the horizontal and rotational

components are equally important if X; æ 1. To provide a sense of the equivalent energy

dissipation arising from a solely horizontal or a solely rotational motion, the value of Oo

that corresponds, in terms of the energy dissipation, to a purely horizontal amplitude of

Xu = 10 cm is found for different frequencies by letting X;:l in Eq. (4.23). The 10 cm

is chosen somewhat arbitrarily but it is representative of a permissible galloping

amplitude. The result is shown in Fig. 4.18. it can be seen from this figure that, for a

typical galloping frequency of 0.5 Hz, a small rotation of about 6o could produce the

same energy dissipation as that afforded by a horizontal motion of 10 cm. Furthermore,
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the lower is the frequency, the smaller (and, hence, more effective)

Therefore, even a small rotation can significantly enhance a ND's energy

114

is the rotation.

dissipation.

Table 4.2 Summary of four special ND cases.

The preceding model leads straightforwardly to the four special cases summarized in

Table 4.2.Here, Case 1 corresponds to a conventional ND, i.e. a ND undergoing a purely

Case No. Illustration Expression forX6,.o in Eq. (4.18b)

I

<---Þ
Xo.,, = Xo @.Zaa)

2

À^d
_ 8@o
- ú)z

x0,", (4.24b)

a
J

¡r---å

T
l'"

so,
Xo,.o = jf (I + h,) @.24c)

T
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horizontal motion. Its SDOF model exactly conoborates that proposed by yu (lgg7).

Case 2 refers to a ND undergoing a purely rotational motion. Although a purely rotating

ND has been investigated by Sun et al. (1995), no corresponding SDOF model has been

derived previously.

Case 3 is a ND undergoing a rotational motion with its rotation center f,rxed and

vertically offset. In this case, the ND is actually undergoing a coupled horizontal and

rotational motion in which the two components are related by

xo = 2oh, (4.2s)

where åu is the offset distance of the center of rotation (C.R.) below (+) or above (-) the

ND's floor. The dimensionless form of å, is

h, --
c,)2 h"

(4.26)

It has been implied in Eq. (4.25) that 0o is "small" (i.e. typically less than 10o, say). In

addition,Eq.@.25) indicatesthatx6 and 0, areinphase if h">0 andoutof phaseif

h, < 0 . Eq. @.zac) in Table 4.2 shows clearly that, in order to maximize E¿, åu has to be

chosen so that | * n,l it ut large as practically possible, given that all the other variables

are invariant. In particular, no energy is dissipatedif h" --1. Such aphenomenon has

been observed by the author in exploratory experiments.

Case 4 corresponds to a ND with a moving center of rotation. That is, the ND is

rotating about its instantaneous center of rotation, C. 9o is again the rotation and x6 is the

absolute horizontal motion of the center of rotation. Moreover, e, iîEq. (4.2aü is the
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phase difference between x6 and do. Eq. (4.24d) is equivalent to Eq. (a.lga) or

Eq' {4.18b) but with a different choice of coordinates. However, Eq. (4.24d) is probably

more suitable for the purpose of analyzing galloping because the corresponding

configuration (i. e. Case 4 in Table 4.2) simulates the motion of a hybrid nuration damper

more directly. (Details of the hybrid nutation damper are given later in Chapter 5.)

In the situation of gallopin;, ec may not be controllable. Then, it is of practical

significance to choose åu so that the resulting energy dissipation is maximized. According

to Eq. (4.18b) the greatestE¿ requiresXu,eqto be maximized. Eq. (4.24d) shows that the

square of Xu,.q is aparabolic function of (1+ã,¡. Because the coeff,rcient of the second

order term of the function is always positive, the parabola is invariably "open" upwards

so that a minimum can always be found at

116

(4.27)

Thus, åu should be chosen so that å-" is as far as possible different from åu,-," in order to

maximize the energy dissipation. Again, a positive åu is more effective than a negafive hu

of the same magnitude for the same reason stated earlier.

4.3.2 ldentifuíng the equivalent parømeters

The preceding SDOF model is meaningful only when its equivalent parameters (i.e.

a ND's equivalent mass, stiffüess and damping) are determined. As the energy dissipation

(per cycle) is the major concem, the equivalent parameters are identified so that the

resulting curve of E¿ versus frequency, f matches that found either experimentally or

T X, cosrp"
h,,*in = - ,r" ,¡ -t
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numerically. In this thesis, the numerical sloshing model proposed previously is used to

identify the values of the equivalent parameters, while experimental data are used as a

crosscheck when such data are available. The procedure for identiffing the parameters is

described next.

4.3.2.1 Step l: determining My

Experimental evidence (Yu et al. 1999) suggests that, for a purely horizontal motion,

all the liquid in a ND appears to be mobilized fully when the ND's vibration amplitude is

1 cm or greater. From a practical viewpoint, a galloping amplitude less than 1 cm is not

detrimental because the corresponding dlmamic strain on the line is small. Thus, only

larger galloping amplitudes need to be considered. Hence My can be taken, a priori, as the

whole mass of the liquid in a ND's container, leaving the other two equivalent parameters

to be identified.

4.3.2.2 Step 2: identifying k¡and Ç,

It is common practice to use dimensionless, independent parameters to generalize

data. Thus, instead of directly using K¡ and C¡, introduce the damping ratio, f* as

defined previously in Eq. (4.I1), and the frequency ratio

-t'

k, = +. Ø.28)
Jrc

Here f, is the equivalent (lowest) undamped natural frequency of a (nonlinearly)

sloshing liquid within a ND. It is related to the corresponding circular frequency, a*by
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Ør=2dr. See Eq. (4.r7) for the definition of aL. on the other hand, /ro is the

analogous undamped natural frequency of the corresponding linearly vibrating liquid.

The latter can be found analytically for a rectangular container to be (Stoker 1gg2\

1i8

,r
l,^=-JLv 2n (4.2e)

where I¡ is the ND's length, and D¡ is the depth of the liquid at rest, as defined earlier.

1.5

1.0

O Numerical

- 
SDOF

1.0

f"

-)

IIJ

0.5

0.0

0.0 1.50.5 2.0

Fig. 4.19 Illustrating the identification of kç arñ (, for a ND of Lr'.Br:Dr:60

cm : 10 cm : 3 cm undergoing a coupled motion ofxo:4 cm and Ou: 5o.

Then, for a given case (in which the amplitude and configuration of the ND are

specified but the vibration frequency may vary) the Ëi and Çrare determined so that the

energy dissipation curve (i.e. the curve of E¿ versus/curve) found by using the kr and Ç,

matches, over the (first) resonance zone, its numerical counterpart by using, say, a

îts. ( nD,\t"*[ï]
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conventional least squares fit. Here the (first) resonant zone is defined somewhat loosely

as the range from 50% to l50o/o of the (first) resonant frequency, Â.Fig.4.19 illustrates

an example of such a curye fitting procedure. Again, f is defined as the ratio of the

excitation frequency,f to the fundamental frequency of the linearly sloshing liquid,/¡6.

4.3.3 Parømetricstudies

The major factors that determine a ND's performance are its length I¡, depth D¡ and

the (horizontal and rotational) vibration amplitudes. The first two factors are "tuning"

parameters because Eq. (a.29) shows that they completely determine /ro. Therefore, the

above three factors are considered in the following parametric studies in which the curve

fitting procedure is used to identify kr and Çr, casa by case. Then the trend of how fr¡ and

Çtvary with these factors can be observed.

4.3.3.1 ND under a horizontal motion

This situation is chosen first because it is relatively simple and limited experimental

data are available. A configuration of L, x B, x D, = 60cm x 10cm x 3cm is chosen as a

reference. This particular conf,rguration has been used quite often in previous

investigations (Fujino et al. 1,992, Reed et al. 1998). Fig. 4.20 shows the effect of X6 on Ë¡

and (r. Here, X6 is normalizedby Lt to give a dimensionless parameter Xo. It is seen

that k¡ increases almost proportionally with largerX5, which indicates a strong hardening
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Fig. 4.20 Effect of the ampiitude ratio, Xo , oî k¡ and Ç, for the-reference configuration

and a purely horizontal motion.

effect due to the nonlinear sloshing of the liquid. On the other hand, although Ç, also

increases with increasing X6, its growth rate decreases at larger Xu. This trend suggests

that a shallower liquid invariably leads to a larger Ç, and, that there is a finite upper

bound for Çr, i.e. Çrcannot become infinite. The numerical data shown in Fie. 4.20 are

curve-fitted by least squares to give the following equations

kr = l93Xo + 1.00 (r: 0.990)

(' = 0.59 xl" (r : 0.993)

where Xo = Xo / L, andr is again the correlation coefficient.
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The sensitivity of the /cr and ÇL to a ND's length, Ly, and depth, D¡, is examined

next by perturbing Ly and D¡ over practically possible ranges. (See Table Dl of

Appendix D for details.) The results are shown in Fig. 4.21. This f,rgure indicates that

both Zr and D¡ appear to be inconsequential when the vibration amplitude, X6, is

normalized by the ND's lengih Lr. Therefore, Eqs. (4.30a) and (4.30b) appear to be

reasonably valid, regardless of a ND's dimensions.

Fig. 4.22 compares the present numerical results with those obtained experimentally

(Yu 1997;Yu et al. 1999). Fairly good agreement can be observed so that the numerical

approach appears to be reasonable for a purely horizontal motion.

4.3.3.2 ND under a pure rotation

A pure rotation may play an important role in alleviating a power line's galloping

because galloping is usually believed to be dominated by a vertical motion that may be

accompanied by twisting. The proposed hybrid nutation damper (HND, which will be

discussed in Chapter 5) is designed to be able to rotate under either a plunge, a twist or

their combined (galloping) motion. Hence, such a damper can effectively dissipate the

energy of galloping by inducing liquid sloshing through a rotation. A ND may also

experience a significant plunge motion in galloping. The resulting liquid sloshing and,

hence, the energy dissipation is insignificant, however, so that it is ignored throughout.

The same reference configuration is chosen here as that used earlier for the purely

horizontal motion. Again, Lu Dr and the vibration amplitude, which is now @o instead

of X6, are the three major factors considered. Their effects are examined sequentially.
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First, the effect of O b on Èr and (. is checked for the reference conflguration. Data

are given in Fig. 4.23 in which an "equivalent" horizontal amplitude, Xu,.q, is introduced

so that results from different motions can be compared directly. Xu,"q is given, in terms

of the rotational amplitude, @0, by

s@'v-"v,'b,.q - (2dJ, (4.31)

Eq. (a.3 i) is obtained from Eq. (a.2a\ in Table 4.2by using/p as the frequency there./p

is again the resonant frequency defined earlier. Similarly, Xt,.q is divided by Lr to produce

the dimensionless amplitude, Io,.o. Fíg. 4.23 shows that k¡ and Ç, follow similar

patterns to those observed in the horizontal situation. Also given in Fig. 4.23 are the

different k¡ and Çrfor various Lyand D¡. Again, the effect of Lr and D¡ appears to be

inconsequential. (See Table D2 of Appendix D for details.)

The purely rotational results are compared next in Fig. 4.24 wirh the previously

obtained, horizontal data. It can be seen that the damping ratio follows virtually the same

behavior, but the frequency ratio exhibits different trends. The k¡ for a rotational ND has

a much smaller slope than its horizontal counterpart for varying amplitude ratios. Hence,

a rotational liquid sloshing behaves "softer" than a horizontal one. This difference might

be due to the different excitation sources. A horizontal sloshing is caused solely by the

"push" of the ND's two ends. On the other hand, a rotational sloshing is generated jointly

by the gravitational "pull" and the ends' "push".
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4.3.3.3 ND with an ffiet, rotational motion

This situation corresponds to Case 3 in Table 4.2.Different combinations of Xu and

Oo are considered when identifying the equivalent k¡ arñ Çr. The Xu is varied from lcm

to 10 cm and Oo is changed from - 5o to 5o. These amplitudes approximately cover the

practical ranges allowed for a power line. Here, a negative angle refers to the situation in

which the center of rotation is located above a ND's floor. Conversely, a positive rotation

denotes a case of a downwardly offset center of rotation. The results for the present

situation are tabulated in Table D3 of Appendix D. Fig. 4.25 compares the results from a

coupled motion with those from either a solely horizontal motion or a pure rotation. Here,

the equivalent horizontal amplitude, X6,.0, is defrned as

t27

(4.32)

The above equation originates again from Eq. (4.20). It can be seen, from Fig.4.25(a),

that the frequency ratio for a coupled motion is located approximately between the upper

dashed line defining essentially the horizontal results and the corresponding lower dashed

line for the pure rotation. Its exact location depends on the relative magnitude of the

horizontal to the rotational component and their phase difference. Such a large scatter

indicates that a "universal" relation for h is unrealistic. On the other hand, the much

smaller scatter observed in Fig. 4.25(b) for the damping ratio indicates that a "universal"

relation can be found empirically for Ç, by curve-fitting the numerical data. The

resulting, least square fit equation is

I eo, lXo*r=l"r* e,rfjl

Çt = 0.6lxo,.oo " (4.33)
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with a high correlation coefficient of 0.97. (See Fig. a.26.) Here again, X0,", = Xo.", I Lr.

As expected, Eq. (4.33) is quite close to Eq. @3aQ. Eq. (4.37) can be used to give a

quick estimation of a ND's damping ratio. However, an upper bound of 0.35, say, may be

set for the Ç, value.

In designing a ND, not only is the damping ratio required but the frequency ratio is

also very crucial in order to finely tune the damper. Because a "universal" law is

unavailable for the frequency ratio, its value has to be determined disadvantageously for

each specific configuration. Fig. 4.27 gives the variation of frr with the horizontal

amplitude, X6, and the rotational amplitudÊ, @u, for the reference configuration. Unlike

the data of Fig. 4.25(a), where a clear trend could not be determined, this figure provides

a definite trend so that, for design purposes, the kr value for a specified combination of

amplitudes can be found easily by interpolation. Several observations can be made from

Fig. 4.27. First, a positive rotation tends to "harden" the liquid while a negative rotation

tends to "soften" it. Second, while there is no difference in Æ¡ between a positive and

negative rotation when Xu is zero, such a difference increases with larger X6. Finally, at

zero X6, k¡ increases monotonically from unity at zero rotation to about 1.1 for a 5o

rotation, indicating that a pure rotation invariably tends to harden the iiquid. This trend

can be seen more clearly in Fig. a.T@).
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4.4 Concluding remarks

A numerical model has been proposed, based on shallow water theory, for a

rectangular ND that undergoes a coupled horizontal and rotational motion. A boundary

shear model has also been established that applies to an arbitrary liquid depth so that a

ND floor's partial exposure to air, which might occur under large vibration amplitudes,

can be accommodated. It has been found that a hydraulic jump is the major source of

energy dissipation and a ND's perforrnance can be enhanced significantly by introducing

a proper rotation.

A SDOF model has also been established as a convenient alternative to the above

complicated approach. The simple model involves three equivalent parameters, namely

the liquid's mass, the frequency ratio, Æ¡, and the darnping ratio, Çr. The equivalent mass

is determined, a priori, as the total mass of the liquid. Then the remaining k¡ and Ç, æe

identified by matching the results from the simple and complicated models for different

cases. A "universal" relation is found for Çr, regardless of a ND's configuration and

motion. Although a simple relation is aiso available for È¡ for a purely horizontal motion

or a pure rotation, it cannot be extended straightforwardly to a coupled motion.

The theoretical predictions have been examined against limited experimental data

and fairly good agreement has been observed.
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CÍ{APTER.5

IIYBRTD NUTATION DAMPER. FOR. C OT'{TROI,I,ING

G,{LI,OPNNG POWER LII\{ES

5.1 Introduction

Galioping, as stated previously, is a wind induced, low frequency and steady

vibration that may occur on an iced power line. Because of its large (several meters)

amplitude, galloping can lead to a flashover between the phase conductors or between a

phase conductor and a skywire. In extreme situations, galloping can break a line or cause

the collapse of a tower (EPzu 1979). Therefore, it is important to prevent or control

galloping on overhead power lines that are iocated in ice prone areas.

There are three major factors that determine a galloping's occurrence. A¡ ice

deposition is, perhaps, the most crucial component (Den Hartog 1932). Although

galloping might occur on a bare conductor, it normally happens when an overhead line

has a foreign deposit whose shape produces a negative aerodynamic damping, i'e. an

(initial) aerodynamic instability. A sustained side wind having a speed of at least 4 m/s or

so (EpRI 1g7g) is another essential factor. Finally, a line's structural properties (i.e. its

mass, stiffiress, and damping) are also important.

The action of at least one of the above factors must be reduced or removed in order

to control galloping. For example, ice can be removed by using either electrically

generated heat or mechanicat stripping (MH 1993; Laforte et al' 1998); the wind's

influence can be ameliorated by orienting, at the design stage, a line to be parallel to the

11^LJ¿



Chapter 5 - Hybrid nutation damper

prevailing wind direction during winter seasons; and a line's susceptibility can

reduced by raising its overall structural damping (EPzu 1979). The last approach is

one adooted here.

There currently exist several add-on devices to increase a line's structural damping.

An aerodynamic drag damper (ADD) (Richardson 1968; Hunt and Richards i969) as

weil as an end point damper (EPD) (Edwards et al. 1972) aim to enlarge the damping of a

line's plunge motion by making use of air drag and oil viscosity, respectively. However,

an ADD may prohibitively raise the wind pressure on even a non-galloping line, An

EPD's effectiveness is limited by its location near the end of a span because of the

invariably small motion there. On the other hand, a torsional control device (TCD)

(Matsubayashi et al. 1976), as well as a torsional damper and detuner (TDD) (Lilien et al.

1993), increase only the damping of a twist oscillation. Therefore, the question of how to

practically raise the plunge damping - which is a key issue because galloping is usually

dominated by its low frequency, plunge motion - remains unresolved'

A novel hybrid nutation damper (fil{D) is developed in this chapter by combining

the action of a nutation damper (ltID) with that of a tuned mass damper (TMD). A ND has

been demonstrated in Chapter 4 to be effective in damping a swingback (or horizontal

movement), twist or a combination of these motions. However, it is ineffective for a

simple plunge motion in which the enclosed liquid remains essentially motionless. To

overcome this deficiency, a TMD is devised to convert a conductor's plunge motion into

a rotation of the ND in order to induce the damper's liquid to slosh. This action is

applicable to both single and bundle conductors.

1aa
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A fwo tiered procedure is adopted to simplify a FIND's design. First, a HND is

considered to be isolated from the power line at its attachment. The HND is optimized by

maximizing its power dissipation for a given frequency and amplitude at the attachment.

Then, the number and locations of the HNDs are determined, for a given span, by using

an updated hybrid FEM and 3DOF galloping model (Zhang 1999; Zhang et al. 2000)'

To investigate the dynamic performance of a F[\ID, a Curlew conductor having a

400 m span is taken as an illustrative example of extra-high-voltage (EHV) transmission

lines. The behavior of galloping is explored initially on an untreated span of a single

conductor as weli as horizontal and vertical twin bundles and a quad bundle. The three

different ice shapes considered (a crescent, icicle pendant and D-like shape) correspond

to a dry, wet, and transition state of ice growth, respectively (Lu et al. 2000b). The static

angle of attack of a given ice shape with respect to a steady side wind is chosen so that

classical plunge galloping (Den Harto g 1932) - the type of galloping that commonly used

control devices have difficulty handling - is most likely to be initiated. Each ice shape

and its orientation are assumed to remain the same along a span and on each

subconductor of a bundie. This is, of course, a convenient simplification of real situations

in which a changing ice shape may be expected along the span' (See Chapter 3.)

The effectiveness of a HND for controlling a plunge dominated galloping is

explored later by using the D-like ice shape for which a plunge dominated galloping can

be initiated relatively easily. Indeed, an artificiai D shape is often utilized in the field to

simuiare galloping (e.g. Edwards and Madeyski 1956). The effects of conductor

configuration, the number, location and damping of the HNDs, as weil as a variation in

134
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the galloping ftequency, are examined successively. Finally, practical considerations are

discussed for the implementation of a HND and recommendations are made for fufure

work.

5.2 Conceptual design of a hybrid nutation damper

5.2.1 Concept of a HND

A conceptual design of a HND is illustrated in Fig. 5.1(a) for a single conductor.

The HND has a main body, tensioned springs, and connectors to attach it via a clamp to

the conductor. Its main body is a sealed, rigid enclosure containing a water-like liquid.

The body is pin-supported at the connectors to enable it to rotate about a pivot. The

tensioned springs are used to statically balance the main body and, more importantly, to

produce a given natural frequency for the main body's rotation about the pivot. The mass

of the main body is distributed so that the resulting inertial moment (about the pivot)

produces, in conjunction with the springs' torsional stiffiress, a given rotational

frequency. Moreover, the main body's center of mass is offset horizontally from the

pivot. This offset converts, in combination with the torsional mechanism, a conductot's

vertical motion to a rotation of the IIND's main body. The conversion may be amplified

by adjusting the IIND's rotational frequency. Clearly, a HND can be viewed as a

combination of a TMD and a ND. The TMD consists of the pivoted main body and the

tensioned springs. It serves primarily as a motion converter. On the other hand, the ND

refers to the liquid enclosed within the main body that dissipates energy when activated.



Chapter 5 - Hybrid nutation damper

SPring 
.-

Rigid enclosure

Fig. 5.1 Schematic of (a) a hybrid nutation damper for a single conductor and (b) its

idealization.
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5.2.2 Designíng a HND

In order to maximize a HND's performance, its parameters should be chosen

carefully. For this purpose, the enclosed liquid is idealized as the SDOF system detailed

in Section 4.3. Then the HND can be represented by the 2 DOF system shown in Fig.

5.1(b). One DOF corresponds to the liquid's sloshing; the other refers to the main body's

rotation about the pivot.

Galloping generally has plunge (vertical), swingback (horizontal), and twist

components that act simultaneousiy. However, field observations indicate that the plunge

usually dominates (EPRI 1979; Havard 1998). Therefore, it is the component of primary

concern. Moreover, galloping is normally quite steady at its fuIl development with a

predominant frequency conesponding to that of the plunge. Hence, the plunge can be

approximated as the simple harmonic motion

rc = Acexp(12nfot) (s.1)

where vç is a conductor's plunge displacement at a given instant, /. This displacement has

an amplitude, Aç, and frequenc!, fc, at the clamp iocation of a HND. The governing

equations of motion for the HND are

lu, M,H,lfü, 1 fc, 0flù,ì [r, -M,efl",) fo ì .-^.l--L --L--L lJ "!'l " ll "l-rl " "'l{ "Þ=i | (5.2\

lu,a, JD lloi",J Lo c"l[d" )'l- m,e KD _lld"J lMoe,ü,J

where M¿, Cr, and Kl are the equivalent mass, stiffiress and (viscous) damping

coefficient of the liquid, respectively. .I{- is the vertical offset of the liquid's center of

mass above (+) or below (-) the pivot point. z¡, which is positive towards the right in

Fig. 5.1(b), is the dynamic displacement of the liquid relative to the enclosure. 9o is the
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FIND's rotation about the pivot point. It is positive for a clockwise rotation and negative

otherwise. Me is the FIND's mass and excludes the mass of the enclosed liquid. eo is the

horizontal offset of Mo from the pivot point. Moreover, Js and Kp are given by

J, = Joo * Mr(Ht" + et ¡ + UrAi (s.3)

and

Ko = Koo -2MrüIr- Mrüf , .

138

(s.4)

Here -/oo is the FIND's central moment of inertia that excludes the liquid's contribution.

Kp6 is the equivalent rotational stiffness of the springs about the pivot point. In addition,

llo is the vertical offset of the center of Mo above (+) or below (-) the pivot.

Eq. (5.2 ) can be solved for the dimensionless amplitude uro : uyslA¿, where a¡s is

the amplitude of z¡. Then

,..=l=:=,, = Y.ofå-!G*Fr!l) =- = | ,r.ru,-'o -l@+n,jþ'-i,U] -få *2("f"Â ixl -¡å *zÇrfoÐl \J'rst

(s.sb)ut-o

ci +cl

Here

Mn = JD\[t"D- ML' "o- Mrrl )

and

G:-2. -;

c,

-'

zr[KrM, '

(s.6a)
LI

lIr

rtl - )
eD

- I /ñ
{ 

-"s 
{ 

-uu.Jc- f , Jo- f ,
JL JL

þL- (s.6b)
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In addition

c,: MofåçG + nrf!¡

c, = (G * H,f ¿)' - J,(f] - Íåltt- ÍÐ + +Joç,ç,iofl

c, =zJ,Ç,iofo1- Íå)+zÇrJofoj: - Íå)

ï39

(s.7 a)

(s.7b)

(s.7c)

Notice that Çrand (o are the (equivalent) viscous damping ratios of the sloshing liquid

and the rotating main body-spring system, respectively. Moreover, -fL and fe are the

corresponding (uncoupled) natural frequencies. They are defined, respectively, by

{-Jo- (5.8)

A HND's parameters may be said to be optimized if they produce the greatest power

dissipation, averaged over one oscillation cycle, for a given Ac.The average power

dissipated per cycle is given by

(s.e)

Substituting

(s.10)

Jr

1 at^+T
Po =; ll^-' fc't" + croi¡dt

where /s refers to a reference instant and T is the period of the oscillation.

the ur andflr, which are found from Eq. (5.2), into the last equation gives

^t
"" 

= 
| 
Ç, + ÇoJ,.f o ffi )o:, 

r'(2/f')(2ftf)' A¿ -

Po can be non-dimensionalized as

Ð

Pr, ='Mffiof,f (i: G or L) '

Substituting Eq. (5.10) into Eq' (5'11) gives

(s.1 1)
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D _1 , , r j; (1- få), *+çî¡ål¡î,
IDG -fer reo/ot"-@*nfir, 

17
(s.r2)

and

- -- - ^ -^ r

= | .- = - (1- få)'*4Ç:få l_, ,,Pot =l(, + ÇrJ, l¡Ìr¡å. (5.13)L o 
1G + n,jly' r

Eq. (5.12) is used to guide the choice of a HND's parameters for a given galloping

frequency, /6. on the other hand, Eq. (5.13) is emproyed to examine the lrND's

robustness to a perturbation in/6 for chosen parameters.

A detailed procedure for designing a HND requires additional laboratory

experiments and field trials. Therefore, only a suggested outline is given next.

1' Estimate the conductor span's galloping frequency in plunge,/6./6 is taken usually as

one of the three lowest natural frequencies that predominantly involve a plunge. The

issue of how many loops might prevail in a particular galloping incident is addressed

later.

Estimate the liquid's equivalent damping ntio, Çr, and the springs' damping ratio,

Ç". Ç is typically around 0.01 (1%). on the other hand, according to chapter 4, (,

is about 0.05 to 0.35 depending on a FIND's configuration and the type as well as

amplitude of motion.

Determine the values of Ms, ML, eD, Joo, Ho and H¿. This determination requires

practical experience but comments are given later in relation not only to the anti-

galloping effectiveness of a HND but also to its cost and side effects. For example, an

overly heavy HND could reduce the conductor's life expectancy by causing a

2.

a
J.



^
T.

Chapter 5 - Hybrid nutation damper l4l

premature fatigue failure at the IIND's attachment. On the other hand, a too light

HND could require more IINDs for the same level of protection and, hence, it could

afford a more costlv solution.

Determine fy and /p from Eq. (5.12) so that the combination of their values

maximizes foo . tfris procedure is illustrated in the next subsection. It is worth

mentioning here, however, that a HND might rotate too vigorously when it is tuned

for maximum power dissipation. This could lead to the HND itself failing so that a

compromise may have to be made in choosing fi-andfo.

Configure the nutation damper's length,I¡, width, B¡, and depth, D¡, from the known

My andftby using Eqs. (4.17) and (a.29). The tuning of these dimensions presumes

that the liquid's motion is small and that such a tuning does not need to be corrected

for nonlinear hardening or softening. This negiect is reasonable because, providing (,-

is above a critical value (found later to be around 0.03), a smaller (,- leads to a greater

critical wind speed when the damper is tuned exactly. Now the value of Ç, for a ND

undergoing a small motion is around 0.05 - a value which is greater than 0.03.

Therefore, the above tuning procedure would make the initiation of galloping less

likety. If galtoping does develop, however, fi, may deviate from its initial value

because the resulting large motion of the enclosed liquid may induce a nonlinear

hardening or softening of the equivalent spring. See Chapter 4. Nevertheless, tuning

becomes less critical then because the ensuing, somewhat larger liquid damping

makes the HND more robust. Therefore, the slight detuning might not dramatically

affect the IIND's effectiveness.

5.
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5.2.3 An illustrative example

To illustrate the procedure for designing a IIND, the example of a Curiew conductor

having a span of 400 m is reconsidered. Consider a representative tension of 38 kN which

is 23o/o of the conductor's rated tensile strength (RTS). A moderately severe icing

corresponding to the C1l ice accretion detailed elsewhere (Stumpf and Ng 1990) is

presumed. Moreover, a span's two ends are invariably assumed to be suspendec.

Table 5.1 Assumed values of the input parameters for designing a HND.

1 /l"l

Parameter JU

(Hz)

Mv M¡ Joo

(kg) (ke) (ke m')

€e Hr Hs

(m) (m) (m)

Value 0.19 3.0 15.0 7.2 0.2 0.0 0.0 0.10 0.01

First, the fundamental (i.e. first order) plunge frequency of the iced conductor is

computed by using, say, a finite element procedure (Desai et al. 1995; Desai et al. 1996).

This procedure gives a fundamental plunge frequency of 0.19 Hz. Thus,/ç : 0.19 Hz. As

this plunge frequency is not affected by the number of subconductors, the discussion in

this subsection applies to both single and bundle conductors. Then, (t, Ço, M¡, Mv, ee,

Joo, Ho and .I1¡ are assumed to take the values given in Table 5.1. Eq. (5.12) is used next

to compute Poo as a function of/¡ for different values of/p. The results are given in

Fig. 5.2. It can be seen from Fig. 5.2that Poo always peaks in this figure for each/p

considered. Moreover, the smaller is .fo, the higher and narrower is the peak' This
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behavior indicates a larger power dissipation when the HND is tuned f,rnely but greater

sensitivity then to a given change in/¡. In this example,/p is taken somewhat arbitrarily

to be 0.30 Hz. The corresponding optimum/¡ (namely, the value of/¡ that produces the

greatest power dissipation) can be seen from Fig. 5.2 to be 0.68 Hz. Consequently, Kp6

and K¡ can be found from Eq. (5.8) to be 27.7 Nm/rad and 54.8 N/m, respectively. Thus

all the parameters needed to define a HND are determined.

f¡ (Hz)

Fig. 5.2 Finding/p andfyby maximizing the dimensionless power dissipation, Poo.

It is assumed in the above analysis that the galloping frequency,,fc, i. known. To

examine how sensitive is the IIND's performance to a small change in /ç from the

enumerated 0.19 H4 4, ir computed for various faby employing Eq. (5.13) while the

other parameters remain unchanged. The results are shown in Fig. 5.3 as the curve

labeled " Ç r:0.1". Ar effective frequency range (or, bandwidth) for a HND can be

o
lao

fe=0.5 1 7- fs=0.4
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defined by using the standard half power criterion (Clough and Penzien 1975). Thus, the

FfND's average power dissipated over one cycle of oscillation is no less than half the

peak value when the galloping frequency varies from 0.18 Hz to O.20Hz. Therefore, the

FIND remains reasonably effective despite The +5o/odeviation in/6.

0.04

0.03

0.02

0.01

0.00

0.16 0.18 0.20 0.22
f6 (Hz)

Fig. 5.3 Variation of a HND's dimensionless power dissipation, For,with galloping

frequency,/6.

The liquid's equivalent damping ratio, (r, may also deviate from the assumed 0.1

because it depends on the liquid's level of sloshing which, in turn, depends on the IIND's

amplitude. The effect of such a deviation is also shown in Fig. 5.3 where results are

r -ôn1> L - v.vr

= 0.05

( t :0'l
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0.03

0.02

0.01

0.00

0.08

0.06

0.04

0.02

0.00

r
¡i¡

Fig. 5.4 Showing (a) the peak dimensionless power dissipation and (b) the effective

bandwidth, Af", with various liquid damping ratios, Çr.

computed for five Ç, values. Clearly, the power dissipation curves consistently tend to

flatten as Çr increases so that the HND becomes correspondingly less sensitive to a

t45
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j
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change in /6. However, the maximum power dissipation is greatest when (' is about

0.03. This is shown more clearly in Fig. 5.a@) where the maximum Por, 4r.o*, is plotted

against f,r. Nevertheless, Fig. 5.aþ) shows that the effective bandwidth M, (i.e. the half

powerbandwidth) increases forhigher(r. That is, aIIND tends to more robust at larger

Ç. Moreover, the power dissipation at small (,- is gained mainly at the expense of a

large vibration amplitude for the HND. The latter may lead to a premature failure of the

HND itself so that a compromise is needed to determine an appropriate value of Ç.

5.3 Incorporating HNDs into existing galloping software

In the previous analysis, a FIND's performance has been examined in terms of its

power dissipation. To evaluate the effeotiveness of a HND in controlling galloping, on

the other hand, an existing 3DOF - finite element galloping software (Zhang 1999) is

used with minor modifications. The software utilizes numerically computed mode shapes

so that it is able to simulate spanwise variations of properties due to, say, the installation

of detuning pendulums. However, the software remains computationally efficient by

retaining only 3DOFs. A bundle conductor is treated as an equivalent single conductor so

that the software can accornmodate both a single and a bundle conductor. Two additional

steps are required, however, to incorporate HNDs. First, normal modes must be

determined for the iced (rather than bare) conductor - HND (C - HND) system. Second,

the HNDs' contributions must be added to the mass, stiffüess, and damping matrices of

the 3DOF svstem.
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5.3.1 Adding the effect of HNDs to theftnite element modes

A conventional modal analysis neglects damping. However, in the present situation,

a HND has much larger damping than a conductor alone. Consequently, the use of

undamped modes for the C - HND system overestimates a HND's effectiveness when the

galloping frequency coincides with the IIND's (undamped) natural frequency. This

overestimation arises from the exaggerated resonant response of the HND with the

neglect of damping. An expedient, pragmatic approach is described next to overcome this

problem.

The undamped rnodes for the iced C - HND system are computed initially by using

a conventional modal analysis. That is, the global stiffiress and mass matrices are formed

for the combined system by using finite elements. The resulting eigenvalue problem is

solved in the maffier of Desai et al. (1996). Then the modal displacements of the HNDs

are modified, for a given mode, to account for the FINDs' damping but the conductor's

modal components remain unchanged. This differential modification is based on the

assumption that a IIND's damping does not affect the (damped) natural frequencies of

the whole system. The assumption appears intuitively plausible because the complete

system remains lightly damped even though the individual HNDs may be highly damped.

For instance, when a 400 m long Curiew conductor with a 0.001 damping ratio is

combined with a HND having a significantly larger damping ratio of 0.1, the overall ratio

increases, of course, but only to a small 0.01 or so. (See Subsection 5.2.3.) Thus, every

IIND's (damped) modal displacements may be found by isolating that particular HND

from the conductor and exciting the HND at its clamp with a given mode's (undamped)

147



Chapter 5 - Hybrid nutation damper

natural frequency and the modal displacements of the conductor at the clamp. In other

words, the FIND's modal displacements for a conductor's plunge mode can be computed

by vertically shaking the HND at its clamp with that mode's (undamped) natural

frequency and the conductor's modal displacement in plunge at the clamp. A similar

procedure can also be applied to the swingback and twist modes.

The above situations correspond to a base excited, 2DOF system for which the

goveming equations are similar to Eq. (5.2). They are generally given by

I M, M,H,1lo,l I c, o flù,1 [r' - M,efl",) f 
q,l

lr,o,rD lle"l.Lo c"llá"1*l-r,t "" lir"j=to,l (5 14)

where all the parameters (except d and Fr) are the same as those defined for Eq. (5.2).

Now d and Fe are the excitations induced by the moving "base" (i.e. the IIND's

clamp). They are given by

l<0, Moeoü. ) þlungeexcitation)

| _ _ \ l. -Mrfrr, - (MoH, + MrHr)iv, > (swingback excitation)tk h \-¿ ...;i ,l (5.15)Y u" 0 / - 
l. Mr(H, - Hr)ër, -lJo - Hc(MDH, + MrHr)]0, +

l+ (M"H" +ZMrHr)E9c > (wist excitation).

Here uc, wc and ec are, respectively, the conductor's (modal) displacements (or

rotation) at a fIND's clamp in the plunge, swingback, and fwist directions. 11ç is the

vertical offset of a FIND's pivot point from the geometric center of an uniced conductor.

Eq. (5.14) can be solved straightforwardly for u, and áo when the base excitation is

harmonic. Thus, each HND produces a pair of values îor u, and 0o that constitute their

damped modal components. They replace the corresponding, originally undamped

comnonents.

148



Chapter 5 - Hybrid nutation damper

5.3.2 Adding HNDs to the 3DOF oscillator

Let the FfNDs' three mode shapes, one per direction, be

. ,Yl ,e[il ,"[),e[iì 2... ,ufì,,0[,], , (i : p, s, t) (s. 16)

where superscripts p, s and f represent a plunge, swingback and twist, respectively. No is

the number of HNDs that are installed in one span, The motion of an arbitrary, ith HND

can be expressed by

1",,1 l"f,) [,[ì,1 lu[,,)

lr", I 
= n'\t[? 

I 
* n -1r;;, 

I 
* n,\t::,, 

I
(s.17)

where Qv, Qw and q¡ are the generalized coordinates of the 3DOF model of the iced C -
HND system. Physically they correspond, at a given instant, to the (galloping) amplitudes

of the conductor in plunge, swingback, and twist, respectively. Then, the HNDs' mass

matrix, M¿, stiffrress matrix, trQ, and damping matrix, C¿, caû be formed by using a

variational method (Yu et al. 1993a, 1993b; Zhang 1999). Details of the resulting

matrices are given in Appendix E. The later analysis of the 3DOF model follows

precisely the procedure described by Zhang (1999) so that it is not repeated here.

5.3.3 ldentifyittg a mode's predominant direction and number of loops

It is crucial to correctly determine the predominant direction and number of loops of

oscillation (in a span) for a particular mode of an iced C - HND system. However, it is

not always easy to visually identify these characteristics, especially when two modes are

very close in frequency or a control device is used so that a strong modal coupling exists.

t49
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Therefore, an energy criterion is developed first to identify a mode's predominant

direction.

The kinetic energies in each direction can be found, for a given mode, from

u, = Ir|*,(s)atz f ,2 (s)ds (i:v,w,0). (s. 1 8)

Then the predominant direction can be found straightforwardly by defining it as the

direction that has the largest (relative) energy. In the last equation, a; is the given mode's

circular natural frequency of the iced C - HND system. m,(s) : m*(s) : m(s) and mt(s)

: Jß) are the iced conductor's mass and inertial moment per unit length, respectively.

Both m(s) and J(s) may vary along the intrinsic longitudinal coordinate, s. Moreover,

,f,(r),,f*(r), ffid /r(s) represent the iced conductor's mode shapes in the plunge,

swingback and twist directions, respectively.

To identify, next, the number of loops corresponding to a predominant motion,

define an index, o , as

(5.1e)

Herefr(s) andfr(s) denote an analytical (kvine 1981) and numerical (FEM) mode shape

of the iced C - HND system, respectively. By successively comparing a numerical mode

shape in a given direction to each analytical mode shape that occurs in the same direction,

the number of loops is identif,red as the one that corresponds to the smallest o value.

Strictly speaking, the analytical modes are different from their numerical counterparts

because they adopt the additional simplifying assumptions of fixed ends and a uniform

loading. However, the analytical mode shapes generally resemble the corresponding

o=ffirG*f,(,)l'.
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numerical shapes so that an analytical mode shape can be used reasonably as a

"referencg".

5.4 Numerical Results

The updated software is used to numerically explore the behavior of galloping as

well as a FIND's effectiveness. Only combinations are considered from the first three

modes for each direction (plunge, swingback, or twist) because 97% of galloping

scenarios observed in the field fall into this category (EPzu 1979). The same conductor

(i.e. the Curlew) is used as before. As the effects on galloping of a conductor's tension,

length, and damping have been studied quite thoroughly previously (e.g. MH 1995,

Zhang 1999), values of these parameters are kept constant. All the input data are

summarized in Tables 5.2 arrd 5.3. Notice that the chosen conductor and its span length

are representative of a 230 kV and higher transmission line. Moreover, the conductor's

damping ratios are approximately averages of those used previously (MH 1992; Liao

1996; Zhang 7999). Furthermore, the assumed 10 m/s wind speed is known to induce

galloping in the field (EPRI 1979).

A fundamental assumption adopted is that the aerodynamic properties of a low

frequency, galloping line are quasi-steady. This assumption has been shown

experimentally to be plausible for various artificial ice shapes (Parkinson and Brooks

1961; Parkinson and Smith 1964; Santosham 1966; Chadha 1914; Parkinson 1989).

Moreover, it is assumed that the ice is distributed uniformly over a span and, for a bundle

conductor, the ice shape is identical on all the subconductors. It is presumed further that
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the ice deposit is not affected by the installation of HNDs. Of course, none of these

assumptions are strictly true. Ice tends to be less eccentric towards the midspan as a result

of the conductor's greater torsional flexibility there. (See, for example, Chapter 3.)

Table 5.2 Summary of the basic input data for a bare line.

r52

Parameter Symbol Value

Diameter of a subconductor (mm) Dç

L

rfiç

Jç

H

Eç

GJ

l/6

,SC

Ç,

Ç"

Ç,

Vw

3r.6

400

1.98

0.2r

38

69

300

I,2, or 4

0.4s

0.001

0.001

0.003

10

Span length (m)

Mass of a subconductor (kg/m)

Inertial moment of a subconductor (kg mm) +

Static tension of a subconductor (kN)

Elastic modulus of a subconductor (kN/mm2)

Torsional stiffness of a subconductor (Nm2/rad)

Number of subconductors

Constant spacing of subconductors (m) ++

A conductor's plunge damping ratio

A conductor's swingback damping ratio

A conductor's twist damping ratio

Side wind speed (m/s)

Note: + About the geometric center of the subconductor.

++ Between subconductors' geometric centers.



Chapter 5 - Hybrid nutation damper

Table 5.3 Summary of the ice related computer input.

i53

Ice model

- 
fee

00 /><-+(I\
<o-l ( )- \-/

Conductor

c2-s

0 r,.,,r(deg)

m¡(kg/m) ++

e, (m) $

er.(m)

ayo $$

avl

av2

*yJ

dzO

Clzl

Qz2

Az3

aeo

*01

Qoz

o)

0.38170 0.72250

0.00106 - 0.00222

- 0.00868 0.00842

- 0.22290 0.674s9

- 0.49329 - 053592

0.67073 - 4.3446r

8.01320 9.47529

0.87938 r.28782

0.09344 - 0.19867

0.22738 - 0.56696

0.36018 1 .06665

- 0.01691 0.27763

- 0.04997 0.t7882

0.48209 -r.0t714

3. i 65 18 1 .147 57

40

0.46650

0.00394

- 0.00255

1.3s7 5s

- 0.16675

- 4.05470

8.3s810

0.87200

0.86050

0.83250

1.78155

0.16030

- 0.72715

0.29345

5.97040

c7-r90 c11-40

5 10n

Note: + An ice model is designated by the symbol an ice shape followed by the

static orientation to a side wind, 0,to,¡".

** Mass of ice per unit conductor length.

$ €y, €. are the vertical and horizontal offsets of the center of mass of the ice

alone from the geometric center of the uniced conductor, respectively.

S$ ayr, azi, aet are the aerodynamic coefficients in plunge, swingback and twist,

respectively.

c11-180 IC-10

180 10

0.466s0 0.88i60

- 0.00138 - 0.00036

0.00449 0.00204

r.35755 - 0.s2900

-2.08210 - 3.07600

- 0.02880 - 0.45730

5.01790 6.87280

0.87200 2.27150

- 0.66440 -1.77860

0.2t960 - 8.39660

0.30950 t4.27300

0.16030 - 0.224s0

0.18740 - 0.13400

0.69240 -1.66190

0.03230 2.73430
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Moreover, add-on control devices usually increase the torsional stiffiress of a conductor

rvhich is expected, therefore, to increase an ice shape's eccentricity. in addition, about

)0o/o more ice mass has been observed, in a freezing rain experiment, on the windward

compared with the leeward subconductor of a twin bundle. This difference is a

consequence of the airflow interference between the two subconductors (Stumpf 199a).

Such factors could be the subiect of future studv.

5.4.1 Behavior of gølloping of untreøtedlfues

To effectively control galloping, it is important to understand the galloping's

behavior (without any controi devices), particularly with regard to its dependence on

different factors. As the effects of a conductor's tension, length, and damping are quite

well understood, they are not reconsidered. Rather, two additional factors that have not

yet been addressed thoroughly are assessed; viz. various ice shapes as well as different

combinations of excited natural frequencies and modes. Four ice shapes are chosen. They

are a crescent, C2 and C7 (Stumpf and Ng 1990), which correspond to a dry ice growth;

the D-like Cl1 which is in a transition icing category; and IC (designated as a reference

to AS5 by Stumpf 1994) which has pendant icicles and, therefore, coffesponds to a wet

_sowth (Lu et al. 2000b).

The icing of C2, C7 and Cli was formed on a conductor having a 28.6 mm

diameter. That of IC was accreted on a 20 mm diameter conductor. However, the

conductor under consideration has a 3I.6 mm diameter. Therefore an original cross-

sectional ice area, including icicles if they exist, is raised by the ratio of the bare
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conductors' cross-sectional areas to correspond to the 31.6 mm conductor diameter. The

resulting ice shapes (as well as the static orientations selected) are illustrated, to scale, in

Fig. 5.5. The corresponding quasi-steady aerodynamic coeffrcients, which are assumed to

remain unchanged due to their dimensionless nature, are presented in Table 5.3. These

data are obtained by curve-fitting wind tunnel measurements with cubic polynomials

(Stumpf and Ng 1990). Note that every ice model given in Table 5.3 is described by a

combination of ice shape and its orientation to a side wind. An orientation of 0o

corresponds to the maximum accreted ice position, excluding icicles, when it faces

-->
1 900

C2 C7 Cll IC

rrrl
0 1 2 3cm

a)
\_/.

Fig. 5.5 The four ice shapes and static orientations considered.
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directly into the wind. For example, C11-40 refers to the Cll ice shape after a 40o

clockwise rotation of any cross-section relative to the (fixed) side wind,s direction. The

ice shapes and the orientations considered are illustrated in Fig. 5.5. it should be

remembered, however, that aerodynamic data corresponds to a given illustrated

orientation facing into the wind.

There are two sets of aerodynamic data given in Table 5.3 for Cl1. They correspond

to the two orientations of 40o and 180o. All the orientations are chosen so that the

aerodynamic properties most likely produce a plunge dominated galloping - the type of

galloping usually observed in the field (EPRI 1979; Havrard 199g). In other words, a

negative Den Hartog coefficient always occurs at these orientations (Stumpf 1994). The

orientations may be achieved in the field because the moment produced by the weight of

a rotated, eccentrically accreted ice can be balanced by that arising from the conductor,s

rotational flexibility. The rotation of a dry ice accretion has been discussed previously in

chapter 3. More comprehensive details are given by poots (1996).

A single conductor (S), a vertical (TV) and a horizontal (TH) twin bundle conductor,

as well as a quad bundle conductor (Q), are examined numerically. These configurations

encompass those commonly used for EHV lines. Numerical results are summarized in

Tables Fl through F5 of Appendix F in which 146 separate galloping events are

considered. There, a particular scenario is identified not only by the ice shape and static

orientation but also by a conductor's configuration and the number of loops in plunge,

swingback and twist, respectively. Thus, C11-40-S-P2-SI-T2, say, refers to ice shape

C11 with a 40o static orientation for a single conductor, S, experiencing a combination of
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the second plunge mode, P2, first swingback mode, S1, and second twist mode, T2.

Moreover,fi,"f. andrt are the system's (undamped) natural frequencies in the directions of

plunge, swingback and twist, respectively. Ay, A, and A¡ are the limit cycle amplitudes in

the corresponding directions. 2., is the critical wind speed - the minimum wind speed

required to initiate galloping. Trends from this database are analyzed in the followine

subsections.

5.4.1.1 Effects of swingback and twist on galloping

To examine the effect of a swingback or twist on galloping, a swingback or twist

mode is varied unilaterally with the other two directional modes kept unchanged.

o @o o co o6 aDacco

0.0 0.5 1.0 1.5 2.0 2.5
fzy

ti

0

Fig. 5.6 Effect of a swingback mode on the critical wind speed.
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Fig. 5.6 shows the effect of a swingback in terms of the critical wind speed. In this

figure, V-",is the ratio of the critical wind speed for a given swingback mode to that for

the first swingback mode. Alternatively, the second instead of the first swingback mode

is employed if the critical wind speed for the first mode does not exist. Moreover,

thej.rused for the abscissa of Fig. 5.6 is the ratio of the given swingback mode's

(undamped) natural frequency to the (undamped) natural frequency of the plunge mode.

Fig. 5.6 suggests that a swingback does not affect the critical wind speed unless the two

natural frequencies coincide. This assertion is supported partly by Jones (1992) who

found a similar behavior for solely the plunge and swingback combination. It is worth

mentioning that coincident natural frequencies can occur only when the swingback and

plunge modes both involve two loops because the first and third plunge frequencies are

invariably greater than the corresponding swingback frequencies. This is also the reason

why no data is given in Fig. 5.6 for f ,between 1.0 and 1.5 as well as around 2.0.

The single, exceptionally high data point shown in Fig. 5.6 corresponds to C11-40-

S-P2-S1-T2. A comparison of this case with the situations involving two and three

swingback loops rather than one loop (C11-40-S-P2-52-T2 and Cl1-40-S-P2-S3-T2,

respectively) is given in the second through fourth rows of Table 5.4. It can be seen that

the second swingback mode gives an internal resonance (i.e. the natural frequencies of

the plunge and swingback modes coincide approximately). The coincidence surprisingly

produces a noticeably higher critical wind speed , i.e. a much smaller susceptibility for

galloping to be initiated. The cause is not fully understood at this moment and war¡ants

fuither investigation.
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Table 5.4 Computed results for the selected scenarios.

1s9

Identification Jv

(Hz)

Jz

(Hz)

f, V",

(Hz) (m/s)

Av A,

(m) (m)

At

(deg)

c1 1-40-S-P2-Sr-T2

c1 1-40-S-P2-52-T2

c11-40-S-P2-53-T2

c11-180-S -P2-52-T2

c11-180-TH-P2-52-T2

IC-iO-TV-P2-S 1-T2

IC-iO-TV-P2-52-T2

IC-10-TV-P2-53.T2

0.160 2.335

0.309 2.796

0.476 2.335

0.288 2.708

0.311 0.692

0.170 0.342

0.288 0.342

0.486 0.342

2.995

7 .844 0.107

2.995 0.728

0.226 6.052

0.280 4.773

0.166 4.786

0.166 0.201

0.166 2.805

1.331 6.02

0.000 3.25

16.60 39.6

tt.42 1.62

0.000 8.56

4.278 53.4

0.000 20.2

0.3t2

0.3r2

0.3r2

0.3r2

0.3r2

0.289

0.289

0.289

The effect of a swingback on the limit cycle amplitude of galloping is summarized

in Figs. 5.7 and 5.8 where Aristhe ratio of the swingback to the plunge amplitudes. On

the other hand, ,4-, is the ratio of the plunge amplitude, for a given swingback mode, to

the plunge amplitude for the first swingback mode. (Atternatively, the second mode is

used again as the reference if galloping is not initiated with the first swingback mode.)

The two exceptionally high datapoints shown inFig.5.7 correspond to C11-180-S-P2-

S2-T2 and C11-180-TH-P2-52-T2. (Also, see the fifth and sixth rows of Table 5.4.)

These limit cycle amplitudes are so large that the linear motion assumption is

undoubtedly violated so that this particular data is qualitative in nature. Fig. 5.7 indicates

that an appreciable swingback may develop but only when the natural frequencies of the

swingback and plunge modes coincide.



Chapter 5 - Hybrid nutation damper

Ë

0.0 0.5 1.0 1.5 2.0 2.5

7
Jzy

Fig. 5.7 Effect of a swingback mode on the combined, limit cycle amplitude.

160

2

B

6

r¿4

2

0

o oorc oô €Q3"t

0.0 0.5 1.0 1.5 2.0 2.5

J,,

Fig. 5.8 Effect of a swingback mode on a plunge's limit cycle amplitude.

( n Exceptional case.)
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Fig. 5.8 illustrates that, with two exceptions (denoted by solid points), a swingback

mode hardly changes the plunge limit cycle amplitude even when the swingback and

plunge frequencies coincide. The first exception, which corresponds to the highest ,{

that occurs around .f,u:1.5, is related to the Cll-40-S-p2-Sz-T2 and C11-40-s-p2-S3-

T2 cases. More details of these cases are documented in the third and fourth rows of

Table 5.4. The latter case is non-resonant and essentially involves no swingback. By

changing the participating swingback mode from the third (S3) to the second mode (S2),

an internal resonance is established between the second plunge and swingback modes.

Then a significant 1.33 m, steady swingback is sustained but with a noticeably reduced

plunge amplitude - from 0.73 m to a mere 0.11 m. This behavior suggests that the

internal resonance might involve a transfer of energy from the plunge to the swingback.

A similar observation also applies to the other eÍceptional situation when 1,, is almost
t

zero at about f.r: L 0. The comparable cases to before are now IC-10-TV-P2-S1-T2 and

IC-10-TV-P2-52-T2, details of which are given in the seventh and eighth rows of Table

5.4. Energy seems to be transferred again between the second plunge and swingback

modes.

The effect of a twist mode is summarizedinFig.S.g. Here, A, is the ratio of a limit

cycle twist amplitude (in radians) to the corresponding plunge amplitude (in meters). I

is defined as the ratio of the twist to the plunge natural frequency. As for the swingback

effect observed in Fig. 5.7, an appreciable twist may develop but only when its natural

frequency almost coincides with that of the plunge mode. Again, the greater fwist

161
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observed at the internal resonance is indicative of energy being transferred from the

plunge to the fwist. Such a transfer was also noted for a 2DOF oscillator inco¡porating

plunge and twist modes (Blevins and Iwan I97 ;Desai 1991).

B

o

4

2

o

Fig. 5.9 Effect of a twist mode on the amplitude ratio Ão.

In summary, a swingback or twist mode appears to affect galloping only when the

corresponding natural frequency is close to that of a plunge mode. Therefore, in this

situation, a HND tuned to a plunge natural frequency should control not only the plunge

but also the swingback and twist.

5.4.1.2 Effect of number of loops

A fundamental question is at which number of loops þer span) galloping is most

likely to occur? The answer may be derived partialty from Fig. 5.10. Here V,,, aorrd A,,,

r<
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Fig. 5.10 Effect of number of loops on (a) the critical wind speed and (b) a plunge's limit

cycle amplitude.
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i:2,3, give the critical wind speed and limit cycle plunge amplitude, respectively, for i

loops per span of a plunge mode divided by V,,ror Ayr, the corresponding values for the

single loop plunge mode. Fig. 5.10(a) shows that the critical wind speed increases with

more loops. However, Fig. 5.10(b) indicates that a single loop, limit cycle amplitude is

not necessarily larger than the corresponding two-loop amplitude. On the other hand, a

two-loop, limit cycle amplitude is invariably larger than the corresponding three-loop

amplitude. Overall, sìngle loop þer span) galloping appears to prevail. This last finding

somewhat contradicts f,reld observations in which only 40o/o or so galloping sightings

involve a single loop (EPRi 1979). The discrepancy is probably due to the uniform ice

assurnption adopted here. In the field, an ice accretion's cross-section may be less

eccentric in shape towards the midspan which líkely reduces the chance of single loop

(per span) galloping being initiated because a-less eccentric ice shape usually tends to be

more aerodynamically stable.

5.4.1.3 Effect of ice shape

The effect of different ice shapes, together with their static orientations, on the

initiation of galloping is summanzed in Fig. 5.11(a) for a one loop per span oscillation.

This figure shows that C2-5 and C7-190, both of which involve dry ice growths, have

comparable critical wind speeds regardless of the number of subconductors. On the other

hand, C 1 1- 1 80 is much more prone to initiate galloping than C I 1-40. Clearly, therefore, a

given ice shape's static orientation is extremely important. Moreover IC-10, which is a

wet ice growth, has an even lower critical wind speed than C1 1-180. The ease of the

t64
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Fig. 5.11 Effect of ice shape on (a) the initiation of galloping and (b) the combined

galloping amplilude.
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D-like C11 to initiate galioping is understandable because a simulated D shape is often

utilized to deliberately initiate a plunge dominated galloping in the field (Tomquist and

Becker 1947; Edwards and Madeyski 1956; Ratkowski 1963). rlowever, the

susceptibility of an icicle pendant shape to gallop is not well recognized,, although wind

tunnel tests have indicated that a similar T-like shape is highly unstable at cerrain

orientations (Ratkowski 1968; Chadha 1973). On the other hand, a T-shape device has

actually been proposed as a means of stabilizing galloping (Liberman rg74).

Fig' 5.11(b) illustrates the effect of an ice shape on the combined galloping

amplitude,.4.o-, which is defined, for the limit cycle, as

A"o*= E.4

166

(s.1e)

The single, horizontal twin bundle and quad bundle conductors have a common trend

similar to that shown in Fig. 5.11(a). That is, the two crescent shapes produce comparable

galloping amplitudes that are smalier by a similar margin to those generated by the D-like

and pendant shapes. However, the vertical rwin bundle is somewhat different because of

the internal resonance for this configuration. More specifically, the low l.o,n values for

the twin bundles that involve IC-10 and C11-180 occur because energy appears to be

transferred from the plunge to the twist due to their natural frequencies coinciding. In

fact, a significant twist of about 50o develops in both these cases. On the other hand, the

comparable internal resonance for Cl1-40 causes a significant swingback that tends to

feed energy to, rather than extract energy from, the plunge (See the 14th row of Table F5

for the case of IC-10, the 17th row of Table F4 for the case of Cl1-180, and the 20th row

of Table F3 for the case of Cl i-iO. All these tables are given in Appendix F.)
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As the crescent, D-like and icicle pendant represent three different

accretion, the observation that they may all initiate galloping suggests that

occur in any icing condition.

r67

regimes of ice

galloping may

5.4.1.4 Effect of a conductor's configuration

The effect of a conductor's configuration on galloping can be seen from Fig. 5.11.

Fig. 5.11(a) suggests that the initiation of galloping hardly depends on a conductor's

configuration. However, Fig. 5.11(b) shows that a bundle conductor has a generally

larger limit cycle amplitude than a single conductor. This finding is supported somewhat

by the field observation that a bundle conductor appears to be more prone to gallop than a

single conductor (EPzu T979). For the three bundles, the quad and horizontal twin

bundles have comparable limit cycle amplitudes because their composition of natural

frequencies is similar. On the other hand, a vertically arranged twin conductor may

produce a larger or a smaller limit cycle amplitude than the other two bundles. The last

situation arises because the vertical arrangement's plunge and twist natural frequencies

coincide and enhance the interaction of the corresponding modes. A combined limit cycle

amplitude increases if the two modes interact in such a way that additional energy is

extracted from the airflow. The combined amplitude decreases otherwise.

5.4.2 Effectiveness of HNDs in controlling galloping

To demonstrate the effectiveness of the HND design presented in the

subsection 5.2.3, HNDs are added to the 400m span of a single conductor, a (horizontally
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Fig. 5.12 Effectiveness of a HND in terms of the criticar wind speed.

and vertically arranged) twin bundle and a quad bundle. A single conductor or each

subconductor of a bundle is a Curlew. Parameters take the values given in Table 5.2

again, unless specified otherwise. C11-40 is used with the aerodlmamic properties stated

previously in Table 5.3. Computed results are summarized in Figs. 5.12 and.5.13 for a

single HND installed at the midspan. This particular location is chosen because single

loop galloping always prevails in the particular cases considered. In Figs. 5.12 and 5.13,

\,and A"onate now, respectively, the critical wind speed ratio and the combined limit

cycle amplitude ratio of the treated span with respect to the untreated span. Fig. 5.12

shows that the critical wind speed generally increases significantiy with the installation of
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o
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the HND. The increase is greatest for the single conductor, followed by the vertical and

horizontal twin bundles and, lastly, by the quad bundle. However, even in the quad

configuration, the critical wind speed is increased 2.5 times. Moreover, Fig. 5.I2

indicates that the HND is effective for all nine possible mode combinations. Surprisingly,

the HND is effective even for two loop þer span) galloping, despite it being located

seemingly at the midspan node. This curious situation probably arises because the three

directional modes are coupled closely as a result of the ice deposition and control device

so that the midspan is no longer completely at rest.

1.0

0.8

0.6

0.4

0.2

0.0
TV TH

Gonductor

Fig. 5.13 Effectiveness of a HND in terms of the combined limit cycle amplitude.

E
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Fig. 5.13 illustrates

conductor configurations

amplitude, 1-"o,, for one

the effectiveness of a single (midspan) HND on different

in terms of changes in the dimensionless combined limit cycle

loop þer span) galloping. It can be seen that the effectiveness
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decreases progressively as the number of subconductors increases - as was the case seen

in Fig' 5' 12. More specifically, the single conductor does not gallop after treatment. Both

twin bundles have about a two to seven fold reduction in .4.o. with the addition of the

HND. However, the quad bundle's amplitude is hardly affected, even though the

initiation threshold for galloping is raised noticeably. Indeed, a comparison of Figs. 5.12

and 5.13 suggests that it is easier to increase a critical wind speed than to reduce the

ensuing limit cycle amplitude. This observation justifies, to some extent, the practice of

simply trying to raise the critical wind speed to alleviate galloping (MH i995). However,

caution should be exercised. Because a significantly larger critical wind speed does not

necessarily imply a conespondingly smaller limit cycle amplitude, the more complicated

limit cycle analysis is still required when a calculated critical wind speed remains within

the range of practically feasible wind speeds.

A HND's decreasing effectiveness with more subconductors suggests that this

detrimental trend should be counteracted by increasing the number of control devices.

This gbservation is substantiated somewhat in Fig. 5.14 where the effect of the number of

FINDs, which are all located at the midspan, is shown for the critical wind speed and

plunge limit cycle amplitude of the quad conductor. (As all the galloping scenarios now

predominantly involve a plunge, only the plunge amplitude is considered here.) Fig. 5.14

shows that the critical wind speed increases progressively and that the limit cycle

amplitude decreases steadily with more HNDs (at midspan). In particular, the installation

of three HNDs reduces, for a 10m/s side wind, the limit cycle amplitude at the midspan

from the 1.3 m of the untreated line to less than 0.5 m. Notice that the dimensional rather
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than the non-dimensional critical wind speed and limit cycle amplitude are employed in

Figs. 5.14 through 5'16 so that the severity of galloping can be observed more easily.
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Fig. 5.14 Showing the eff,ect of HNDs to control a quad bundle conductor's galloping.

To illustrate how the location of HNDs affects galloping, a single HND as well as

th¡ee HNDs are installed at different locations along the span of the horizontal twin

bundle having the Cli-40 icing, respectively. The results are compared in Table 5.5. It

can be seen that, in this particular example, the midspan installation is generally more

beneficial because single loop galloping prevails.

O Vcr +Ay
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Table 5.5 Effect of IfNDs' location.

172

HNDs þer span) P1-S1-T1 P2-52-T2 P3-S3-T3

Number Location
Vcr

(rnls)

Ay

(m)

Az

(m)

At

(dee)

Vcr

(m/s)

Vcr

(rnls)

I
L/2 8.82 0.58 0.15 0.23 466 876

Ll4 5,73 0.98 0.18 0.18 3 8.3 cO

J

Llz,Ll2,L/2 20.0 0.00 0.00 0.00 780 co

Ll4,L/2,3L14 16.5 0.00 0.00 0.00 co

2L/9,Llz,7Llg 15.2 0.00 0.00 0.00 970 co

Note: P, S and T in, say, P1-S1-T1, stand for a plunge, swingback and twist, respectively.

A number gives the corresponding number of loops þer span) in a specified (P, S or T)

direction. In addition, L is the span length.

A sensitivity analysis is useful for finding the robustness of a HND to small,

independent parameter changes. Two sources of deviation are considered; the liquid's

damping ratio, Ç r, and its natural frequency, /¡. Summarized results are presented in

Figs. 5.15 and 5.16 for a single HND that is installed on the same horizontal twin bundle

conductor as above. Fig. 5.15 compares the critical wind speed and a plunge's limit cycle

amplitude when a (midspan) HND is tuned exactly to the plunge's natural frequency. The

damping ratio of the enclosed liquid, Ç r, vanes from 0.05 to 0.20. The HND clearly

exhibits the best performance in Fig. 5.15 when Çr:0.05. This conclusion is consistent

with the result shown previously in Fig. 5.4. Moreover, as the damping ratio increases

from 0.05 to 0.20, the critical wind speed decreases steadily. However, the limit cycle

amplitude experiences almost a step change around Çr:0.09. This observation suggests
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that galloping behaves like a switch. A significant limit cycle amplitude may develop

when the wind speed exceeds even slightly its critical value. On the other hand, there is

no galloping (and no corresponding limit cycle) if the wind speed is below the critical

value.

0

0.05 0.10 0.15 0.20

r
SL

Fig. 5.15 Effect of a HND's liquid damping on galloping.

Fig. 5.i6 presents the sensitivity of the critical wind speed and the plunge's limit

cycle amplitude to a change in a IIND's liquid frequency, fy. Two values of the liquid

damping (0.05 and 0.10) are used in the comparison. The/¡ is normalized,by its

"optimum" value of 0.68 Hz found previously in Subsection 5.2.3. Fig. 5.16 shows,

again, that a 0.05 liquid damping ratio leads to a better anti-galloping performance when

a HND is tuned finely. However, the HND is less robust, not surprisingly, to a change in
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/¡ compared with a 0.10 liquid

conclusion drawn from Fie. 5.4.

0

0.90 0.95

0.0

0.90 0.95
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damping ratio. This observation is consistent with the
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Fig. 5.16 Effect of a FfND's liquid frequency on (a) the critical wind speed and (b) the

plunge's limit cycle amplitude.
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Furthermore, it can be seen from Fig. 5.16(a) that the "optimum" tuning occurs at

f t: 0.98 in this particular case. That is, the actual "optimum" fy is 98% of the value

found previously by more conveniently using a simpler 2DOF model. The discrepancy

happens largely because there is a slight difference between the natural plunge frequency

found from a FEM and that obtained from the 3DOF oscillator model. Regardless, the

small error suggests that the 2DOF model used previously to optimize a IIND's

performance is credible.

5.5 Practical considerations

A HND has been examined so far from the sole perspective of its anti-galloping

capability. In reality, it should be evaluated in conjunction with all possible side effects to

determine if a practical product is viable. Therefore, a brief comment on these side effects

is deemed helpful for future investigations.

Firstly, a HND may fail because of its own sustained, excessive vibration. This is

particularly true when the liquid damping is light so that the dissipated energy is derived

mainly from a large motion. Therefore, although about 3% liquid damping produces the

greatest power dissipation, a higher value rnay better rnaintain a IIND's integrity even

though the HND is then somewhat less effective. Obviously, a fatigue test is required to

identify the maximum allowable rotation for a HND or, alternatively, to find a IIND's

life expectancy. Secondly, an overly heavy HND may cause a conductor to fatigue at the

FfND's attachment because of the additional stress concentration. A simulated aeolian

vibration test is also useful to determine the maximum allowable weieht for an HND.

175
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Furthermore, a l-ll.lD should be designed to be free from corona and electromagnetic

noise. Thus, a FIND's outer surface should be contoured smoothly and it should be

contained within an allowable distance from the conductor. Moreover, the effect of icing

on the performance of a FfflD, as well as the sealing and anti-freezing capability of its

enclosed liquid, also require careful examination. Lastly, and most importantly, field

trials are the ultimate but expensive means of assessing a HND,s reliability.

5.6 Concluding remarks

A novel galloping control device - a hybrid nutation damper (IIND) - has been

proposed and a two tiered procedure has been established to optimize its design for

different conductor configurations. The results from a 3DOF galloping model lead to the

following conclusions for an illustrative 400m long, curlew conductor.

u The installation of a HND invariably reduces this conductor's susceptibility to

galloping.

A higher damping for a HND invariably expands the protected frequency range so

that the HND tends to be more robust to a variation in the galloping frequency. On

the other hand, the efficiency of an exactiy tuned HND is reduced when the damping

is increased beyond a critical value of approximately 0.03 (3%).

Among the three representative ice shapes (a crescent, icicle pendant and D-like

shape), the crescent appears to be the least susceptible to galloping. The analogous

effects of the other two ice shapes, however, are quite comparable.
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o A noticeable swingback or twist appears to develop only when

frequencies coincide with the plunge's natural frequency.

components of galioping tend to have the same frequency (i.e.

at this coincidence. Consequently, a HND beneficially needs

single frequency.
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their respective natural

The three directional

the plunge frequency)

to be tuned only to a

ø The effectiveness of a given number of IINDs decreases with more subconductors.

In conclusion, the HND appears to be promising for controlling galloping. However,

further investigations are required to (1) generalize the conclusions obtained here; and, (2)

convert the conceptual design into a commercially viable product.



Chapter 6 - Conclusions

CI{APTER.6

C ONCLUSIONS,dIì{Ð RECOMMEIVDATIONS

6.1 Conclusions

Both the static and dynamic effects of an ice storm on an overhead power line have

been investigated fairly comprehensively. A systematic procedure, based on extensive

simulated freezing rain experiments, has been established to predict an extreme ice

loading, as well as a dry ice shape, on a power line. On the other hand, a dynamic effect

- 
galloping 

- 
has been examined quite extensively with the objective of controlling

galloping. The following conclusions can be drawn from the present investigation.

e The freezíng rain experiments confirm, for the first time, that Goodwin's simple

theoretical model surprisingly predicts, quite accurately, the temporally changing

weight of ice accreted on a fixed, unheated conductor sample. On the other hand,

the circular ice shape assumed in this model may differ noticeably from an

experimental shape.

ø A Monte Carlo simulation has been used to examine the currently used, return period

based, design practice. It has been found that the maximum ice load happening in a

power line's planned lifetime has a fairly high probability of exceeding the current

design value. Consequently, backup protection is recommended strongly for a power

line in an ice prone area.

o A serni-empirical model has been proposed to predict the time evolving shape of a

dry ice accretion. It has been found that an overhead power line's torsional flexibility

t78
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does not appear to appreciably affect the total ice weight. On the other hand, the

torsional flexibility tends to make an ice accretion more circular towards a midspan or

with more freezing precipitation. This observation corroborates previous research.

Classical shallow water theory has been applied satisfactorily to simulate the sloshing

of a liquid in a nutation damper undergoing a coupled horizontal and rotational

motion. The importance of a hydraulic jump has been recognized, for the first time, as

a major source of energy dissipation. Furthermore, an appropriately induced rotation

has been found to significantly enhance a nutation damper's performance.

A novel, hybrid nutation damper has been proposed and a two tiered procedure has

been established to optimize this damper's design for different conductor

configurations. Illustrative examples have indicated that the device is very promising.

The behavior of galloping has been examined by using a 3DOF model. It has been

found that three representative ice shapes (a crescent, D-like and icicle pendant) can

initiate galloping so that galloping may occur in any icing condition. Moreover, a

noticeable swingback or twist appears to develop only when their respective natural

frequencies coincide with the plunge's natural frequency. Consequently, a HND

beneficially needs to be tuned only to a single frequency, i.e. the plunge's natural

frequency.
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6.2 Recommendations for future work

180

As integrated parts of a research program whose aim is to predict an ice accretion

and alleviate galloping, the subtopics given below have been initiated or explored in a

preliminary fashion. However, greater effort is required to complete them.

ø Experimentally investigate the effect of a conductor's torsional flexibilitv and

Joule heating on an ice accretion.

" Experimentally investigate a nutation damper's performance for a coupled

horizontal and rotational motion.

In addition, it is recommended that the hybrid nutation damper's performance be

verified by systematic laboratory tests and field trials. Moreover, it is worthwhile to

explore the application of the hybrid nutation damper to a tall building or a long span

bridge for reducing the vibration induced by a wind or an earthquake.
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AFPENÐIX A.

DERTVATIOI..{ OF' TI{E I\UTATIOI{ DAMPER. MODEL

Shallow water theory is used to derive the proposed nutation damper (ND) model.

The theory is based upon the assumption that the vertical þ) component of the

acceleration of the liquid particles has a negligible effect on the liquid pressure or,

equivalently, that the liquid pressure is hydrostatic. Then it follows that the velocity

profile is uniform at a vertical cross section (Stoker Ig92). For this to be true, the

rotational motion,ds, has to be small (say, below about 10 degrees). Two principles are

used in deriving the governing equations. They are the principle of continuity (i.e. the

conservation of mass) and the principle of momentum (i.e. Newton,s law). Both

principles are generally applicable, no matter how large a liquid may slosh inside the

container.

A-I Continuity equation

Consider the infinitesimal section of liquid body, called the control volume, shown

in Fig. 41. Here x is the moving horizontal coordinate measured from the left (rigid) end

of the container, å is the (sloshing) liquid depth at x, v is the horizontal velocity of the

liquid at x, relative to the base of the container, and I is the cross sectional area of the

liquid at x.
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dh
^dxdx

âv_Å_
nþ|&ox

Fig. Al Illustrating the control volume.

The rate of mass flow into the control volume is

where p is the density of the liquid. The rate of mass flow out of the control volume is

dM,-
--) = PAv

UL

dM^,,, dA âv
- 
" 

= p(A+fiaflQ*;Ø.

Then the net rate of mass inflow is

dMn", 
-dMu, -dMou, -- ^tâu,-. ^- dA

dt dt dt - -pA d*d'- pu ard*'

on the other hand, the mass of liquid contained in the control volume is

M 
"orror 

= pAdx .

Thus, the rate of increase of mass in the controi volume is

(Al)

(2)

(43)

(44)
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dM,on,ot _AØAdx) dA .

dt ât =Pard*

According to the principle of continuity,

dM,", _ dM,on,,o,

dt dt

Substituting Eqs. (43) and (45) into (46) gives

dA dA âv
dr*u dr*n *=o'

For a rectangular cross section, A: Bh, so that Eq. (A7) becomes

dh .âv âh
ar*h *+v 

^=o'
Eq. (47) or Eq. (48) is the continuity equation of the problem. Note that

remains unchanged for a stationary container.

I
F, = - pgBh'

r- =)osah2 + pgBhþ*

(A5)

(A6)

(A8)

Eq. (48)

(Ae)

(410)

(47)

A-2 Momentum equation

Consider all the extemal forces acting on the control volume shown in Fig. 42.

Here, F, and d correspond to the liquid's pressure acting on the left and right sides of

the control volume, respectively; Ff is the friction due to the liquid contacting the

boundaries (i.e., at least part of the floor as well as the two side walls)i F, is the

gravitational effect caused by the slope, á6. Then the following equations hold



F¡ = pgBhsdx

r97

(411)

and

F, = ryBh1rdx (412)

where g is the gravitational constant; ,S is the slope of the energy grade line in an open

channel (Henderson 1966). S is related to the shear stress at the container's floor, ø, , by

.s=+.
pgn (413)

Note that the liquid pressure is assumed to be static in deriving Eqs. (A9) and (A10). On

the other hand, a small rotation is assumed in deriving Eq. (Al2).

tr

a-,2

E,f
-/1--':-J

Fig. A2 Forces acting on the control volume.
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The momentum of the liquid that enters the control volume during time d¡ is

T,: pAvVdt (Al4)

where Z is the absolute liquid velocity with respect to the global (stationary) X-O-y

coordinate frame. The momentum leaving the control volume during dl is

ro,,=p(A+#o.rn*finaçr*ffo1o,. (Ats)

Thus, the net gain of momentum during dr is

7,", = T,n - Tou, = -04# dxdt . (A16)

Therefore, the rate of gain of momentum is

dTn", â (AvV)
dt 

: -p dx (417)

On the other hand, the momentum within the control volume is

Tront,or = pAVdx (418)

so that the corresponding rate of increase of momentum is

dT"on,,ot 
= 

â(PAVdx)
dt ât (419)

The total rate of gain of momentum is

dT dT*, . dT"o,,,or d(AV) , â(AvV)
dr=-d, *--dr:=p-Tdt-p d, (420)

According to Newton's law,

r =d(7") =dl @zÐdt dt

but



F=Ft-FR-Fr+F,
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(,\22)

(A23)

(1'24)

so that

Fr-F^-Ft+rr=#

Inserting Eqs. (49) through (412) as werl as Eq. (A20) into Eq. (A23) gives

âv dh âv â'x,
d, *g dr*, a** d7-E(00 -Sr)

which is the momentum equation of the problem. Eq. @2$ reduces to the classical

shallow water equation when the container is stationary (i.e. when x6 and 0 6 are both set

to zero).
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APPENDIX E

BOUNÐAR.Y SHEAR. AND \rEI,OCITY CORR.ECTIONS

B-I Shear model

To find the shear stress at the floor of a ND, consider the infinitesimal control

volume at x which is shown in Fig. 81. (Hereafter, the same nomenclature used in

Appendix A is employed here unless stated otherwise.) It is assumed that the effects of

the neighboring control volumes are negligible so that the motion of the liquid in the

control volume can be described by

â, _ lr â',
ât p ây'

with the following boundary conditions,

ul r=o= uoei('t*Q)

and

(81)

(82)

(B3)

Here, z.¿ is the (global) velocity of a liquid particle at y: p is the dynamic viscosity of the

liquid; a6 is the (global) velocity of the container's floor; ø is the circular frequency of

the container's motion; ro is a reference ohase of the motion.

The solution to the above oroblem is found to be

tb p zl(p+q)+i(p-q)l
;-v.u* h pt+q'

âut-. lu=¡ =U'
oy ''

(84)
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where ro is again the shear stress at the container's floor; v.u* is the liquid's velocity at

the free surface relative to the floor; i = J:l ; and, z is defined in Eq. (4.7).Inaddition, p

and q are def,rned by

P = sinhzcosz (Bs)

and

q = coshzsinz . (86)

Fig. B1 Idealized liquid motion to approximate the shear stress at the container's floor.

Eq. (Ba) is generally complex so that rb usually has a phase difference with the

corresponding vn,u* . However, it is implied in the classical shallow water theory that

these two variables are completely out of phase (Stoker 1992). To be consistent with that

theory, an absolute value is taken for Eq. (84) so that the shear stress, ro, is given by

Suiface

Liquid

Floor



¡
P

202

CB7)

Fig. B2 Comparison of

1.5 2.0 2.5

z

results from the two shear stress equations.

rb þtrffi
v*r* h P'+q'

Eq. (87) tends to overestimate the shear stress by upto 40o/o compared with the original

Eq. (Ba) because of the neglected phase difference. Eq. (87) can be simplified to

Tb = Tb,o for z < 0.7, (B8a)

rb=rb,- for z>0.7. (BSb)

Here, ru.o and ru.- are the shear stresses at the container's floor for h -+ 0 and lt --> æ ,

respectively. They are given by

- 
Eq. (87)

- 
Eq. (BB)

and

r _ þN^u*
"b,0 - h

(Be)
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@10)

Eqs. (87) and (88) are compared in Fig. 82. They can be seen to give close agreement.

Eq. (8) is adopted because of its simplicity and physical implication.

B-2 Velocity coruection due to boundary layer

It is assumed in the ND model that the (relative) velocity of the liquid is distributed

uniformly over a given vertical cross section. This assumption is violated by the existence

of the boundary layer at a ND's floor. Therefore, the liquid velocity at a given cross

section in the ND model should be viewed as an "average" of the velocity diskibution

over that section. To find the relationship between the average velocity, v"ur, and the

maximum velocity, v*.*, for a given cross section, the idealization shown in Fig. Bl is

employed again. The velocity u at any given height, y, is found to be

a, coshf(l +i)B@- fll
coshf(i +í)Bh]

where þ : z/h. The liquid's velocity relative to the floor is then

(Bi 1)

v = tt.l, - 
cosht(t + i)/(¿ - v)ll

"l coshf(l +)ph] 
|

(812)

where the absolute value of v is taken again to ensure that v is real and can be averaged.

The maximum v, vru*, is obtained by takingy : h in Eq. (B12), i.e.

v*"* = ',1'-ttilåtøjl
The spatially averaged velocity over the cross section is given by

(813)
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(B14)

or

and

3 = * Jil."",t +r)Bh-coshf(r +i)p(h-v)]l¿yllcosf(l +)phl-rl. rers)' mâx

Eq. (B 15) can be approximated by using a standard, least square curve fit. Thus

yo,r= v.u*(-0.001126 +0.0r6gzs -0.0g362a +0.20g323 -0.11g122 +0.0r2g2+0.5012)

for z < 5.0 (B16a)

y o,, = v-u*11- exp(-0.08532 -2.2807)l for z > 5.0. (816b)

The resulting error is invariably within an acceptable2.lo/o. Eq. (Bi6b) clearly shows that

vavs approaches vrr* monotonically as ft increases. In fact, only a maximum difference of

6.6Yo is observed between the two speeds when z > 5.0. Therefore, the above velocity

correction is crucial only when the liquid is very shallow (í.e. z <5.0).Eqs. (816a) and

(816b) correspond exactly to Eqs. (a.8a) and (4.8b) in the main text.
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APPENÐIX C

DERTVATTOI\ OF SDOF MODEI, FOR A NUTATION ÐAMPER.

Consider the single-degree-of-freedom representation of the nutation damper

illustrated in Fig. 4.17 of the main text. Under the assumption of a "small" rotation

(corresponding to @o less than approximately 10o), the forces acting on the liquid mass

are shown in Fig. C1. Here, Fe, Fo,.Fl, Fs refer to the forces due to the elastic, damping,

inertial, and slope (i.e. rotation) effects, respectively. They are

Ft=Kt("-xo); Fo=Ct(*-to)

and

F, = Mti; Fr: Mtg9o (c2)

where x is the absolute horizontal displacement of the liquid's mass with respect to its

static location. My, Kb Cr,.r6, ãtd 06are defined in the main text (Subsection 4.3.1).

(c1)

F, <"-
Fn <^--'----------

F, ¿¿4-
'l\+ @El,'g

\- |¡[¿ss of liquid

Fig. Cl Force equilibrium of a ND's liquid mass.



From Newton's law.

FE+,FD+4-Fr=0.

Substituting Eqs. (C1) and (C2) into Eq. (C3) gives

Mri + Cr(* - *o) + Kr(x - ¡o) - Mrgeo = g.

Notice that x. = x - xb. Therefore, Eq. (C4) can be rewritten as

206

(c3)

(c4)

Mri, + CL*, + Krx, = MyE1a - Mrl, (C5)

which is Eq. (4.14).
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APPET{DIX D

I{UMERICAL VAI,UES OF Ic,AND á FOR A NUTATION DAMPER

For the purpose of the parametric studies, energy dissipation curves are computed

for a number of ND cases by using the numerical ND model proposed in Section 4.2 of

Chapter 4. For a given case (in which the amplitude and configuration of the ND are

specified but the excitation frequency may vary) the corresponding kç and, Ç, are

determined so that the energy dissipation curve that is found by using the kç and. Ç,

matches, over the (first) resonance zone, its numerical counterpart in a least square sense.

(See subsection 4.3.2 of the main text for details of the identification procedure.) All the

results are given in Tables Dl through D3 for three categories. They correspond,

respectively, to the cases in which a ND undergoes a purely horizontal, and a purely

rotational motion, as well as a ND's rotation abut a fixed point that has a vertical offset

from the ND's floor.
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Table Dl Numerical values of Æ, and Çrfor a horizontally moving ND.

I¡ (cm) B¡ (cm) Dr (cm) fro (Hz) X¡ (cm) tuf Ç'

OU

60

60

60

60

60

60

60

60

30

30

30

60

60

60

90

90

10

10

i0

10

10

10

10

i0

10

10

10

10

10

10

10

10

10

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

0.92

2.00

4.00

3.72

1.00

5.00

8.51

2.00

0.4500

0.4500

0.4s00

0.4s00

0.4500

0.4500

0.4500

0.4s00

0.4500

0.5000

0.7325

1.0146

0.s000

0.2608

0.5768

0.5000

0.2458

0.1

0.2

0.5

1.0

2.0

4.0

6.0

8.0

10.0

4.0

4.0

4.0

4.0

4.0

4.U

4.0

4.0

1.007

1.007

i.017

1.030

1.063

1.140

t.r16

1.226

1.350

t.432

1.3 10

t.272

1.140

t.t02

t.126

1.082

r.074

0.050

0.065

0.095

0.1 50

0.165

0.200

0.230

0.280

0.300

0.260

0.260

0.260

0.200

0.260

0.200

0.1 80

0.190
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Table D2 Numerical values ofk, and Çrfor a purely rotating ND.

I¡ (cm) B¡ (cm) D¡ (cm) fro (Hz) Oo(deg) Ç'

60

60

60

60

60

60

60

60

60

60

60

30

90

30

90

60

60

60

60

10

10

10

10

10

l0

10

10

10

10

10

10

10

10

10

10

10

10

10

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

3.00

1.00

5.00

i.00

5.00

0.1

0.2

0.4

0.6

0.8

1.0

2.0

4.0

6.0

8.0

10.0

4.0

4.0

2.0

2.0

3.0

8.0

2.0

4.0

0.4500

0.4500

0.4500

0.4500

0.4500

0.4500

0.4500

0.4s00

0.4s00

0.4500

0.4500

0.8893

0.3007

0.8893

0.3007

0.2608

0.5768

0.2608

0.5768

1.007 0.066

r.0t2 0.087

1.014 0.116

L024 0.137

1.024 0.1s9

t.021 0.r7s

1.047 0.230

1.082 0.300

Lt24 0.350

1.1s6 0.370

r.209 0.380

t.073 0.205

t.124 0.360

1.039 0.1s8

1.060 0.282

1.150 0.450

1.109 0.305

1.095 0.415

1.06i 0.235
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Table D3 Numerical values ofË, and Çrfor a rotating ND with its center

of rotation fixed and offset verticallv from the ND's floor.

Xu (cm) @ (dee)

t

+

7

10

I
A-
7

10

1

AT

1

10

1

+

7

10

I

4

7

10

1

4

7

10

-5

-5

-5
.|

-2

-2

-2

-1

-1

-1

-1
t

1

I

1

2

2

2

2

5

5

5

5

I.O7T

7.027

1.015

1.037

T.O2T

0.987

t.r74

1.252

1.002

1.093

7.228

1.305

1.0s9

1.t72

1.245

1.395

I,O7T

1.186

1.258

t.437

1.108

1.198

t.343

1.580

0.330

U.JJU

0.285

0.200

0.220

0.070

0.208

0.270

0.140

0.175

0.240

0.290

0.1 85

0.240

0.290

0.290

0.220

0.260

0.300

0.290

0.300

0.300

0.290

0.290

Note: (1) Ly:60 cm; Bl = 10 cm; Dr:3 cm;fro:0'4500 Hz'

(ii) @b is defined to be positive if the ND's center of rotation is

below its floor, and negative otherwise.
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APPENDIX E

EXPRESSTONS F'OR. Mo, trÇ ANÐ Cd

The contributions of HNDs to the mass, stiffüess and damping matrices of a 3DOF

model has been found by using a variational method (Yu et al. I993a; Zhang 1999). The

results are given next.

The expressions for the elements in the 3 x 3, symmetric matrices M¿, IQ and C¿ are

¡y'D

M ¿,, :Z{uo,U|, + f i") + J,f },, + M,fl,)} (Et)
i=l

ND

Mdr" =Z{u,,(.f -",-f -, * f *,f*) + J,f *,f n,* Mt,f,*,f*,) (82)

ND

M¿r, =l{tør,(f,o.f *, * .f *o.f *¡ + Jo,.f ,*.fn, * M,f,uf*,) (E3)
;- |

¡y'D

Ma, =Z{ur,(fi-, + fh) * Jo,fi*, + M,fl*,\ (E4)
;-l

ND

Mu.t =l{ur,(f,o.f*, + .f ,o.f*,) + Jo,f ,rf*,* Mr,.f"*.f ,*,} (E5)

¡r'D

M*, =Z{ur,(fi* + f :*) + Jo,f ío + Mr,.f Í*} (E6)

ND

K¿,, :Z{zu",gf:,, + Ko,_fï,, + K,f ,?,,) (E7)
;-l

ND

Ka," =Z{2Mo,gf,,u¡f*¡ I Ko,f*,f^, * Kt,fu*,f*,) (Es)
;-l



2t2

rvD

Ko,, = Z{2Mo,gf,a.f-, * Ko,fr^fn, + Kuf,*.f*,) (E9)

/YD

Ka, =Z{zu,sf:-,+ Ko,få,, t K,f,i.,} (810)
;-l

ivD

Ka., =l{zu*xf,afu*¡ i K,f,o_f*,I K,f,o.f^",\ (El1)

¡y'D

K*, = l{zuo,sfîo + Ko,fio + Kr,.f}o} G12)

ND

co,, = l{cr,_f ,',,,,, + c,f ,?,o,} (Ei3)
;-l

ND

Cor, =l{Ct,f ,.,,,i,f ,.u,¡ + Cr,-f ,,*,f ,,*,} (E14)
;- I

ND

C¿,, = l{Ct,f ,'uf ,.u,¡ * Co,f ,,r*f ,,^,\ (E15)

ND

Ca, =l{c,f !,,., + Co,f !,^,) (E16)

ND

Ca, =l{Ct,f ,,,u.f ,,u*¡ I Cr,.f ,,ro.f ,,*,\ (EI7)

À¡i'D

cdr, =Z{c,f ,?,,o + c,f |rù . (E18)

In the above equations, the parameter f..i, say fu*i, refers to the absolute modal

amplitude of the lth HND in the z direction due to the excitation in the w directioni.f,,.., is

the corresponding relative amplitude (with respect to the IIND's container). All the other

parameters (including the subscripts u, v, w and 0) arc defined in Chapter 5.
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APPEÌ{DTX F

GALX,OPING RÐSULTS FOR. LINTREATED I,INtrS

The updated, 3DOF galloping software described in Section 5.3 is used to

numerically explore the behavior of galloping for a 400 m long, Curlew conductor. Four

conductor configurations li.e. a single conductor (S), a vertical (TV) and a horizontal

(TH) twin bundle conductor, as well as a quad bundle conductor (Q)] and four ice shapes

(C2, C7, C11 and IC) are examined. The numerically found critical wind speeds and limit

cycle amplitudes are listed in Tables F1 through F5 for several combinations of ice shape

and orientations. All the syrnbols are defined in Section 5.4.
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Table Fl Summanzedresults for C2-5.

Identification (Hz) f (Hz) i (Hz) V. (rnls A" (m) A,(m) Ar(d
S-P1-S1-T1 .195 1.1 0.002 17.24
S-P1-S2-T1
S-P1-S3-T1
S.P2.S1-T2
S-P2-S2-T2
S-P2-S3-T2
S-P3-S 1-T3
S-P3-S2-T3
S-P3-S3-T3

TH-P1-S1-T1
TH-P1-S2-T1
TH-P1-S3-TI
TH-P2-S1-T2
TH-P2-S2-T2
TH-P2-S3-T2
TV-P1-S1-T1
TV-P1-S2-T1
TV-P1-S3-T1
TV-P2-S1-T2
TV-P2-52-T2
TV-P2-S3-T2
TV-P3-S1-T3
TV-P3-S2-T3
TV-P3-53-T3
Q-P1-Sl-T1
Q-P1-S2-Tl
Q-P1-S3-T1
Q-P2-S1-T2
Q-P2-S2-T2
Q-P2-S3-T2
Q-P3-S1-T3
Q-P3-S2-T3
Q-P3-S3-T3

0.195
0.1 9s
0.318
0.318
0.318
0.418
0.418
0,478
0.195
0.195
0.1 95
0.318
0.318
0.318
0.195
0.195
0.1 95
0.318
0.318
0.318
0.418
0.478
0.478
0.195
0.195
0.1 95
0.318
0.318
0.3 18

0.478
0.478
0.418

0.1 55

0.311
0.472
0.163
0.3r7
0.485
0.160
0.320
0.47 |
0.156
v.J I I
0.413
0.163
0.317
0.485
0.1 56
0.3t7
0.413
0.1 63
0.3t7
0.485
0.160
0.321
0.47 |
0.156
0.318
0.474
0.163
0.311
0.485
0.161
0.32r
o 47)

1.158

1.158
2.s43
2.543
2.543
3.814
3.874
3.874
0.447
0.441
0.447
0.723
0.123
v.t¿3
0.168
0.1 68
0.168
0.334
0.334
0.334
0.501
0.501
0.501
0.349
0.349
0.349
0.586
0.586
0.586
0.852
0.852
0.852

0.574
0.574
0.935
0.935
0.935
1.408
1.408
1.408
0.624
0.624
0.624
1.178

1.178
L l78
0.574
0.514
0.574
0.937
0.937
0.937
1.410
1.410
1.410
0.605
0.605
0.605
1.087
1.087
1.087
1.950
1.950
1.9s0

0.869
0.869
0.869

1.198
I.IJI

0.002
0.002
0.002
2.298
2.299
2.299

1.710

t.704
¿.o t4
2.781
2.781

1.232

1.157

0.863
0.886
2.356
2.356
2.356

1.653

0.000 17.24
0.000 17.24

0.832 12.30
0.000 12.48
0.000 96.20
0.000 96.20
0.000 96.24
0.006 1.1 I
0.000 1. r I
0.000 1.1 I

0.822 0.64
0.000 0.65
0.061 7.38
0.000 7.80
0.000 1.82

0.860 9.53
0.000 9.58

0.000 1.rs
0.115 7.27
0.006 1.04
0.000 1.04

0.000 1.04

0.804 0.55

t.t¿)
I.IJ I

o.óoo ols
0.101 0.45

t No solution or uncomputable.
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Table F2 Summanzed results for C7-190.

Identification .f'(Hz) f.(Hz) f,(Hz) V* (rn/s) l, (m) A,(m) l, (deg)

S-P1-S 1-T1

S-P1-S2-T1

S-P1-S3-T1

TH-P1-S1-T1

TH-P1-S2-T1

TH-P1.S3-T1

TH-P2-S1.T2

TH-P2.52-T2

TH-P2-S3-T2

TV-P1.S1-TI

TV-P1-S2-T1

TV-P1-S3-T1

TV-P2-S1-T2

TV-P2-52-T2

TV-P2-S3.T2

Q-P1-S1-T1

Q-P1-S2-T1

Q-P1-S3-T1

Q-P2-S1-T2

Q-P2-S2-T2

0.1 85

0.1 85

0.i85

0.1 85

0.1 85

0.1 85

0.291

0.297

0.297

0.1 85

0.1 85

0.1 85

0.297

0.297

.0.297

0.1 85

0.1 85

0.185

0.297

0.297

0.145

0.303

0.448

0.146

0.303

0.448

0.1 57

0.296

0.463

0.146

0.303

0.448

0.157

0.296

0.463

0.146

0.304

0.449

0.157

0.296

|.491

1.489

i.489

0.442

0.442

0.442

0.705

0.705

0.705

0.t76

0.176

0.r76

0.334

0334

0.334

0.344

0344

0.344

0.569

0.569

0.570

0.57 r

0.571

0.626

0.621

0.627

1.182

1.182

1.182

0.60i

0.603

0.603

0.926

0.931

0.926

0.606

0.607

0.607

1.087

1.087

1.161

1.161

1.161

2.319

2.317

2.311

1.184

r.769

1.2t1

r.228

1.228

r.299

2.318

2.376

2.645

r.721

0.005

0.000

0.000

0.01 1

0.000

0.000

0.878

0.000

0.068

0.000

0.000

t.349

0.011

0.000

0.000

0.859

15.92

15.90

15.90

1.64

LO¿+

1.64

1.01

0.97

17.08

17.08

17.08

12.32

1.53

1.53

1.70

0.85
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Table F3 Summanzed results for Cl1-40.

Identification
S-P1-S1-TI

o.ioo
0.309
0.47 6
0.158
0.315
0.463
0.153
0.312
0.466
0.159
0.31 1

0.473
0.1 58
0.3 15

0.463
0.1 53
0.312
0.466
0.r60
0.3 i0
0.47 6
0.158
0.315
0.463
0.1 54
0.3 13

0.466
0.1 60
0.311
0.416
0.1 58
U.JIO
0.464

f (Hz) , (Hz) V* (rnls) l' (-) A.(m

S-P1-S2-T1
S-P1-S3.T1
S-P2-S1-T2
S-P2-S2-T2
S-P2-S3-T2
S-P3-S1-T3
S-P3-S2-T3
S-P3-S3-T3

TH-P1-S1-Ti
TH-PI-52-T1
TH-P1-S3-T1
TH-P2-S1-T2
TH-P2-S2-T2
TH-P2-S3-T2
TH-P3-S1-T3
TH-P3-S2-T3
TH-P3-S3-T3
TV-P1-SI-T1
TV-PI-S2-T1
TV-P1-S3-T1
TV-P2-S1-T2
TV-P2-52-T2
TV-P2-S3-T2
TV-P3-S1-T3
TV-P3-S2-T3
TV-P3-S3-T3

Q-P1-Sl-T1
Q-P1-S2-T1
Q-P1-S3-Tl
Q-P2-Sr-T2
Q-P2-S2-T2
Q-P2-S3-T2
Q-P3-S1-T3
Q-P3-S2-T3
Q-P3-S3-T3

0.312
0.312
0.312
0.469
0.469
0.469
0.1 89
0.1 89
0.1 89
0.312
0.312
0.312
0.469
0.469
0.469
0.1 89

0.1 89
0.1 89
0.312
0.312
0.312
0.469
0.469
0.469
0.1 90
0.1 90
0.190
0.3t2
0.312
0.3t2
0.469
0.469
0.469

2.335
2.196
2.335
3.783
3.783
3.816
0.406
0.406
0.406
0.668
0.668
0.668
0.968
0.968
0.969
0.161
0.161
0.161
0.336
0.337
0.336
0.507
0.507
0.505
0.319
0.319
0.319
0545
0.545
0.545
0.195
0.795
0.796

t2.822
12.041
12.041
2.995
7.844
2.995
4.459
4.459
4.820
1.875
1.846
1.846

3.454
3.490
3.454
6.692
6.692
6.132
1.692
1.67 |
r.671
2.937
4.1 19

2.937
4.401
4.401
4.698
1.822
t.193
1.193
3.203
3.228
3.203
5.617
5.609
5.639

o.ioz
0.128

0.457
0.521
1.256
12:6

0.898

o.olt
0.438
0.440
I .185
0.697
0 6:1

1.045

o.ïzz
0.588
1.290
1.303
1.303

0.878
0.829

0.413
0.477

r.i¡ r

0.000

0.000
0.378
0.004
o::o

3.642

o.óoo
0.000
0.298
3.936
0.000
o::o

0.000

o.õoo
0.411
0.040
0.000
0.000

3.595
0.000

0.000
0.428

snz
3.2s

1.74

2.41
0.25
o.:o

0.83

o¡s
0.08
0.1 1

29.67
25.09
,'-!,

5.18

^.^
3.84
0.24
0.24
0.24

0.72
0.1 I

0.08
0.12
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Table F4 Summanzed results for C11-180.

Identification I (Hz) I (Hz) I (Hz) 4, (m/s) l, (m) l, (m) l, (deg)
s-P i -s 1-T1 0.193
s-P1-S2-Tr 0.193
s-P 1 -S3-T1 0. 193

s-P2-St-T2 0.3t2
S-P2-S2-T2 0.312
S-P2-S3-T2 0.312
s-P3-S1-T3 0.469
S-P3-S2-T3 0.469
s-P3-S3-T3 0.469

TH-P1-S1-T1 0.193
TH-P1-S2-Tr 0.193
TH-P1-S3-Tr 0.193
TH-P2-Sr-T2 0.3r2
TH-P2-S2-T2 0.3r2
TH-P2-S3-T2 0.312
TV-Pi-S1-T1 0.193
TV-P1-S2-T1 0.193
TV-P1-S3-T1 0. r93
TV-P2-S1-T2 0.312
TV-P2-S2-T2 0.312
TV-P2-S3-T2 0.312
TV-P3-S1-T3 0.469
TV-P3-S2-T3 0.469
TV-P3-S3-T3 0.469

Q-P1-S1-T1 0.193

Q-P1-S2-T1 0.193

Q-P1-S3-T1 0.193

Q-P2-S1-T2 0.312

Q-P2-52-T2 0.312

Q-P2-S3-T2 0.3r2
Q-P3-S1-T3 0.469

Q-P3-S2-T3 0.469

Q-P3-S3-T3 0.469

0.310
0.463
0.170
0.288
0.485
0.1 57
U.J IJ
0.463
0.1s3
0.310
0.463
0.1 59
0.31 I
0.473
0.153
0.310
0.463
0.1 59
U.J I. I

0.473
0.t57
0.314
0.463
0.153
0.31 I
0.464
0.1s9
0.31 1

0.473
0.1 57
0.314
0.464

1.505
1.505
2.707
2.708
2.101
3.970
3.970
3.971
0.421
0.421
0.427
0.692
0.692
0.692
0.174
v.t t+
0.t74
0.340
0.340
0.340
0.508
0.s08
0.s08
0.334
0.334
0.334
0562
0.562
0.562
0.817
0.817
0.817

0.139
0.1 39

0.225
0.226
0.225
0.339
0.339
0.339
0.151
0.151
0.151
0.280
0.280
0.280
0.140
0.140
0.140
0.226
0.226
0.226
0.340
0.340
0.340
0.146
0.t47
0.147
0.259
0.2s9
0.259
0.459
0.459
0.459

o n-:,

6.052
3.820

0.814

2.698 0.000 16.50
2.883 1.662 17.00
6. I 88 0.014 I .98
6.187 0.000 r.97
6.181 0.000 1.97

4.773 11.42 1.62
4.691 0.000 1.r7
0.543 2,162 45.3r
0.468 0.000 45.68
0.468 0.000 45.68

o::o 34:7

I O.OUJ Jv.OJ
0.000 22.35

0.668 56.45

o.ãle o ól¿ ris
6.331 0.000 1.88

6.337 0.000 1.88

4.592 10979 1.36
4.521 0.000 0.99

3.197 0.000 0.84
3.222 1.544 0.8ó
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Table F5 Summanzedresults for IC-10.

Identification f, (H") f.(Hz) .f,(Hz) V* (rrls) lr (m) A,(m l, (deg)

S-P1-SI-TI 0.1 84

0.1 84

0.1 84

0.289

0.289

0.289

0.1 84

0.1 84

0.1 84

0.289

0.289

0.289

0.1 84

0.184

0.1 84

0.289

0.289

0.289

0.1 84

0.181

0.1 84

0.289

0.289

0.289

r.140

1.140

1.140

2.153

2.r53

2.153

0.47 6

0.416

0.47 6

0.748

0.748

0.748

0.179

0.179

0.179

v.)+z

0.342

0.342

0.369

0.369

0.369

0.601

0.601

0.601

.141 105 5.52 0.064

0.000

0.001

0.000

.40

35.10

35.66

20.21

S-Pi-S2-T1

S-P1-S3-T1

S-P2-S1-T2

S-P2-S2-T2

S-P2-S3-T2

TH-P1-S1-T1

TH-Pi-S2-T1

TH-P1-S3-T1

TH-P2-S1-T2

TH-P2-S2-T2

TH-P2-S3-T2

TV-P1-S1-T1

TV.P1-S2-T1

TV-P1-S3-T1

TV-P2.S1-T2

TV-P2-52-T2

TV-P2-S3-T2

Q-P1-S1-T1

Q-P1-52-T1

Q-P1-S3-T1

Q-P2-S1-T2

Q-P2-S2-T2

Q-P2-S3-T2

0.311

0.459

0. r70

0.288

0.485

0.142

0.311

0.460

0.1 70

0.288

0.485

0.142

0.3r7

0.460

0.170

0.288

0.486

0.142

0.3 18

0.460

0.170

0.288

0.486

0.1 05

0.1 05

0.1 65

0.1 65

0.1 65

0.116

0.1 17

0.r17

0.222

0.222

0.222

0.106

0.106

0.106

0.166

0.1 66

0.1 66

0.trz
0.i13

0.1t3

0.203

0.203

0.203

< <1,1

5.514

4.461

4.46'7

6.623

6.681

6.680

5.509

5.509

0.122

0.t25

0.125

4.786

0.201

2.805

6.780

6.512

6.510

5.211

0.000

0.078

0.000

0.001

0.000

0.000

0.001

0.000

0.000

0.000

4.278

0.000

0.081

0.000

0.001

0.000

20.21

1.12

t.l2

t.t2

0.68

0.68

50.45

50.89

50.89

8.56

53.40

20.15

r.02

0.98

0.98

0.57


