AS

Vortex-Induced Vibration of Flexible Cylinders
in Sheared Flows

by

Tae-Young Chung
B.8., Seoul National University, Korea
(1975)
M.S., Seoul National University, Korea
(1977)

Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy

in Ocean Engineering
at the

Massachusetts Institute of Technology
May 1987

(© Massachusetts Institute of Technology, 1987

T ae 5/57""‘"‘:;? Cheva 2-

Department of Ocean Engineering

* ' May 21, 1987
Certified by /O /d"" V’L’M M

Professor J. Kim Vandiver
Thesis Supervisor

Signature of Author

Accepted by

Professor A. Douglas Carmichael
Chairman, Departmental Graduate Committee



Vortex-Induced Vibration of Flexible Cylinders
in Sheared Flows

by
Tae-Young Chung

Submitted to the Department of Ocean Engineering
on May 21, 1987 in partial fulfillment of the requirements
for the Degree of Doctor of Philosophy

Abstract

A series of field experiments was performed to investigate the response charac-
teristics of flexible cylinders in sheared flows. The test matrix varied from uniform
to highly sheared flow, and from very low to high tension. The observed dynamic
characteristics varied from single mode lockin to the response characteristics of cables
of infinite length. The role of hydrodynamic damping is investigated in some detail
and is shown to be very important under sheared conditions. An important finding
is that the hydrodynamic damping ratio decreases with increasing frequency.

Dimensional analysis reveals additional parameters required to characterize the
response under sheared flow conditions. A response prediction method is proposed
for the vortex-induced vibration of cables in sheared flows based on a Green’s function
approach. The predicted response shows good agreement with the measured respomnse,
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Chapter 1

Introduction

Many cylindrical offshore structures are in areas of strong currents and are sub-
jected to vortex-induced vibration. Fatigue life estimates are required in the design
of these structures, and good response predictions to vortex-induced vibration are
essential for making this determination.

The vortex-induced vibration of long-tensioned cylinders in a uniform flow can be
predicted reasonably well on the basis of existing experimental data. However, real
ocean currents are not spatially and directionally uniform. In contrast to the uniform
flow case, a sheared flow can excite flexible cylinders at spatially varying frequencies,
thus making prediction more difficult.

Most previous attempts to predict vortex-induced vibration of flexible cylinders
have been devoted to the uniform flow case. Some attempts have been made to predict
response in sheared flows. However, due to the lack of publicly available response
data for long flexible cylinders in sheared flows, these models remain unrefined and
untested. Therefore, this study began with field experiments which were carried out to
investigate the dynamic response characteristics of long, tensioned, flexible cylinders
in sheared flows. Experiments were performed on a horizontal cable, 57 ft. 3 in.
long, which was exposed to sheared flows ranging from 0 to about 4 ft/sec. These
experiments measured sheared flow profiles, tensions, and biaxial accelerations at six

locations along the cable. The experiments are described in Chapter 5.
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Chapter 2 presents the necessary background information common to the field of
flow induced vibration. Particular attention is given to the knowledge base relating
to response in sheared flows. Chapter 3 presents a dimensional analysis discussion
in which the well-known important parameters are reviewed and some new ones are
introduced which are important in Tesponse prediction in sheared flows,

Chapter 4 presents a response prediction model which is capable of predicting
multi-modal response in sheared conditions and ig capable of modeling the spatial
Tesponse variation discovered in the experimental results. A hydrodynamic damping
model is included.

Chapters 6 and 7 present experimental results, for a test matrix in which the flow
was varied from uniform to highly sheared. The tension was varied from very high,
resulting in a few well-spaced modes, to very low, which resulted in a very high modal
density which characterizes the response of cables of infinite length. An important
experimental result was the observation of substantial variation in response ampli-
tude and frequency from high to low velocity regions of the cylinder. Hydrodynamic
damping is shown to be responsible.

The experimental results and the predicted results are compared in chapter 8.
Sensitivity analysis for the severa] important input parameters in the prediction model
are also carried out in chapter 8.

Finally, chapter 9 summarizes the key results of this research.
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Chapter 2

Background

2.1 Flow Around a Stationary Circular Cylinder
(in a Uniform Flow)

When a fluid flows about a stationary circular cylinder, vortices are shed and
periodic wakes are formed as a result of flow separation.

The ultimate configuration of vortices downstream in the wake is asymmetrical
(predicted from a stability analysis by Von Karman, as shown in Figure 2.1). The
vortices are shed into the wake at the frequency, f, , which is a function of flow

velocity, U , cylinder diameter, D , and Reynolds number, R, = UD Jv:

U
f, == St"l_j' (2,1)

where S; is the Strouhal number which depends on the Reynolds number, as shown
in Figure 2.2,

A periodic lift force acts on the body at the vortex shedding frequency , f, , as a
result of the asymmetrical arrangement of vortices. A dimensional analysis shows that
the lift force is a function of Reynolds number and of the group p,U2D. The Reynolds

number dependency is accounted for in a suitably determined lift coefficient, C; , and

12
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Figure 2.1: Regimes of fluid flow across circular cylinder (from Blevins 197 7)
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the lift force per unit length along the cylinder can then be written approximately as:

1 .
fo{z, t) = §pwU2ﬁC’a(Re)e“"" (2.2)
where
ws = vortex shedding frequency in rad [sec (= 2nf,)
pvw = fluid density
U = flow velocity
D = cylinder diameter

The typical values of Strouhal number, S; , and lift coefficient, Cy |, for non-moving
circular cylinders are 0.2 and 0.5, respectively for a Reynolds number between 3 x 107
and 2 x 10° . The above mode] is approximate because the lift force is periodic but
not exactly sinusoidal as implied by this model. Higher harmonics of lower amplitude

are present in the lift force.

2.2 Effect of Cylinder Oscillation on the Wake (in
a Uniform Flow)

If the cylinder is flexible or flexibly mounted, interaction may arise between the
vortex-shedding mechanism and the cylinder oscillation. This implies that the cylinder
oscillations may influence the vortex shedding process, as shown schematically in
Figure 2.3. As a result of this interaction the analytical or numerical prediction of
vortex-induced vibration has proven to be extremely difficult. That is why most of
the research of the past has emphasized experiments.

The most studied phenomenon caused by this interaction is lockin (or synchroniza-
tion) of the vortex shedding frequency to the structure’s vibrating frequency (usually
a structural natura] frequency). Many authors have given comprehensive reviews re-
lated to this lockin phenomena (Sarpkaya 1979 [16], Griffin and Ramberg 1982 [g],

15



Vortex Oscillating Structure Cylinder

Flow Shedding Force - Transfer Response

Mechanism Function

}
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Figure 2.3: Interaction between the vortex-shedding mechanism and cylinder oscilla-
tion
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King 1977(12], and Blevins 1977 (1]). At lockin, the cylinder motion takes influences
the frequency of the shedding of vortices in apparent violation of the Strouhal relation-
ship described by Equation (2.1). At lockin, the structural oscillation is synchronized
to the vortex shedding frequency often resulting in increased structural response. The
increase in cylinder oscillation is restricted by self-limiting decreases in vortex strength
and increases in fluid damping due to large oscillation of the cylinder.

Figure 2.4 shows one example of lockin phenomena. Tsahalis measured the re-
sponse of the center of a pipe span, which had a specific gravity of 2.25 {Tsahalis
1984(18]). Figure 2.4 shows his results in the case of steady current, where the re-
duced velocity is based on the natural frequency in still water. It might seem to
the casual observer that the vibrating frequency of the cylinder in the lockin region
is almost constant. However, it is significant that the vibrating frequency does not
remain constant but varies in the lockin range. This is evidence that the added mass
coefficient is changing with flow speed and therefore with reduced velocity.

The response of cylindrical structures in uniform fows is sometimes characterized
by a broad lockin region or bandwidth. Lockin bandwidth is thought to be dependent
on structural damping, hydrodynamic damping, the ratio of cylinder mass per unit
length to displaced fluid mass, and on a parameter known as the reduced velocity.
The reduced velocity is defined by U/(faD) , where U is the flow velocity, D is the
diameter of the cylinder, and f, is the natural frequency of the structure, Generally,
the natural frequency of the structure, £, , is calculated using an assumed constant
added mass coefficient of value 1. For consistency one should define the natural
frequency in one particular way and adhere to that definition. For the purpose of
calculating natural frequencies and reduced velocities, an added mass coefficient to
1.0 is used in this thesis. A more detail discussion will be presented in Section 3.2.3.

The added mass coefficient is, in fact, widely varying during large amplitude oscil-
lation with separated flow (Sarpkaya 1977[15] and reproduced in Botelho 1982/2]). In
his experiment, Sarpkaya measured the forces acting on a rigid cylinder forced to vi-

brate transverse to a uniform flow and decomposed it into two orthogonal components

17
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(inertia coefficient, C,.; , and drag coefficient, Cy,) defined by:

f(t) = %«pwUzﬂ(Gmh sinwt — Cyy cos wt) (2.3)

Figure 2.5 shows the result of that experiment where reduced velocity was defined by

V. =UT/D , where T represents the period of transverse oscillation.

2.3 Shear Flow Effect on the Dynamic Response
Characteristics of Flexible Cylinders

The vortex-induced vibration of long flexible cylinders in uniform flows often
exhibits the lockin of one mode (Jong and Vandiver 1983(8]). However, real ocean
currents are not spatially and directionally uniform. Vortex shedding from stationary
cylinders in non-uniform (sheared) flow occurs in cells of different frequencies and
of finite spanwise length. Figure 2.6 shows a typical example of the power spectra
of vortex wakes for various spanwise positions of a stationary cylinder in a linear
sheared flow (Stansby 1976[17)). Stansby carried out experiments in an open-return
wind tunnel to investigate the frequencies of vortex shedding from 25.4 mm diameter
circular cylinders with L/D = 16 in a linear sheared flow. The frequency of vortex

shedding in a cell approximately follows the local Strouhal relationship:
folz) = 8,V (z)/D (2.4)

where S, is the Strouhal number, V(z) is the local flow velocity, and D is the diameter
of the cylinder. This three-dimensional vortex shedding mechanism in a sheared flow
makes the vortex-induced vibration problem more complicated and unpredictable,

A few non-dimensional parameters characterizing the sheared flow have been pro-

posed (Griffin 1985(5,4], Kim 1984 10]). The most popular one is the steepness pa-

rameter defined by:
D dV(z)

v

0 (2.5)

o=
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Figure 2.6: Spectra of the wake at various spanwise positions for the stationary cylin-
der with L/D = 16(from Stansby 1976)
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where %iﬁ is the rate of change of sheared flow velocity along the cylinder, D is the
cylinder diameter, and V,,; is a reference velocity located at a selected point on the

cylinder. In a linear sheared flow case, the steepness parameter is:

_ D dV(z) D AV
b=V VL (2.6)

where V,,; is the flow velocity at the center location of the cylinder, AV is the differ-
ence between the maximum and minimum flow velocities, and L is the length of the

cylinder.

Another important shear-related parameter was proposed by Kim for use in es-
timation of the likelihood of lockin in sheared flow (Kim 1984{10]). It is simply the
number of natural modes, N, , excited by the locally varying vortex shedding fre-

quencies occurring over the entire length of the cylinder:
N, =n(f)Af, (2.

where n{f ) is the modal density of the cylinder and Af, is the excitation bandwidth
due to sheared flow.

The excitation bandwidth, Af, , is defined by:

AV
Af, = St"**ﬁ"" (28)

where AV is the difference between the maximum and minimum velocities encoun-
tered on the cylinder.

These additional parameters are not adequate to estimate the behavior of flexible
cylinders in sheared flows. As will be shown, mode shape and hydrodynamic damping

also play important roles.
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Chapter 3

Discussion of Important

Dimensionless Groups in a Sheared

Flow

3.1 General Description

Dimensional analysis is generally useful in understanding complicated physical
mechanisms. It has been commonly used to find the appropriate scaling laws for
model tests, which are used to predict full-scale performance. In this chapter, non-
dimensional parameters which govern the dynamic response characteristics of a ten-
sioned cable in a sheared flow are discussed.

A great deal is already known about vortex-induced vibration and therefore a com-
pletely blind dimensional analysis is not appropriate here. Experimental information
already available will be used to direct this discussion to the most significant points.

This analysis builds on the understanding of response in uniform fiows.

23



3.2 Dimensional Analysis of a Tensioned Cable in

a Uniform Flow

The parameters known to be important in determining the dynamic behavior of

a constant tension uniform cable in a uniform flow are:

e Response Parameters

(1) amplitude of vibration(y)
(2) frequency of vibration (f,)

e Structural Parameters

1) length of the cylinder (L)
2) diameter of the cylinder (D)

(
(
(3) structural mass per unit length (m,)
(4) tension (T)

(

5) structural damping ratio (¢,)
¢ Flow Parameters

(1) density of water (p,)
(2) viscosity {u)
(3) flow velocity (U)

Ten independent parameters have been identified. According to the Pi theorem
these may be arranged into 7 independent dimensionless groups. One convenient set

is identified below.

y/D = dimensionless amplitude
L/D = aspect ratio
UDp,/p =Reynolds number=UD/v, where v = u/p, = kinematic viscosity

24



pwD?/m, = mass ratio
U/feD = reduced velocity
¢ =damping ratio=¢, + ¢,
where ¢, represents hydrodynamic damping ratio

fol L\/ = ratio of vibration frequency to the first natural frequency
“‘f V/ f 1

Damping ratio, ¢ , requires brief further discussion. For flow induced vibration the
damping has two components, internal material or structural damping and exter-
nal hydrodynamic damping. Hydrodynamic damping depends upon the correlation
between lift forces and cylinder motion. It is very small under uniform flow lockin
conditions, but is very important for sheared flows.

The dimensional analysis discussion will proceed for the present, in terms of re-
sponse in a uniform flow exhibiting principally individpal modal response. One of the

7 dimensionless groups can be made to depend upon the other six.
y LU D waZ u f,
D ;] D ] v fy,D 3 g‘} f

The significance of each of the groups as they are presently understood is presented

9y =0 (3.1)

next. Most of these parameters can be extended directly to the sheared flow case and
when appropriate such extensions are pointed out. Many of them become functions

of local position on the cable.

3.2.1 The Length to Diameter Ratjo (L/D)

The length to diameter ratio, L/D | is closely related to the hydrodynamic effects
of end boundaries. Small values of L/D imply more influence from the ends. However,
typical values of the length-to-diameter ratio of marine cables and risers in deep
water are in excess of 250. For such values of length-to-diameter ratio the effect of
boundary conditions are negligible, and the parameter L /D is of no special significance

in characterizing the response of long cables in the ocean.
25



3.2.2 Reynolds Number (R, = _Lj;zg,)

The vortex formation process near a cylindrical structure is influenced by the
Reynolds number. However, the Strouhal number remains almost constant, for large
ranges in Reynolds number (refer Figure 2.2). Therefore, variation in Reynolds num-
bers may only be important in certain transition regions. The Reynolds number will

vary with position in a sheared flow.

. — Dg
3.2.3 Mass Ratio (y = 222-)

The relationship between mass ratio, n , and specific gravity, s.g. , is

8.9. = ,—m—f—-—-— =4 (3.2)
The bandwidth of the large amplitude response lockin range depends upon the mass
ratio as is illustrated in Figure 3.1. Rms displacement of cross-flow vibration for
four different mass ratios are plotted. As the ratio of fluid density to structural
density increases, so does the bandwidth measured in reduced velocity terms. Figure
3.2 is a plot of the lockin region of a vibrating cylinder in water as a function of
reduced velocity and specific gravity. In this example the threshold of lockin has been
defined as 0.2 diameters rms response. The response amplitude at lockin depends on
damping. A commonly used parameter, the reduced damping or response parameter
as it is known, combines mass ratio and damping. Past practice has been to use
only these combined parameters to predict response. The mass ratio must be used

separately to correctly predict the lockin bandwidth.

3.2.4 Reduced Velocity (V, = }-%)

Reduced velocity is a key parameter in evaluating the likelihood of lockin. As
can be seen in Figure 3.1, the maximum cross-flow amplitudes occur in the range of
5 <V, < 9 depending on mass ratio. Within this range the vortex shedding frequency

may be the same as one of the natural frequencies of the structure. Strictly speaking,
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the Strouhal number is defined only for rigid non-moving cylinders.
D
St e f,zr" (3.3)

However, it is useful to have a simple device for estimating the vortex shedding fre-
quency for a long flexible cable. Perhaps the most likely response frequency corre-
sponds to a reduced velocity of about 5.5. In equivalent Strouhal number terms this
is 8; ~ 0.17. Henceforth the concept of a Strouhal number will be applied to estimate

a vortex shedding frequency.

3.2.6 Damping Ratio (¢)

An infinite cable of total mass per unit length m , including added mass, and a
damping constant, r , per unit length per unit transverse velocity will have a damping

ratio given by
’

ey gy (3.4)

g e
such that waves traveling down the cable at a frequency f, will be attenuated expo-

nentially according to
2
e~ T Az (3.5)

when Az is the distance traveled and )\ is the wave length at f,. If the frequency
is different from the local vortex shedding frequency then, r » the damping constant,
must include substantial local hydrodynamic losses, as well as internal material losses.

If the cable is short, so that it is appropriate to define a modal damping ratio,

then
r

o fom (3.6)

fn =
Where, it has been assumed that r and m are constant over the length of the cable.
When they are not, then the individual modal damping and modal mass must be

computed first, leading to
R,

= T (3.7

$n

where
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R, =modal damping constant

M, =modal mass
Once the damping ratio has been established it is necessary to consider the subject of
half power bandwidth and modal overlap, as they will affect vortex-induced vibration

response.

396 Ratio of Vibration Frequency to the First Natural Fre-
quency (f./f1)

Ratio of vibration frequency to the first natural frequency, f./f1 , reveals the
approximate mode number of the excited mode. For constant tension uniform cables
the higher natural frequencies are simply integer multiples of the lowest, fi. Since the
vortex shedding frequency, f,, and the cross-flow vibration response frequency, f,, are
essentially the same in a uniform flow, this ratio tells one which mode is most likely
to be excited.

Vibration to vortex shedding frequency ratio, fo/fe is 1.0 under uniform flow
lockin conditions, but may depart substantially from 1.0 under sheared flow condi-
tions. For example if one mode is being principally excited on a portion of the cable
where the f,/f, = 1.0 then the whole cable will respond at that frequency. Qutside
of the excitation region the dominant vibration will not coincide with the local vortex
shedding frequency and the major hydrodynamic effect will be to damp the motion.
Thus this ratio is a good indicator of power flow in versus power flow ouf regions of

the cable.

3.2.7 Reduced Damping, also known as the Response Pa-
rameter

A very common additional parameter used to determine lockin response behavior

is the response parameter {or reduced damping) which is found by combining the mass
30




ratio and the damping ratio. The maximum response amplitude has been determined
to be a function of this combination (see Figure 3.3, also refer to Griffin 1982/6]). The

reduced damping is defined by
P 2,8, N 4mm,¢,
T opuD? T p,D?

(3:8)

where
k, = reduced damping
6, = logarithmic decay ratio

2 -
f—‘-‘;‘?-—m mass ratio of a cable
L

¢s = structural damping ratio

However, the author believes that the mass ratio and the damping ratio should not
be combined together. These two non-dimensional parameters are valuable inde-
pendently (as discussed in 3.2.3 and 3.2.5, respectively) and in reference Vandiver

1985[19].

3.3 Important Additional Dimensionless Groups
for Cable Response in a Sheared Flow

All of the parameters discussed to this point are important in the sheared fow
case. Some must be interpreted locally on the cable as a function of local values of
flow velocity or vortex shedding frequency. One additional set of parameters is needed
to characterize the shear flow itself. For a complicated shear, a number of parameters
are necessary. For a linearly varying shear the flow profile can be specified by two
parameters, usually by a reference velocity and a rate of change of velocity, or the
maximum and minimum values of veloci ty in the shear.

A popular combination is known as the steepness parameter defined in equation

(2.5).
D dV(z) D AV

—d e 20 (3.9)

Vrcf dI V,,,f L
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where AV is the total change in velocity over the length and Vies is the velocity at
some reference point. V,, ¢ in this paper is taken to be Vinaz. For the purposes of this
paper, the two parameters used to describe a linear shear are Vinaz and AV. These

can be expressed in dimensionless groups by

femaz Af,
s and e—— o 1V, 3.10
fi I1 (3.10)
where
fomas = Sy e (3.11)
8, maz t”"“b“"" .
and
AV
Af, = Sg““ﬁ* (312)

In equation (3.10), fsmaz/fi represents the highest excited mode in the shear, and
Af,/fi represents the total number of modes excited by the sheared flow.

The non-dimensional amplitude of a tensioned cable in a linearly varying sheared
flow can be a function of several non-dimensional parameters. Among the most im-

portant are:
2
Y wa fa,muz Af,) — (3.13)

3.4 The Ratio of Half Power Bandwidth to Modal

Spacing

It is interesting to compare the modal spacing and the half-power bandwidth of
a cable. In the case of a constant tension uniform cable, the natural frequency of the

nth mode is given by:

| T = nuy (3.14)

wnwmu—

— -
L\m,+IC,p,D?

where

n = the mode number

= length of a cable
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T = tension of a cable
m, = structural mass per unit length

C., = added mass coefficient

pw = density of water
D = diameter of a cable
wy = first natural frequency

Therefore, the modal frequency spacing between two adjacent modes of a simple cable

is equal to the first natural frequency, wi.

wy = 3\! z (3.15)

L\ ms + £Capu D

The last dimensionless group identified in Section 3.2 was the ratio f,/f, , where
f, is assumed equal to the vortex shedding frequency, f,. For a uniform constant

tension cable this ratio is approximately the number, n, of the mode excited by the

flow.
n= —‘;—"— because Jo=fan=nh (3.16)
i
The half-power bandwidth of the nth mode of a structure is given by:
A.;. = 2§nwn (3.1?)
which for a simple cable is simply
A% = 2n¢nwy (3.18)

For a simple constant tension uniform cable, the modal spacing is wy and the ratio of

the half power bandwidth to the modal spacing, here defined as N, is given by
N = 2ng¢, (3.19)

N is a measure of the overlap between modes and will prove to be very important
in understanding sheared flow response. A simple interpretation is that it is the

number of modes contained within the half power bandwidth of any particular mode
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of interest. When N is small, single mode lockin may occur. When N is large, infinite
cable behavior is seen. This topic will be discussed at length later.

It is useful to have an expression for the mode number n for a simple cable in a
uniform flow with velocity U , and a vortex shedding frequency, f, , approximated by
the Strouhal frequency.

fs 2L U

e S 3.2
Fr C.D (3.20)

where

n = mode number excited by the flow
L = length of a cable

Cp = phase velocity of a cable

S; = Strouhal number

U = flow velocity

D = diameter of a cable

This expression may be used to estimate a local value of N for very long cables with

slowly varying properties.

N(z) = 25‘%—%& Vl(;) (3.21)

where z is a position coordinate in the cable and V(z) is the local flow velocity.

Noting the relationship between frequency and wave number, k = 2x f,/C, , yields
"
—2—N(z) = ¢k(z) L (3.22)

Therefore, another interpretation of N (z) is that over a propagation distance, L | a
wave of frequency, f, , will be attenuated by the factor ¢~ V(=) = k(=)L Therefore
for values of N (z) greater than about 2, waves will largely die out while propagating

over the length of the cable and infinite cable behavior will be observed.
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Chapter 4

The Response Prediction Model in
a Sheared Flow

4.1 General Description

The vortex-induced vibrations of long-tensioned cylinders in uniform flow can
be predicted reasonably well on the basis of experimental data (Sarpkaya 197916},
Blevins 1977[1], Griffin 1982[6]). A few attempts have been made to predict the re-
sponse in a sheared flow (Wang 1986[21], Patrikalakis and Chryssostomidis 1986(13]).
These response prediction methods for sheared flows were based on the superposition
of normal modes. The amplitude of each mode was determined using information
gotten from experimental results in uniform flows. Under the assumption of small
damping, the total response amplitude was obtained by a sum-of-squares superposi-

tion of resonant modes only[21]:

A ) }1/’2 (é.l)

D ‘f’nfm

However, this approach cannot model the spatial attenuation observed in the response
for the highly sheared flow case shown later in this thesis (refer to Figure 7 .10). When
there is significant damping, non-resonant modal response becomes an important

portion of the total response and must be included in response prediction calculations.
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In reference(13] the nonlinear coupling with non-resonant modes was accounted for.
In mode superposition models, the non-resonant modes are required to correctly
obtain the spatial attenuation. Many modes may be required to obtain the correct
solution. If the Green's function is available, it gives more accurate results with less
computational effort because it is equivalent to a superposition of an infinity of modes.
The prediction of the response of a flexible cylinder to vortex shedding may be
thought of as consisting of four major components: an excitation model, a structural
model, a damping model, and a solution technique. In this chapter, a response predic-
tion method is proposed for the vortex-induced vibration of a long-tensioned cylinder
in sheared flow, based on the Green’s function approach. Detailed descriptions of the
response prediction model including hydrodynamic damping and 1ift force models are

given in the following sections.

4.2 A Proposed Linear Random Vibration Model
of Exciting Force and Structural Response

In a sheared flow, the vortex shedding process excites the cable through a complex
interaction, in which the motion affects the exciting forces in a poorly understood
feedback mechanism. However, for steady state solutions a simple non-feedback model
of the exciting forces can be successfully used to approximate the correct response.

In uniform flow especially at lockin, the response is periodic in nature with sharp
spectral peaks. However, the typical measured response spectrum in a highly sheared
flow is characterized by a broad band random process.

Cylinder motions in the flow are a non-linearly correlated combination of Cross-
flow and in-line components. The correlation is due to a common source of excitation
(the vortices) and not due to mechanical coupling in the structure. The cross-flow
response is typically much greater than the in- line response (Jong 1984[7], Vandiver
and Jong(20]). The approach taken in this research is to compute the cross-fow
response first, ignoring any influence of the in-line motion. If in-line motion is desired,
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then relationships discovered by Jong and Vandiver|[20| may be used to predict it, after
the cross-flow results are obtained.
Based on the preceding assumptions and arguments, a linear random vibration

model is used to predict the cross-flow vibration response of a tensioned long cylinder

to vortex shedding in a sheared flow.

In a linear one-dimensional continuous system, the displacement response spec-

trum at a location may be specified by the following integral equation:
L L 3 ¥ * i
Sppln) = [ de [ d€'S 1, (6 €,0)G(a/ O (@/€) (42

where

S,u{z,w) .= the displacement response spectrum at location x

5y, I (¢,€¢',w) = the lift force spectrum

G{z/€) — the Green’s function due to excitation at the location z = £
G*(z/¢€) - conjugate of the Green’s function due to excitation

at the location z = ¢

The mean square value of the response displacement at a location is obtained by

integrating the displacement spectrum in the frequency domain.
2 [+.4]
E[y*(z,t)]at = “——‘-L Sy lz, w)dw (4.3)

The Green’s function of the system includes the structural modelling information
as well as the hydrodynamic damping description. The lift force spectrum model, to
be discussed in Section 4.4, includes all aspects of the hydrodynamic exciting forces.

The solution technique used in this thesis is a straightforward discrete numerical

integration of equations (4.2) and (4.3).
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4.3 Green’s Function of a Finite Cable

The forced vibration of a finite cable with constant tension and uniformly dis-

tributed mass in a sheared flow can be described by an equation of motion.

3y(z,t) dy(z, t) 3y*(z,t)
; o i L 4 .
e TR T = (=) (44)
where
y(z,t) = cross-flow response displacement
m = structural mass per unit length including added mass

Rg—’%?ﬂ = damping force including hydrodynamic damping force
T = tension

flz,t) = Iift force per unit length due to vortex-shedding

The fixed end boundary conditions are given by:

¥(0,t) =0

y(L,t) =0 s

where L is the length of cable.

In equation (4.4), f(z,1) is varying in space and time. In order to get a solution
for such conditions, the solutions to particular loadings in space and in time must
be derived first. The response of the system to a unit harmonic force acting at a
single point is called the Green’s function. The extension to general loading in space
is possible using the Superposition principle.

The Green’s function, G {(z/€), for the cable without damping is given by!3l:

sinkz sin k(L—¢)

F EsnkL 0<z<y¢)
Glz/g) = (1.6
in k€ sin k(L —
s o)
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where

r = response measurement point

¢ = excitation point

T = tension along the cable

k = wave number{= w/Cp)

w = excitation frequency

C, == phase velocity of the cable{= \/3;)

The response of the cable y(z,t) to a unit harmonic force acting at £ is thus:
y(z,t) = G(m/f)e"‘“’t (4.7)

The Green’s function, G(z/£), for the cable with damping is obtained by replacing
the wave number, k , in equation (4.6) by the complex wave number, k + tk¢ , where

¢ represents the damping ratio of the cable. The relationship between ¢ and K in

equation (4.4) is given by:

R
$ = Som (48)

The Green’s function, G(z/¢), for the cable with damping is given by:

n(k+iks)z sin(k+ik¢)(L—E)
(krike) sin(k+iks) L (0<sz<9)

G(z/§) = (4.9)

1 sin(k+ik¢) € sin(k+ik¢)(L—z)
T (k+ike) sin{k+ik¢) L (¢ <z <L)

;_si
T

The general forms sin(z + ¢y} in equation (4.9) can be expressed in terms of their real

and imaginary parts:

sin(z + 1y) = sinzcoshy +tcosz sinhy (4.10)
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Applying equation (4.10) to equation (4.9}, we can get the Green’s function:

¢

#(sinkz coshk¢z + 4 cos kz sinh k¢x)
x{sink(L — §) coshk¢(L — €) + i cosk(L — €) sinh ke(L — £)}
+{(k + tk¢)(sinkL coshk¢L + i coskLsinhk¢L)}
for (0<z<¥¢)
G(z/€) = (4.11)
#(sink& coshk¢€ + i coskésinhk¢t)
x{sin k(L ~ z) coshk¢(L — z) + icos k(L — z) sinh k¢ (L — z)}
+{(k + ik¢)(sinkL coshk¢L + i coskLsinh k¢ L)}
for (é<z<I)

At resonance of the nth mode, kL in equation (4.11) is given by:
kL = nr (4.12)
and Green’s function in equation (4.11) becomes

1 fety NAE nxex ; nre . naez
(sin 2f% cosh ®52 + ¢ cos 2Z= sinh HZ)

x {sin "”(i"f) cosh ""‘{f" & 4 icos nrll=t) sinh "”"g‘ =3

{5 (1 + i¢) sinhnn¢}
for (0<z<§)
Glz/6) = | (413)
" #(sin *f cosh "2 4 { cos "2 sinh neid)
x{sin nr{i——z) cosh mr;‘(f—-::)) 4+ 1cos mr{,z——m) sinh mr;(éa—z)}

{1 (1 + i¢) sinhnre}

for (é<z<I)
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It is interesting to investigate the behavior of the Green’s function given in equation
(4.13) for two extreme cases. One of the extreme cases is the case when the resonant
mode, n , and the damping ratio,¢ , have small values so that the value of n¢ satisfies

the condition:

n¢ <02 or nm¢=¢kL <06 (4.14)

Then, the first order approximation of the Green’s function in equation (4.13} is given

by:
1 sin BIZ gin Po(E=t)

G(z/€) = m— s L (4.15)
where
T = tension
n = mode number of the nth mode
¢ = damping ratio (R/2wm)
Using the relationship
, nntT
Wi = (4.16)

we can get another form of the Green’s function given in equation (4.15):
sin 222 sin 2xk=€)
G(z/&) = b k
wiM¢
sin 22 gin 2Rog)

- A L
v (4.17)

where

M = total mass of a cable including added mass (= mL)
K,

= modal stiffness of the nth mode

The Green’s function in equation {4.17) shows exactly the same result with the fre-
quency response function of the nth mode resonance obtained from the normal mode

method, using the response of one mode only. This case can be interpreted in terms
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of wave attenuation also. For values of ¢kL < 0.6 , a wave travelling a distance [ is
not severely attenuated.

Another extreme is the case when the resonant mode number, n , has a larger
value, the excitation point, £ , and the response measurement point, r , are far from
the end boundaries of the cable, and the damping ratio, ¢, is less than 1. When these

conditions are satisfied and the following condition is true
ne>»1 or nr¢=c¢kL >7n {4.18)

then the Green’s function in equation (4.13) is given by:
ieth(€—2) o~ ke(6—2)

27Tk (0<z< ¢)
Glz/¢) = (4.19)
- ik(5—8) —ke(z—
retk( ;);k ¢{z—¢) (¢ <z<I)

The Green’s function in equation (4.19) shows exactly the same result with the Green'’s
function of an infinite cable, in which waves are damped out travelling from one end
to the other.

Figure 4.1{A) shows an harmonic exciting force at the midpoint of a string at the
natural frequency of the fifth mode. Figure 4.1(B) is a plot of the magnitude squared
of the Green's function to that input when the modal damping ratio of the fifth mode
is 1%. The Green’s function is an exact solution, equivalent to summing an infinite
number of normal modes. However, in this case, a calculation of the response of the
fifth mode contribution only would have appeared essentially the same. This response
is typical of a "short” lightly damped cable. For this case n¢ = 0.05(¢kL = 0.057).

Figure 4.1{C) is the response of the same string, excited by a unit force at the
natural frequency of the 99th mode, with a modal damping of 10% (n¢ = 9.9 and
¢kL = 9.97). This response is characteristic of an infinite cable response. Excita-
tion at the mid-point is never felt at the ends. To get the right answer by mode
superposition would have required well in excess of 100 modal contributions.

Figure 4.1(D) is for excitation at the ninth mode natural frequency with a damping
of 10% (n¢ == 0.9 and ¢kL = 0.97). Some vibration energy reaches the ends, but it is
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substantially damped. This string exhibits intermediate behavior.
The critical parameter to determine whether the cable acts like infinite cable or
not is the product n¢ where n is the mode number of the highest resonantly excited

mode in the system. Three cases have been described here. In terms of this parameter

they are
n < ng nn¢ = ¢kl
5 0.01 0.05 0.057
9 0.10 0.9 0.97
99 0.10 9.9 9.97

When n¢ is less than 0.2 then it is "short” in the dynamic sense used here and
single mode resonant response will dominate the total response. Between 0.2 and
3 significant attenuation occurs over the length of the cable, but an infinite cable
response model is not adequate. However, normal mode superposition may be used
except that one may need from 2n to 3n terms because non-resonant modal contri-
butions are essential in the correct solution. When n¢ exceeds 3, then, except when
excited near an end, the cable can be considered to behave dynamically as if it were
infinite in length. When excited near an end, a semi-infinite model may be used. For
n¢ > 3, mode superposition models are not very useful, because a large number of
modes are required.

In Chapter 3, modal overlap was discussed and the parameter N = 2n¢, was
introduced. In the preceding discussion n¢ = N /2 . So another way of thinking of
the quantity n¢ is that 2n¢ is the number of modes contained within the half power

bandwidth of mode n, for a constant tension uniform cylinder.
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4.4 Hydrodynamic Lift Force and Damping Mod-

els

The most difficult components of the response prediction model of a flexible
cylinder in a sheared flow are the hydrodynamic lift force and damping.

In Reference(Wang et al. 1986[21]) the cylinder is divided into an hydrodynam-
ically excited region and an hydrodynamically damped region for each mode. A
conceptually similar example is shown in Figure 4.2 where the sheared flow shown is
depicted as injecting power into the cylinder in a region at frequencies which excite
principally the second mode. Outside of the region, the fluid extracts energy from the
cylinder in the same frequency band. At other frequencies the region of power flow
in and out will be located differently. Partitioning the cylinder into such regions may
be reasonable, but substantial improvement is needed in the method used by Wang
et al.

There is not too much known about hydrodynamic damping of vortex-induced
vibration in a sheared flow. However, experiments show that hydrodynamic damping
is small under lockin conditions and large when the vibration frequency and vortex
shedding frequency are different. Two hydrodynamic damping models will be intro-
duced and discussed. One is deduced from a non-linear Morison equation model and
the other is from a direct linear damping model based on dimensional analysis.

As a lift force model, a linear lift force cross spectrum model having a Gaussian
distribution form in frequency and space domain is taken.

The proposed hydrodynamic damping and lift force models are described in the

following subsections in detail.
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4.4.1 Hydrodynamic Damping Model
Hydrodynamic Damping Model from the Morison Equation

At any specific location an instantaneous drag force per unit length may be defined
as the force in the direction of the instantaneous relative fluid flow. The fluid velocity
relative to the cable is the vector sum of the free stream velocity V {z) and the negative
of the local cross-flow cable velocity ¥(z, 1), as shown in Figure 4.3. The in-line cable
velocity 2(z,t) is assumed small and is neglected (it could be included if a more
precise estimate was required). If one assumes the drag force to be proportional to

the relative velocity squared, then the drag force takes the form given below.

1
| Fp(z,t) |= §prpD(V2 + i) (4.20)
let
B = LpuCpD
- 2Pw D

The component of this force in the y direction is by simple trigonometry given by

Fy(z.t) = —Biy/V: + (4.21)

Such a model of damping or dissipative forces ignores the effect of the vortex
shedding process itself. When wake synchronization occurs for some region, there is
a high correlation between cylinder motion and vortex shedding phenomena. Under
such conditions the sectional force may be in phase with the velocity and hence may
input power to the system. Vibration at frequencies which are uncorrelated with the
local lift forces will lead to damping and vibration at frequencies which are correlated
to lift forces is responsible for the power flow into the cable. The model of damping
must be able to distinguish between regions of power in and power out, as a function
of frequency and location. For example, if a wave length which is excited on a cylinder
at 5 Hz travels into a region of the cylinder which is shedding vortices at 2 Hz, the b

H » waves will be damped out in the same region that 2 H z waves are being excited. In
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Figure 4.3: Drag force vector decomposition
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very long cables in sheared flows correlation lengths will be relatively short compared
to the total cable length and for the purpose of computing damping, a damping which
is in effect everywhere may be adequate when calculating attenuation between points.

The damping force in equation {4.21)is a non-linear function of §. It is helpful to

find a linear equivalent damping constant R{z) per unit length such that:
Damping force = —R(z)¥ (4.22)

An estimate can be obtained for a linear equivalent damping constant R{z) for
sinusoidal oscillations, if the requirement is imposed that the equivalent linear system

dissipates the same energy per cycle as the non- linear one. In other words, it is

T T
% | R(m)@”dtm% [ B Vis i (4.23)
1] Q

where T is one period of oscillation.

required that

For values of #%(z,t) < Kji(f)— the linear equivalent damping takes the following

approximate form.

3y
frord V [ .
R(z) = BVl + 8V2] ~vBV (z) (4.24)
where
=[1+§-§~i] 1.0<y<1.2

A Direct Linear Hydrodynamic Damping Model

Alternatively, one might assume that a linear damping model which is propor-

tional to ¥(z,t) is as reasonable and justifiable as the Morison equation. This suggests
F,(z,t) = —R(z)¥{z, 1) (4.25)

where R(z) represents a linear hydrodynamic damping constant per unit length. R(z)

may depend on several physical parameters:
R(z) = F{pu,V (2),y(z), D,w(2), #} (4.26)

where
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Pw  : water density

V(z) : local flow velocity at location z

y : amplitude of response at location z

D : eylinder diameter

w(z) : vibrating frequency of response at location z

i : viscosity of water

From dimensional analysis, drag coefficient ¢ pv for vortex-induced cross-flow vibra-

tion can be defined by:

y V(z) V({z)D

Cpy = Loovi - Hp @)D ) (4.27)

And the hydrodynamic damping constant for vortex-induced cross-flow vibration

takes the form given by:

1
R(.r) = EprDvDV(“L‘) (428)
To yield the same amount of damping, the two damping models have the following
relationship.
Cpv = Cp(1 + —?13:’-1) (4.29)
g8V

The Morison form is used in the remainder of this thesis. Two cases shall be

evaluated:

. infinite effective length cables

if. finite cables

Damping for Infinite Effective Length Cables

In reference (Kim et al. 1986[11]), it is shown that when the vortex shedding
frequencies correspond to very high cable natural frequencies, then energy put into
the cable at one point decays exponentially with distance travelled, ultimately dying

out before reflecting from the boundaries. The cables behave dynamically as if they
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were infinite in length. As a result the response spectrum at any specific location
is dominated by the local hydrodynamic forces as is the case in Figure 4.2(C). The
local rms cylinder velocity in such cases can be evaluated. Locally the rms velocity is
given approximately by the product of the local rms amplitude, y,., , and the local
dominant vibration frequency, w, , which is assumed to be the same as the local vortex
shedding frequency, w, . The local vibration frequency can be expressed in terms of
the reduced velocity at that location, which can be assumed to be approximately 5
for a wide range of Reynolds numbers.

Ve = %ﬂ > 5 (4.30)

Substituting yields an estimate for the local rms cross-flow cylinder velocity.

_ 27V{(Z)Yrme

grma = Wollrms = 5D (4.31)

For infinite length cables y,n, has been observed to vary from 0.1 to 0.5 diameters
(refer Kim et al. 1986[11]). Substituting into equation (4.24) the equivalent damping

constant becomes

R(z) = BY (a){1+ 3(Zlmeyy (4.32)

For values of y,,,/D between 0.1 and 0.5 this expression reduces to
R(z) = 4BV (z) (4.33)

where «y is a parameter which accounts for the y,m, term in equation {4.32). The
range of v is from 1.0 to 1.15 and depends on the rms response. The local linear

equivalent hydrodynamic damping ratio is given by
& = R(z}/2wum (4.34)

where the subscript A means damping due to hydrodynamic sources and m is the
local mass per unit length, including added mass and w is any vibration frequency

component of interest. The local mass per unit length, m, can be expressed as:

nD?
m = pww;i—w(s.g. + C,) (4.35)
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where s.9. is the specific gravity of the cable and C, is the added mass coefficient.
Substitution for m and B, and combining the results of equations {4.30), (4.33), and

{4.34) leads to:
50137“’3
= 4.36
S 2ni(s.g. + Ca)w (4.36)

In Chapter 7 experimental results are presented in detail. For the purpose of

illustration some of the results from the Lawrence tests are used briefly here. A
cable, vibrating under uniform flow lockin conditions, was struck impulsively. In the

experiment, s.g, = 1.34, C, = 1.0, and equation (4.36) reduces to:
& = 0.11Cpyw, /w (4.37)

This is a remarkable result because it shows that the damping ratio is inversely pro-

portional to frequency.

damping ratio is estimated to be:

$ho= 0.01809’7 (438)
= 42% for Cp =20 and ~v=1.15

The measured tota] damping was 4 to 6%, as will be described in Section 7.4, de-
pending on which specific test one observed. The spatial attenuation of the impulse

is shown in Figure 7.13. For these tests §* was sometimes greater than V%/2 and the

be the case for an infinite cable. For the cable the structural damping (measured in

air) was less than 0.3%.(refer Appendix A)



a cylinder would be obtained. In the above example, with a Cy of 2.0, this minimum
damping ratio is 3.6% at 18 Hz. A drag coefficient of 2.0 has been used because the
flow was uniform and the steady state response was essentially lockin at 3 Hz.
If one wishes to predict the attenuation between two points on an infinite cable,
separated by a distance ! , the correct expression would be
Yetl) _ ou (4.39)
y(z)

where

k=2r/\= w/C,

Here, A is the vibration wave length, C, is the wave propagation speed, and w is
the vibration frequency of interest. For a fixed distance !, over which the shedding
frequency varies a small amount so that the average shedding frequency can be used
in equation (4.36), then by substitution for ¢ in equation (4.39), an expression for
attenuation between the two points is arrived at which is independent of the vibration
frequency, w .

WSCD’}’&)gl
e—gkl — e27%(s..4+Cq)Cp (4.40)

This frequency independence was also seen in the Lawrence impulse response tests.
Figure 7.13 shows the response spectra computed from a short time series which
included an impulse. The two spectra are from positions L/6 and L/2. The low
frequency peaks are due to the flow induced vibration, but the plateau between 15 and
24 Hz is the impulse vibration energy. This plateau gets lower the farther the pulse
propagates, but the plateau stays flat indicating that the attenuation between the two
locations, within the measurement accuracy of this experiment, was independent of

frequency between 15 and 24 Hz.

Hydrodynamic Damping for Finite Cables

In the case of an infinite cable it was appropriate to compute local values of

the damping. However, for short cylinders which are excited in their low modes, the
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individual modal damping ratios are of interest. Equations (4.20) to (4.23) are stil]
valid. However, the hydrodynamic modal damping constant, R, ,,, for mode n must

be computed as follows

L
Bon = [ B(z)¥2(2)dz (4.41)
0
For constant tension cables and uniform cables with pinned ends the mode shapes are
given by
¥,(z) = ssn(%’f) (4.42)

Using similar reasoning as in the infinite cable case one may estimate the g contri-
bution in R(z) as in equations (4.30) to (4.33). If the y contribution is included in a
parameter 7y then R(z) = YBV (z). + rises to 1.3 for an rms anti node displacement

of 0.7 diameters. Assuming a shear velocity which increases from zero linearly to a

maximum value
V(z) =V,z/L (4.43)

then

R(z) = yBV,z/L (4.44)
where - may be varied from 1.0 to 1.3 to account for the effect of ¥ on R(z), and |
is the maximum or peak velocity in the flow.

One might argue that 7 should also be a function of z because y,,,, is a function
of z. However, the user may simply elect to choose an average or an upper or lower
bound for 4 and reduce the complexity of his damping estimate. An average value
will be used here. Far more serious potential errors exist in the partitioning of the
cylinder into damped and forced regions for each mode of interest. This discussion
will proceed by first assuming that the damping acts over the entire cylinder. This will
yield an upper bound on the modal damping constant. Substituting the expression
for R(z) in equation (4.44) into equation (4.41) and conducting the integral over the

entire length yields for Ry . the following,

Riun = ~BV,L/4 (4.45)
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The damping ratio may now be computed:
Shon = Rh,ﬂ/zwniwn (4‘46)

where M, is the modal mass, mL/2 , and w, is the natural frequency. This reduces

to
10uCpDV,  ~CpVrlw,/w,)
= o= 4- ?
Shn 8w,m 4n?(s.g. + C,) (4.47)
Let
Vg =5, C,=10 and s.9.=1.34
then

$hn = 0.067Cp(wy/wy) (4.48)
The damping is independent of mode number for the peak excited mode (w, = w,),
and therefore ¢, , = 0.064Cp . Recall the parameter ~y accounts for the increase in the
damping constant due to the cylinders own motion and varies from 1 to about 1.3.
Therefore, for a Cp = 1.5, the maximum hydrodynamic damping ratio of the highest
excited mode is from 9 to 12%. All lower modes are larger by the ratio W/ Wh.

The expression in equation (4.41) for R, assumes that for any given mode, energy
is lost to the fluid at all points on the cable. This contradicts the idea that there are
regions of the cable where due to the sheared flow, the wake is locally capable of locking
in with the motion of a particular mode, and that no hydrodynamic damping should
be included from such regions (Vandiver 1985[19], Wang et al. 1986[21]). Reducing
the range of the integral in equation (4.41) will reduce the modal damping estimate.
Evaluation of the experimental data from Lawrence indicates that the upper bound
damping predicted by equation (4.48) is indeed too large.

For a general sheared flow case, a more precise model of the hydrodynamic modal
damping constant for mode n is suggested by defining the range of the integral in
equation (4.41}. Let

Ry e = v/;jLR(zz)\Iii(x)dx (4.49)

then Ry, can be expressed as

Rh,n = HRh,n,maz
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where

o= RV @UEd + E L V() )
Sk V{z)¥2(z)dz
where H < 1 for al circumstances and X, is the location most favorable for a reso-

nant condition to exist ‘between the vortex shedding process and mode n. L, is the

mode n. Outside of thig region will account for the dominant source of hydrodynamic

1976[14]). It was found that for the portion of a vibrating cable over which the vortex
shedding and vibration frequencies are Jocked together, the spatial cross-correlation
coefficient between any two locations in the wake behind that portion approached
unity, being only limited by turbulence. In that case, the correlation length in the
excitation model wil] be infinite. However, in a sheared flow several modes can be
excited simultaneously by the flow and the correlation length should be finite. For
example, at two adjacent resonant locations, X, and X n+i s for the nth and (n+ 1}th
mode respectively in a sheared flow the wakes should not be correlated,

As the correlation length in the proposed excitation model, the span corresponding

to the half modal spacing in vortex shedding frequency is taken. For the linear sheared
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flow case the correlation length coefficient, [, , defined by:

L. 1
[, = o= o~ 51
L " 2N, (4.51)
where
L, = the correlation length
L = the cylinder length
N, = the number of modes excited by a linear sheared flow

For very long cables in a sheared flow for which N, will be very large, then the ratio
of the power-in region for each mode to total cylinder length, 2L./L , will be very
small and H ~ 1.

The hydrodynamic modal damping ratio is obtained by estimating the value of H

numerically:

Rh.,n,max
S M. (4.52)

'The total damping ratio for the nth mode is the sum of hydrodynamic modal damping

Chn = th,n,maz = H

and structural damping for the nth mode:

$n = Son + Can (4.53)
where
¢n = total damping ratio for the nth mode
$s,n = structural damping ratio for the nth mode
¢hn = hydrodynamic damping ratio for the nth mode

4.4.2 Lift Force Spectrum Model

The excitation force per unit length in a sheared flow can be modelled as a spatially

distributed excitation (Kennedy 1979{9]):
1
flz, t) = é«pwﬁVz(z)CL(g:,t) (4.54)
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Figure 4.4: A conceptual drawing of the hydrodynamic damping and lift force spatial
correlation model
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where

Pu = water density

D

V{z} = flow velocity at z

cylinder diameter

fl

Cr(z, t)= local, time varying lift coefficient

If we assume that the local lift coefficient ¢ t(z,t) is a random variable having the
characteristics of being zero mean, Gaussian and time stationary-ergodic, then we can
completely characterize the local lift coefficient by the space-time correlation function

or its power spectrum.

A lift force coefficient spectral model in a sheared flow should have the following
characteristics. Af any particular location the lift force should have a bandlimited
spectrum centered on the dominant local vortex shedding frequency. This local spec-
trum is correlated to that at neighboring locations by a spatial correlation function.

At any particular location, the peak frequency of the lift force coefficient spectrum

corresponds to the local shedding frequency, w,(z) :
wi(z) = 2728,V (z)/ D (4.55)

If we adopt a Gaussian description for the frequency dependent portion of the

local lift force coefficient spectrum, then the functional form will appear as:

e (w—w.)?/26? (4.56)
where
w = excitation frequency (rad)
ws = local mean vortex shedding frequency (rad)
b = one standard deviation of the local mean vortex shedding frequency
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However, experience has shown that higher harmonics appear in the response in both
deterministic (lockin) and random Tesponse conditions. To account for this the model
used here includes higher harmonic terms. Therefore the final form of local lift force

coefficient spectrum will be proportional to:

e~ {w—w,}2/2b2 + Cp ge~(w=20,)2/2(25)2 + Oy se~(0=3w,)%/2(38) + . (4.57)

where

CLa = coefficient of the 2nd harmonic

CLs = coefficient of the 3rd harmonic

center frequency.

Combining these bandwidth and correlation length models leads to the following

form of the lift coefficient spectrum.

¥ 02 2 — 3
PeulfEou) = PRl L et | ety

X {e~lomw )2zt Cppe™(@-20)%/2007 O ge™(0=3w)/2(s0)® 3

e~ (E-€ /2Ly | sgn[G(z/€)G" (z/¢)] (4.58)

C} = mean square Lift force coefficient

W, = local mean vortex shedding frequency at z = £

u)‘_; = local mean vortex shedding frequency at z = ¢

b = one standard deviation of the local mean vortex shedding frequency
CL2 = coefficient of the 2nd harmonic

Crs = coefficient of the 3rd harmonic

I, =LJ/L= coefficient determining the spatial correlation between ¢ and ¢
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The bandwidth of the excitation spectrum may depend on the turbulence of inci-
dent flow or it may depend on the motion of the cylinder and unsteady fluctuations in
the vortex formation process. In a very low turbulence flow the lift force bandwidth
on a stationary cylinder is very narrow. If the turbulence level is high (as it was at
Lawrence) then we may expect the excitation bandwidth to depend on it, as estimated
below. If one standard deviation of the local mean flow velocity due to turbulence is
AV, .., then the standard deviation of the local mean vortex shedding frequency in

the lift force spectrum, b is given by:
b= 2v215;AV s/ D (4.59)

For the Lawrence experiments the turbulence was 20 to 30% of the mean flow speed.
In this case the turbulence dominates the bandwidth estimate.

Given the lift coefficient spectrum as defined in equation (4.58) the lift force spec-

trum can be written as:

Sfffef (f’ E" w) = [%psz(f) D]{%pwvz(si)plscn (‘f! €'$w) (4'60)

where

Stesg (¢, €', w)= lift force spectrum

V(¢) = flow velocity at z = £
v(¢) = flow velocity at z = £
Puw = water density

D = cylinder diameter

Se, (£,€',w) = lift force coefficient spectrum

This model is used to predict the response observed in the Lawrence experiments.
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Chapter 5

The Field Experiments

3.1 General Description

Field experiments were carried out to study the Tesponse characteristics of a cable

in sheared flow. The experiments included:

1. A survey of the sheared flow profiles used in response tests.

2. Measurement of the accelerations of the test cable at six
locations during response tests.

3. Measurement of the tension of the test cable during response
testing.

4. Continuous measurement of the flow velocity at a single reference
point during response testing for comparison to the value obtained

from the survey of the sheared flow profile.

Figure 5.1 shows the block diagram of the experiment.

In the field, all analog signals were digitized and stored on floppy disks using a

DEC MINGC-23 computer,

In the following sections, more detailed descriptions of the experimental set-up are

given.
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{1 channel)

o Measurement of Flow velocity
at a Reference Point

(2 channels)

Figure 5.1: Block diagram of the Lawrence experiment
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3.2 Test Site

Field experiments were carried out at Lawrence, Massachusetts during the sum-
mer of 1986. The site chosen for the experiment shown in Figure 5.2 was a 58 ft. wide
canal located beside the Merrimack River. About 250 ft. upstream of the test site
was a gate house where the flow rate and the flow profile were controlled by adjusting
the heights of 3 sets of submerged, vertically moving gates, which opened from the
bottom first. Originally, the gate house had 4 sets of gates, but one of them was out
of order and closed. A continuous variation of sheared flow profiles can be made by

adjusting the heights of the gates. Figure 5.3 shows the arrangement of the test site.

3.3 Test Cable

A 57 ft. 3 in. long instrumented test cable was made. The test cable consisted of
one outer rubber hose and seven kevlar cables inside of the outer rubber hose. The
braided kevlar cables each carried seven insulated conductors. Figure 5.4(B) shows
the cross-section of the test cable. The specifications of the outer rubber hose, inner
kevlar cables, and assembled test cable are given in Table 5.1. Of the 7 kevlar cables, 3
were used in holding the tension given by the winch, 3 were used as signal conducting
cables, and one was used as a spare. Kach kevlar cable had a breaking strength of

800 pounds.
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Table 5.1: Specification of the test cable

Test cable | Rubber hose | Kevlar cable
Outer diameter (inches) | 1.125 1.125 0.162
Mass per unit length 0.0179 0.0145 0.00032
in air (slug/ft}
Length {ft) 57.25
(at Tension=500 lbs)
Specific gravity 1.34

Six pairs of accelerometers were placed at L./8,L/6, L/4, L/2, 11L/16, and 13L/16,
starting from the north end as shown in Figure 5.4{A). The accelerometers were
SUNDSTRAND MINI-PAL MODEL 2180 SERVO ACCELEROMETERS which were
sensitive to the direction of gravity. Each was 1/2 inch in diameter by 1.5 inches in
length. The bi-axial pairing of these accelerometers made it possible to determine

their orientation and hence made possible extraction of real vertical and horizontal

accelerations of the test cable at the six locations.

The seven conductors in each of the three kevlar cables carried DC power and

signals for two pairs of accelereometers.
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5.4 Test Cable Supporting System

Two supporting frames were constructed of steel pipe to hold the ends of the
test cable. These were designed to be attached to an existing 1.5 inch diameter steel
post on the south side of the canal and to a steel fence on the north side. Figure 5.5

depicts these supporting frames.

9.5 Tension Adjusting and Measuring Systems

The tension adjustment was accomplished by using a hand-operated ”come along”
winch (capacity 1 ton), Tension was measured by a SENSOTEC Model RM/2099
LOAD CELL (Range 0-2000 Ibs.). The output signal from the tension load cell passed
with the current meter and acceleration signals through a 270 ft. long, 30 conductor
telephone cable to the data acquisition room, where the signals were conditioned and

digitized. Figure 5.6 shows the tension adjusting and measuring system.

5.6 Sheared Flow Measuring System

The flow velocity was measured by a Neil Brown Instrument Systems DRCM-
2 Acoustic Current Meter located 5 ft. upstream of the test cable. Sheared flow
velocity profiles were determined by taking flow velocity data at several locations
along the canal width. A simple traversing mechanism was constructed to carry the
acoustic current meter to any position between the canal walls as shown in Figure
5.7. The current meter was suspended from a pulley wheel which rolled freely on a
taut, horizontal steel cable. An endless loop of nylon cord, like a clothesline, was used
to manually position the current meter. The location of the current meter could be

read from an odometer attached to the pulley system.
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Figure 5.4: Test cable construction
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Chapter 6

Data Reduction Methods

6.1 General Description

This chapter describes the general data processing procedures used for analyzing
the measured signals obtained during the field experiments. The data processing

consisted of two main parts:

1. Evaluation of the sheared flow velocity profiles
2. Investigation of acceleration data for a specified

sheared profile and tension

Detailed descriptions of the data processing for each measurement are given in the

following sections.

6.2 Survey of Sheared Flow Velocity Profile

The sheared fow velocity profile for each flow condition was determined by taking

flow velocity data at several locations along the canal width. At each location, 1050
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data points were taken over a period of 4 min. 22.5 sec. The sampling frequency was

4 Hz.

The current meter outputs consisted of the magnetic heading and the magnitude

of the flow velocity. The flow velocity parallel to the canal was determined by vector

decomposition.

Ve =V cos(¢ — §) (6.1)
where
V, = the flow velocity parallel to the canal
V= flow velocity magnitude
g = compass heading of the canal
¢ = instantaneous magnetic heading of the velocity

The measured magnetic heading of the canal was 65 degrees. Figure 6.1 shows a
typical example of the raw current speed and direction signal and F igure 6.2 shows
the spectrum of that raw current velocity signal. The lowest turbulence frequencies
in the range of 0 ~ 0.02Hz dominate the flow spectrum as shown in Figure 6.2.
These lowest turbulence frequencies were associated with large eddies, up to 10feet in
diameter which were convected downstream from the gatehouse.

The mean and standard deviation of the flow velocity was calculated. The stan-
dard deviation of velocity increases as the steepness of the sheared flow velocity profile
increases. Table 6.1 shows one example of the statistical results of flow velocity for
a particular sheared flow condition and Figure 6.3 shows the corresponding sheared
flow profile along the canal width. The velocity error bands in Figure 6.3 repre-
sents one standard deviation from the mean flow velocity at each location. The
flow was at all times and at all spaces highly turbulent as indjcated in Figure 6.1

and table 6.1. The rms turbulence level was about 20% of the mean of the profile.
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Table 6.1: Statistics of highly sheared fow case

Location Vear(ft/ s} Veor(ft/sec)
(ft) average | standard dev. | average | standard dev.
2 -0.418 0.300 0.273 0.199
6 -0.032 0.417 0.547 0.213
10 -0.058 0.353 0.382 0.236
14 0.322 0.358 0.316 T 0.264
18 0.606 0.418 0.202 0.243
22 0.952 0.344 0.033 0.265
26 1.478 0.420 -0.075 0.264
30 1.769 0.412 -0.110 - 0.277
32 2.015 0.442 -0.070 0.277
34 2.286 0.382 -0.034 0.303
36 2.540 0.368 -0.024 0.271
38 2.593 0.398 -0.029 0.311
40 2.938 0.381 0.075 0.330
42 3.079 0.443 0.121 0.318
44 3.194 0.391 0.191 0.336
46 3.486 0.358 0.312 0.299
48 3.555 0.323 0.383 0.311
50 3.581 0.300 0.494 0.315
52 3.639 0.306 0.627 0.257
54 3.308 0.492 0.310 0.167
56 2.412 0.578 0.107 0.157
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6.3 Acceleration Signals

6.3.1 Vector Rotation of the Acceleration Raw Time Series

The orientation of the bi-axial accelerometers installed in the test cable was
initially unknown. It was necessary to resolve the measured accelerations into in-line
and cross-flow components. The same technique used in previous experiments (Jong
and Vandiver 1983{8]) was used here,

The accelerometers were sensitive to gravity and gave a DC offset to the recorded
signal. By vector rotation of the bi-axial acceleration signals the cross-flow direc-
tion was identified by having maximum DC offset values due to gravity. The in-line

vibration component had zero DC offset due to gravity.

6.3.2 Spectrum Analysis

The auto power spectra of acceleration signals were estimated by squaring the
output values from an FFT performed on the acceleration time histories. The FFT’s
were computed with record lengths of 1024 data points. The sampling frequencies (30
Hz, 50 Hz, or 60 Hz) were selected in the field to avoid aliasing error.

The mean square displacezm;nt was calculated by double integration of the auto
power spectra of the acceleration signal in the frequency domain:

B0 = [ e Saldr (62

where

E'y*(t)] =mean square displacement

Sy(f) =estimated acceleration spectrum

In order to prevent low frequency noise expansion in the integration, the lower bound

of integration, f. , was determined after reviewing the acceleration spectrum. These
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cut-off frequencies had to be low enough to include data of significance and still

brevent noise expansion.
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Chapter 7

Experimental Results and

Discussion

7.1 General Description

The dynamic response characteristics of the test cable in sheared flows showed
strong dependence on the velocity profile and the tension of the test cable. For the
purpose of illustration, three different sheared flow cases are presented in this report.
The velocity profiles are shown in Figure 7.1. They are designated sheared flow profile
1,2, and 3 (SFP1, etc.).

SFP3 was the steepest shear with a peak flow velocity at times exceeding 4 feet
per second and a minimum flow velocity of minus 0.5 feet per second. The minus
indicates reverse flow. SFP1 was made as close to uniform as possibly by careful
positioning of the gates. SFP2 ranged from 2 feet per second down to zero in a nearly
linear profile.

For each sheared flow case, an example of response with high and low tension
are presented. The description for each test condition is summarized in Table 7.1.
In Table 7.1, the test condition is revealed in the name. For example, Test (1-H)
represents the test carried out under the SFP1 and high tension, and Test (2-L)

represents the test carried out under the SFP2 and low tension.
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Important findings and key results will be discussed in detail in the following

sections.

Table 7.1: Summary of the test conditions

Test condition | Test (1-H) | Test (1-L) | Test (2-H) | Test (2-L) | Test (3-H) | Test (3-L)
Sheared Almost Almost Slightly Shightly Highly Highly
flow Uniform Uniform Sheared Sheared Sheared Sheared
profile SFP1 SFP1 SFP2 SFP2 SFP3 SFP3
Flow velocity
(ft/sec)
min. 1.0 1.0 0 0 -0.5 -0.5
max. 16 1.6 2.0 2.0 3.6 3.6
Vortex shedding
frequency (Hz)*
min. 18 1.8 0 0 0 0
max. 2.9 2.9 3.6 3.6 6.5 6.5
Tension
{Lbs) 318.4 96.4 348.9 62.4 343.8 145.1
1st natural
frequency (Hz)
in air 1.18 0.64 1.22 0.51 1.21 6.78
in water™ 0.88 0.48 0.92 0.38 0.91 0.59

* Vortex shedding frequencies were calculated from equation f, = 5,V /D, where

St = 0.17=

**An added mass coefficient of 1.0 was used in the calculation of the fundamental

natural frequency in water.
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7.2 The Values of Relevant N on-dimensional Pa-

rameters

The value of length-to-diameter ratio of the test cable was 611 implying that
for this experiment end effects on the vortex shedding mechanism were negligible as
discussed in Section 3.2.1.

The values of Reynolds number for all test conditions were in the subecritical region
so that we may expect that differences in Reynolds numbers between tests did not
make significant differences in the dynamic response characteristics of the test cable.

The value of mass ratio of the test cable as 0.952. The corresponding value of
specific gravity of the test cable is 1.34. The test cable is a relatively low density
structure. The lockin range expressed in reduced velocity terms is much broader for
low density cylinders than for high density ones as discussed in Section 3.2.3. The
cross-flow lockin of this test cable in a uniform flow would be expected to occur in
the range of 3.5 < f—ﬁ < 9 (refer to Figure 3.2),

The most significant dimensionless parameter variations in these tests were the
variation in the maximum responding mode number, the variation in the number of
modes simultaneously participating in the response, and the variations in damping.
The cable tension determined the variation in modal separation or inversely the modal
density. For a given modal density the amount of shear in the flow speed determined
the number of excited modes and the frequency of the highest responding mode. The
damping had very large variation due to hydrodynamic effects.

For the six cases to be described here the values of nondimensional parameters
for the test conditions are summarized in Table 7.2. The effective damping in water
was estimated by two separate means, one experimental and one analytical. The
experimental determination was obtained by striking the cable impulsively with a pole
and measuring the decay of the resulting pulse as it passed successive accelerometers,
The results of these estimations are given in Section 7.4. The analytical estimation of

hydrodynamic damping was obtained by assuming a drag coefficient appropriate to
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transverse vibration, and then calculating the damping force on the cable as presented
in Section 4.4.1.

In air transient decay tests of the first few modes of the cable were conducted. For
the tension ranges later used in water the structural damping was about 0.3%, which

is negligible compared to the hydrodynamic losses experienced by the cable, except

under uniform flow lockin conditions.

Table 7.2: The values of nondimensional parameters

Test condition | Test (1-H) | Test (1-L} | Test (2-H) | Test (2-L} | Test (8-H) | Test (3-L)
Flow profile SFP1 SFP1 SFP2 SFP2 SFP3 SFP3
Tension (Ibs) 318.4 96.4 348.9 62.4 343.6 145.1

Max. R, (10%) 14 1.4 1.7 1.7 3.1 3.1
Max. mode

nutnber 3.3 6.0 3.9 9.5 7.1 11.0
fs,maz/ f1
Min. mode
number 2.0 3.8 1 1 1 1
fo,mind f1
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7.3 Response Dependence on Sheared Flow Profile

and Tension

The cross-flow response spectra at z = L/8 for all six test conditions are given
in Figures 7.2 to 7.7 in order to illustrate the dependence of the dynamic response of
the cable on the sheared flow profile and tension. Each figure contains an acceleration
spectrum, a displacement spectrum obtained by dividing the acceleration spectrum
by w!, and the square root of the integral of the displacement spectrum. The later
provides a cumulative estimate of the rms displacement- as a function of frequency. A
lower cut-off frequency of 1.0 Hz was used to prevent the blow up of low frequency
noise during the division of the acceleration spectrum by w*. The cut-off frequency
of 1 Hz was usually low enough to include all data of interest and still prevent noise
expansion. Integration of the displacement spectrum to get the rms values was carried
out numerically in reverse, from high to low frequencies. This reverse integration gives
an estimate of the rms displacement from the more reliable high frequency components
first and allows the reader to determine where low frequency noise expansion begins
and therefore allows the reader to choose the total rms values.

The amount of shear determines the total excitation force bandwidth because the
local flow velocity largely determines the local vortex shedding frequency as approx-
imately predicted by the Strouhal relationship. The acceleration spectra shown in
Figures 7.2 to Figure 7.7 reveal broader bandwidth in cases of greater shears, as
expected.

The principal observations concluded from examination of these response spectra

are as follows:

1. The steepness of the sheared flow in the canal determines the broadness of the
Tesponse spectra for the case of non-lockin. A steeper shear results in a greater
variation in velocity over the length and therefore makes a broader excitation
force bandwidth. Low tension cases of three different sheared flow conditions
(Test (1-L) in Figure 7.3, Test (2-L) in Figure 7.5, Test (3-L) in Figure 7.7
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illustrate this conclusion.

. Different tension in test conditions with the same fow profile causes different
modes and a different number of modes to be involved in the response, However,
if there is a strong shear, little difference can be seen in the respective response
spectra. The results of Test {3-H) in Figure 7.6 and Test (3-L} in Figure 7.7

illustrate this conclusion.

- Under less sheared conditions than discussed in item (2) above, the dynamic
response characteristics can be totally different due to the difference of the
given tension, particularly if lockin occurs. In high tension Test (2-H) in Figure
7.4 and the low tension Test (2-L) in Figure 7.5 were carried out with the same
medium shear flow condition (SFP2). The two response spectra are totally
different. The reason for this difference is that the possible modes excited by
the flow in Test (2-H) is much smaller than those in Test (2-L). The possible
modes excited by the flow in Test (2-H) Figure 7.4 are from the 1st to 4th modes
but the possible modes excited by the flow in Test (2-L) are from the 1st to Oth

modes,

. In Test (2-H) a single mode was able to dominate the response, whereas in
Test (2-L) several modes contributed. A similar lockin case was observed in the
response spectra of Test (1-H) (almost uniform flow, SFP1, and high tension)
as shown in Figure 7.2. Qualitatively speaking, as the number of modes excited
by the flow decreases, the likelihood of lockin increases. When lockin of any
single mode occurs, it is usually the highest mode of the possibly excited modes
which dominates as seen in the response spectra of Test (2-H} in Figure 7.4, In
that case the possible resonantly responding modes were the 1st, 2nd, 3rd, and
4th mode, but the 4th mode was the dominant one. Figure 7.8 shows spatial

variation of the response spectra of Test (2-H).

. The most important experimental result was the observation of substantial re-

sponse amplitude and frequency variation from high to low velocity regions of
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the cylinder. Hydrodynamic damping is responsible for this variation. This will
be discussed at length in the next section. Generally, for non-lockin cases, the
high velocity locations had higher response than the lower velocity regions. The
representative value of the rms displacement to diameter ratio was 0.4 to 0.5 for

the high velocity region and 0.2 to 0.3 for the low velocity region.

7.4 Experimental Observations of Hydrodynamic
Damping

Under ideal, uniform flow, single mode, lockin conditions, experiments of many
investigators have revealed that the non- hydrodynamic sources of damping (structural
damping) regulate the response. The reduced damping parameter incorporates this
concept. The interpretation of the reduced damping parameter under sheared flow
conditions is discussed at length in reference(Vandiver 1985[19]). In that paper the
author suggests that under sheared conditions hydrodynamic sources of damping must
be included in any attempt to predict response. In this paper compelling evidence is
given to support that conclusion.

The structural damping measured by free vibration decay tests in air for the test
cable in this experiment was about 0.3% of critical for modes corresponding to the
frequency ranges and tensions later experienced in the water. As will be shown,
observed response in sheared flows could only result from effective dampings of 3
to 5% and greater. This additional damping could only come from hydrodynamic

SOUrces,

7.4.1 Response of a Low Tension Flexible Hose in a Highly
Sheared Flow

Figure 7.9 is a sample time history of the response of the test cable in SFP3,

the highly sheared case. Simultaneous sample time histories of cross-flow acceleration
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are given for all six measurement locations. It is quite obvious that the high velocity
locations had higher response than the low velocity regions. Figure 7.10 is for the
same case and shows the acceleration Tesponse spectra at three locations, L/8 (high
speed), L/2 (medium flow), and 13L/18, a location where the mean flow speed was
very close to zero. The spectra was clearly attenuated in the low velocity regions. In
this case the rms displacement was 0.3 diameters at z = 13L/16 and 0.5 diameters at
z = L/8. The tension was 151 pounds and the natural modes were 0.6 Hz apart. The
peak vortex shedding frequency corresponded to about the 10th natural frequency.
Enough modes are involved in the response that variation in mode shape is not a
particularly important factor when comparing the rms response of one location to
another.

In order for the response to have been spatially attenuated as shown, hydrody-
namic damping must have been a significant influence. If there had been only struc-
tural damping of less than 1%, then n¢ would have been at most 0.1 and the response
of the cable would have revealed essentially no variation in magnitude from the high to
low velocity regions. Even though the excitation varies dramatically with position on
the cable, the response would only show significant spatial decay if substantial hydro-
dynamic damping were available. In order to determine the effective modal damping
from response records, predictions from a dynamic response model were compared
to observations. Considerable insight may be gained from the following simplified
example.

Figure 7.11 shows the magnitude squared of the response of the cable to a unit
harmonic input force at L/8 from one end. The frequency is the natural frequency
of the tenth mode. The Green’s function is plotted for damping ratios of 3,4,6, and
8%. This is similar to the experimental case corresponding to Figures 7.9 and 7.10.
The highest velocity portion of the shear near L/8 corresponded to resonance with
the tenth mode. The author feels that the response observed only could result from

a total effective damping in the 3 to 8% range.
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7.4.2 Impulse Response Under High Tension in a Turbulent
Uniform Flow

With large hydrodynamic damping the vibration excited at one location is at-
tenuated as it travels through the cable to distant points. This was confirmed by
an independent measurement. Under steady state flow-induced vibration conditions,
the cable was struck impulsively with a wooden pole, at a location near one end.
The impulse generated, propagated through the cable. Figure 7.12 shows the simul-
taneous time histories at all six accelerometer locations. The impulse can be seen
to travel from one location to the next with a travel time delay and an attenuation
due to damping. By independently examining the spectrum of each accelerometer
time history it was possible to estimate the frequency content of the impulse and
the effective damping coefficient. The cable tension was 450 pounds, the current was
approximately uniform (SFP1). The impulse had most of its energy in the 15 to 24
Hz range. The dominant vortex shedding frequency is indicated in the response peak
at 3 Hz in the spectra shown in Figure 7.13. The cable response was dominated
by third mode response at a natural frequency of 3.0 Hz. The reduced velocity was
approximately 5 corresponding to an average but turbulent flow speed of 1.4 ft/sec.

By assuming an exponential decay with distance traveled, it was possible to estj-
mate the effective damping by comparing the magnitudes of the acceleration response
spectra in the 15 to 24 Hz band. Figure 7.13 is an example. T'wo spectra are shown.
The locations were separated by 19.3 feet. If one assumes that the ratios of the two

spectra are exponentially related then

Sr+hw) gk sjo, 1
0 4 = £ § oo o .
S{z,w) 6 (7.1)

Choosing a typical frequency of =18 Hz , and noting that w = 2rnf , 1=19.3 feet,

Cp=120 feet/sec, and the ratio of the spectra is approximately six to one, results in

an estimate of ¢=0.049 or 4.9%. Many similar calculations were performed between

different locations and for different impulse events. The results fell into a range of 4

to 6% damping. The spectra shown in Figure 7.13 are typical in that the attenuation
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between the two spectra in the 15 to 24 Hz band is approximately constant which
indicates a frequency dependent damping which decreases with increasing frequency.
This agrees with the conclusion explained in the section on damping prediction for

infinite cables,
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Chapter 8

Comparison between Predicted

and Experimental Results

8.1 Implementation of the Response Prediction

Model

A computer program was written to implement the response prediction method
described in chapter four. This program can at present be applied to the response
prediction of a constant tension, uniform cable in a monotonically increasing sheared
flow.

Estimation of damping is completed based on the hydrodynamic damping model
in Section 4.4.1. The lift force spectrum (as modeled in Section 4.4.2) is calculated
at numerous discrete points in space and frequency. Using the estimated damping
value and the lift force spectrum, the displacement response spectrum at location z

is obtained numerically:

L L . ,
Swlmn) = [7de 74 Sy, (6,6, )G (/6" (2/¢)
= (G350, 600G 29 (8.
where
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Syylz, wi) = the displacement response spectrum

at location z and w = w,

Aw = resolution in frequency domain
Ty = number of segments in the span
L/n, = resolution in space

Sy, Iz (¢, 7,we) = lift force spectrum
atfz::%—, E’z%andwxwk
G{z/¢§) = the Green’s function at z excited at & = iL

R

G*(z/€) = conjugate of the Green’s function at z excited at ¢ = f{i

#

The acceleration spectrum is calculated from the displacement spectrum as shown

below.

Si}i)(x’wk) = w:’svv(z’wk) (8.2)

In order to confirm the validity of the present response prediction model for the
non-lockin case, sample runs were made for four different test conditions and were
compared with the experimental results. The values of input parameters used to de-
termine hydrodynamic damping and hydrodynamic lift force are summarized in Table
8.1. Linear sheared flow profiles which closely approximated the experimental profiles
were used in the prediction. Cp, C,, and C}, were chosen to give good agreement with
Test(3-L) and then kept at those values for all other cases. The measured acceleration
spectra were averaged 14 times with recordlengths of 1024 data points. The sampling
frequencies were 50 Hz for Test(2-H) and Test(2-L)and 60 Hz for Test(3-H) and
Test(3-L). Resolution in space was 0.02L and resolution in frequency was 0.2Hz in
the numerical calculation for all test condition. All of the important outputs including

the predicted and measured rms displacement are surnmarized in Table 8.2.
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Table 8.1: Summary of the input parameters

Test condition Test (2-H) | Test (2-L) | Test (3-H) | Test (3-1)
Flow profile SFP2 SFP2 SFP3 SFP3
Flow velocity(ft/sec)
min. 0 0 0 0
max. 2.15 2.0 3.5 3.5
One standard deviation
of turbulence(ft/sec) 0.25 0.25 0.4 0.4
Tension {lbs) 349 62 344 145
Structural damping ratio 0.003 0.003 0.003 0.003
Drag force coeff. Cp 1.0 1.0 1.0 1.0
~* 1.0 1.0 1.0 1.0
Added mass coeff. C, 1.0 1.0 1.0 1.0
Correlation length coeff. [* 0.125 0.06 0.07 0.05
Mean square lift coeff. C? 2.0 2.0 2.0 2.0
Coeff. of higher harmonics
Cra 0.1 0.04 0.04 0.04
CrLs 0.15 0.06 0.06 0.06
Cra 0.0025 0.001 0.001 0.001
Crs 0.025 0.01 0.01 0.01

* ~ is the parameter which accounts for the effect of the response amplitude on the
hydrodynamic damping. 7 = 1 neglects the response amplitude effect on the hydro-
dynamic damping. This gives a lower bound estimate of damping for any assumed

Cp.

i

Timazx

*% I = for each case

107




Table 8.2: Summary of the output

Test condition Test (2-H) | Test (2-L) | Test (3-H) | Test (3-L)
Flow profile SFP2 SFP2 SFP3 SFP3
Flow velocity{ft/sec)
min. 0 0 0 0
max. 2.15 2.0 3.5 3.5
Tension (lbs) 349 62 344 145
Calculated first
natural freq.(Hz) 0.92 0.39 0.91 0.59
Standard deviation of
excitation spectrum(H z) 1.07 1.07 1.71 1.71
Peak mode number
excted by the flow, n 4 9 7 11
Estimated damping ratio
for the peak mode, ¢, 0.046 0.056 0.058 0.064
e, | 0.18 0.50 0.41 0.70
Rms displ. at z = L/8(in)
predicted 0.59 G.55 G.62 0.52
measured’ 0.57 0.45 0.51 0.50
Rms displ. at z = 13L/16(in)
predicted 0.54 0.38 0.37 0.34
measured* 0.53 0.46 0.39 0.41

* Cut-off frequency for integration of acceleration spectra to get rms dispacement was
1.0 H=.
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The results which will be shown for each test condition consist of four figures:

1. Predicted acceleration spectra at z = L/8(high flow velocity region) and z =

13L/16(near zero flow velocity region)

2. Predicted and measured acceleration spectra at z = L/8(high flow velocity

region)

3. Predicted and measured acceleration spectra at z = 13L/16 (near zero flow

velocity region)

4. Predicted and measured integrated displacement spectra at z = L/8 and z =

13L/16

In this chapter, two extreme cases will be shown. One is the high tension and low
shear case (Test(2-H)) and another is the low tension and high shear case{Test(3-L)).
The results of two other cases(Test(2-L) and Test (3-H)) are shown in Appendix B.

The results for Test (2-H)(the slightly sheared flow, SFP2, and high tension) are
shown in Figure 8.1 to Figure 8.4. The predicted acceleration spectra at the two
locations, z = L/8 and z = 13L/16 , in Figure 8.1 do not show much spatial attenu-
ation of the response. As discussed in chapter 3 and chapter 4, n¢, is an important
parameter in determining the cable’s behavior. When n¢, is less than 0.2, single mode
resonant response may dominate the total response. For Test (2-H)} n¢, = 0.18, and
is therefore on the borderline in behavior. In this case the response was not lockin.
The predicted result shows quite good agreement with the experimental results as
shown in Figure 8.2 to Figure 8.4. Figure 8.4 shows the rms displacement response
or a cumulative integral of the spectrum from high to low frequency.

The results for Test (3-L)(the highly sheared flow, SFP3, and low tension)are
shown in Figure 8.5 to F igure 8.8. The predicted acceleration spectra at the two
locations, z = L/8 and z = 13L/16, as shown in Figure 8.5 reveal a large spatial
attenuation of response. The estimated value of ng, was 0.7. For values of n¢,

between 0.2 and 3, significant spatial attenuation occurs over the length of the cable

109




0¢

(2 ) Kouanbayy

(sq1 6¥2=], pue ‘7345 ‘moy pareays
ApyBus)(H-z)say, 10§ 91/7¢1 pue 8/7 1= v1yoads uoneiapaoe PaINpaLy :['g andiy

SO-21

10°0

01

1000°

0

1000

(z 7/ 6)wnnoads uonesjadde

110



(sq1 6¥g=1, pue ‘7445 ‘mop pereoys
Apy3ys) (H-z)1s9L, 10 8/7 e vIpdads UOHRIS[3I5® paInseaul pue pajdipaly :Z'g aIng A

(z /) Kouanbay

07 01

S0l

-1 10000

1
A
LA TR
i, i
ARG A . :
R T O R SN -
oy wfo W -'v- S
Y * pm “......v__o,:f " e
M way TPl e ik i 00
i H 4N .:h.r v, ] Ty
4 M . } : T ’
¥ NN 5 1000
o h
e ¥ q.. ..M } -1:#: i mm.u—‘ﬂ.f‘ i M m
i
3 e R, ¥ i34 s ]
¥ 1 ﬂ trohte, . A P 1 ¥ &
g
.y i .s‘. ¢, t -, - [
. ' s e : N ]
Ly LI | i b a.f%. o
. % g AR ! ' &
L] L] (3 3 e *
: el A ol ‘ 100
M AV H we ¥ b ¥ P
: g5 e f b + &
' * .- " ' Ling
, V0 . , o
& L oy
rl ]
VN ) : =
’n
- ¥ B34 : w
u\—.n v.. . G
»y . ™ ~O 924
: v fat O
¥ \ie facg
: -
H o
hEM
N 3
paidipaid ty
8 | - L
: = 2
mumw.mm.-mwmw& aaaaaaaaa - H
™
M
i |

o1

111



0] 91/781 1 espeds UoljeIa[adoR  painseawr pue pajorpasg

{591 6¥E=7, pue ‘7445 ‘mop pareays Ay3Bis) (j-z)ise,

0z

{z 7 ) Aouanbayy

01

'e'8  eandiy

m I
$0-91
tit :
I ) ! ™ ’
N T 1000°0
r !J AN S P L .
PR S ikl N i SR L,
” iy *kr uw. N\ .“- &.!&.n “.
M H HEREE .“_\ L
H m.. ~alv ..h\ﬁ
and 3 ., RIEOES w .t..,\ J
¥ aﬁ- r \m\.m u-— .vqu.s t
ynte ’ -t .
. il 3 X J¢ 1000
woowh 1y, ol ¥ i 2
.mm i v w b2 o 5
41 .2 L o o
L a, L [ 4 * o
e Yy LT ' b
. + w. .lf N -.ﬂ I
o .M : ! e
g FVER o1, ; -
b ;
! ' s . o ¥y / - . 42
WA R “ 100 g
8- .N. ...:‘\ Y te +
B I 3 " ¢ : =
.w._h T L : O
P b 3
- H s ] [
; 7 AL 5
i - I
A/ L o o
' \\um.‘ p
“ et um ol
.
i
Pa121paud i 2
o ¥ ﬁz
pansesws ......... 1 ,m
™
et
t
i

112



01

(91 63¢=1, pue ‘TddS ‘moy paresys AP3us) (H-z)1se, 105 91/7¢1

PU® 8/7 1 erpoeds justade|dsip pajesdaiuy painsrow PU® DAPdIPaIg :p'g aund d

(2 ) Kouanbay

<

91/T¢1 =z 1e pa121paid

91/781 == 1e painseaw

.......

8/7T==z1e pavipad 7 TR

8/7 = = 1e painseaw

o
<
(youz)sw

113



as discussed in chapterd and chapterd. The greatest difference between the predicted
and measured accelerlation spectra at z = L, /8 in Figure 8.6 occurs in the frequency

range of 8 to 11 Hz. The possible reasons for this difference are:

1. Non-stationarity in the flow velocity over the 14 records used in computing the

averaged spectrum. The total record length was 4 minutes.

2. Time varying mean tension due to non-stationarity in mean flow velocity and

mean drag coefficient.
3. Linear assumption of sheared flow profile

In the prediction model, mean flow velocity and tension are assumed to be stationary
in time and in space, but in fact varied with the current. The standard deviation
of the reference current velocity measured in the peak flow region was about +10%.
The flow profile is assumed to be linear but it is not linear, especially near the canal
boundaries. The measured acceleration spectrum at z = 13L/16 in Figure 8.7 is
larger than predicted in the range of 8 to 13 Hz. The possible error for this may
occur in the vector decomposition of acceleration signals. In-line vibration occurs at
twice the frequency of the cross-flow and if contained errorneously in the cross-flow
data would push up the result in the 8-13Hz range. It should be noted that the
measured acceleration spectrum at z = 13L/16 is much smoother than the predicted
one. The slowly varying mean flow velocity in space and time can be a possible reason

for this smoothed result in the acceleration measurement,
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8.2 Parametric Study in C}, Cp, AV,,.., I, and Vims

A parametric study was undertaken to investigate the sensitivity of the predicted
response due to variation in the mean square lift coefficient, C} |, drag coeflicient, Cp,
variation in the standard deviation of turbulence, AV,,,, , spatial correlation length
coefficient, I, , and variation in the maximum flow velocity of the sheared flow profile,
Vinaz. Parametric Studies were made for Test (3-L}(highly sheared flow, SFP3, and
low tension} by varying one parameter and keeping the other parameters fixed. The
values of input parameters used to carry out the sensitivity analysis with the values

of predicted rms displacement are summarized in Table 8.3.

Table 8.3: The values of input parameters for sensitivity analysis and predicted re-

sponses

Input

parameter CE, y:;w C’D Yrma QV;-:;: Yrme lc Yems V,;,;: Yrmas

1 025 019| 05 067 02 0460025 0.41] 3.0 053
2 1.0 037 (100 052| [0.4] 052][0.05 o052 3.5 o0.52
3 20" 05220 041 06 062 0.1 059] 4.0 049

* The values in | | represent the values used in the prediction which came closest to
the experimental observations.

¥¥ Yume 18 10 tnek scale.

% AV, isin ft/sec scale

*kxk Voo s in ft/sec scale
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Figure 8.9 shows the result of parametric variation of the mean square lift coeffi-
cient C}. Three different values of C2, 0.25, 1.0 and 2.0 were used in the prediction of
the acceleration spectra at z = L/8(high flow velocity region). The results show that
increase of the response spectra is linearly proportional to the increase of the mean
square lift coefficient C} as anticipated.

The results of the sensitivity of the computed response to variation in the drag
coefficient, Cp , are shown in Figure 8.10. The predicted integrated spectraatr = L /8
and z = 13L/16 are shown for the values of Cp=0.5, 1.0 and 2.0. Increasing Cp gives
not only a decrease in the rms displacement but also more spatial attenuation of the
response.

Figure 8.11 shows the results of a parametric variation of the standard deviation
of flow turbulence AV,,,,. The predicted acceleration spectra at L/ are shown for
the values of AV,,,, of 0.2, 0.4 and 0.6 ft/sec. Increasing AV,,,, makes the response
spectra broader and larger.

The results of variation of the spatial correlation length coefficient I, is shown in
Figure 8.12. The predicted acceleration .spectra at z = L/8 are shown for the values
of I, of 0.025, 0.05 and 0.1. Increase of the spatial correlation length coefficient {,
makes the response spectrum broader and larger, but for the range of variation used
here, from 0.025 to 0.1, variation in !, has little import.

The change of the maximum flow velocity in the linear flow profile shifts the peak
frequency in the response spectrum. Figure 8.13 shows the result of a parametric
variation of the maximum flow velocity V,,.,. Generally rms response increases with
the increase of V,,,,.

A final variation is shown to reveal the significance of the higher harmonic terms.
Figure 8.14 shows the predicted response with and without the higher order lift terms.
The variation at high frequencies is very significant. However, this pronounced varia-
tion at high frequencies does not make a big difference in the rms displacement results,

but is important for acceleration prediction.
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Chapter 9

Summary and conclusions

Field experiments were conducted to investigate the dynamic response character-
istics of a tensioned cable in sheared flows. The tests were conducted under realistic
field conditions with a length to diameter ratio of approximately 600. Uniform to
highly sheared flows were achieved.

A response prediction method was proposed for the non-lockin, vortex-induced
vibration of a tensioned cylinder in sheared flow based on a Green’s function approach.
An hydrodynamic damping and an excitation mode] are proposed based on linear
random vibration theory. The predicted response, using parameters estimated from
the same experiments, is compared with the experimental observations.

Findings obtained in this study are as follows:

1. For the non-lockin case, the steepness of sheared flow profile determines the

broadness of the response spectrum through a local Strouhal relationship.

2. The non-dimensional parameters f, m../f1 and A fs/ f1 are important in estj-

mating the likelihood of the occurrence of single mode lockin.

3. With the exception of pure single mode lockin, hydrodynamic modal damping
plays an important role in determining flow induced vibration response, In these
experiments hydrodynamic damping was 10 to 20 times larger than structural

damping.
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4. The product ng,, determines whether the cylinder behaves like a infinite cable
or not. When this parameter exceeds 3, then infinite length behavior takes over.

When it is less than 0.1, single modes may dominate the response.

5. The mode superposition method requires many modes when n¢, exceeds about
0.2. In such cases non-resonant modal contributions are substantial and account

for the spatial attenuation.

6. The predicted and observed damping ratio varied inversely with frequency.

Suggestions for further Research

As an immediate extension of this work, it is suggested that the response prediction
model be extended to cylindrical structures other than uniform cables with constant
tension. Non uniform tension, diameter, and bending stiffness need all be considered.

Another suggestion for further research is to carry out more experiments in sheared
flow using a very high density cable. In uniform flow, the lockin bandwidth in the
reduce velocity domain is mainly dependent upon the mass ratio. It would be inter-
esting to see the differences between the response characteristics in sheared flow of
cables with differences in their mass ratios. More research needs to be conducted to

understand hydrodynamic damping mechanisms.
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Appendix A

Dynamic characteristics of the test

cable in air

During field experiments, the dynamic characteristics of the test cable in air were
investigated. After making the test cable oscillate in a specific mode, the free decay
signals were obtained. Figure A.1 shows the cross-flow acceleration time histories at
L/8, L/6, L/4, L/2, 11L/16, and 13L/16. As a result of the modal identification
process, natural coordinate time histories for the 1st, 2nd, 3rd, and 5th modes were
extracted and piotted in Figure A.2. Figure A.2 shows free decay of the 3rd mode
acceleration. A similar free decay test was done for the 2nd mode. For lightly damped
structures, the natural frequency and the damping ratio for the Jth mode are given

by:

N,
g, v1
1 A
- In —2t .
g} 2?rN€ n A{+Nc (A 2.)
where

fi = the jth mode natural frequency
¢ = damping ratio for the jth mode
AT = time duration between the amplitudes of two peaks

which are n cycles apart
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N, =
A,‘ =

the number of cycles between two peaks
amplitude of the initial peak

Airn= amplitude of the peak after N, cycles from initial peak

Table A.1 shows the measured natural frequencies and damping ratios for the 2nd and
3rd modes. Table A.1 includes the calculated natural frequencies under the tension

of 230 pounds using the simple equation for a taut string.

Table A.1: Dynamic characteristics of the test cable in air

Natural frequency Damping
Mode No. | measured | calculated ratio
2nd mode 1.98 1.98 0.0032
3rd mode 2.99 2.97 0.0028
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Appendix B

Predicted and Experimental

Results for Test(2-L) and Test(3-H)

The predicted results and experimental results for two test conditions which were
not shown in chapter 8 are shown in here. One is the low tension and low shear
case (Test(2-L)) and another is the high tension and high shear case (Test(3-H)). The

results which will be shown for each test condition consist of four figures:

1. Predicted acceleration spectra at z = L/8(high flow velocity region) and z =

13L/16(near zero flow velocity region)

2. Predicted and measured acceleration spectra at £ = L/8 (high flow velocity

region)

3. Predicted and measured acceleration spectra at z = 13L./16(near zero flow

velocity region)

4. Predicted and measured integrated displacement spectra at z = L/8 and z =

13L/16
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Predicted and measured acceleration spectra at 13L/16 for

Test(3-H)(highly sheared flow, SFP3, and T=344 lbs)
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Figure
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