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Abstract

Experiments on vortex-induced vibration suppression devices were carried
out at a canal of the Merrimack river in Lawrence, Massachusetts. Helical wire
type and flag type suppression devices were attached to a cable 67.25 feet in
length and 1.125 inches in diameter. The effectiveness of the suppresssion devices
was measured in uniform and sheared flow, as well as under different tension.
Vortex-induced vibration mechanisms of the related suppression devices were also

studied.
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Chapter 1

Introduction

With the development of offshore technology, vortex-induced vibration has
become an important consideration in the design and operation of mooring lines
and ocean structures. Vortex-induced vibration can cause mechanical failure of
ocean structures as well as create noise which deteriorates the signal transmission
of instruments in underwater environments. Separate aspects of the mechanism,
such as shedding frequency, drag and lift force, pressure distribution, hydrody-
namic damping, resonance with the structure, and coherence of the vibration have
been extensively studied. However, because of the complex interaction between
structural properties and the fluid mechanisms, a satisfactory analytical model

sufficient for engineering implementation is not curreatly available.

It is well known that vortex vibration can be suppressed by various struc-
tural and hydrodynamic means. Some of the suppression devices, which have been
developed during wind-induced vibration studies, can be adopted to the vortex-
induced vibration in marine field, with some reservations. Many of the scattered
experimental results on suppression devices, which have been mainly obtained at
the laboratory level, are useful for initial feasibility studies. However, for actual
applications, it is prudent to implement the suppression device after an experi-

mental confirmation to ensure successfyl performance.

Many of the governing variables for suppression devices are correlated;thus,
the study of the vortex-induced vibration mechanism is essential for the under-
standing of the phenomenon, as well as for technical applications. Some of the




successful application examples on drill casings and mooring lines for instruments

are found in (I - 6},

This thesis evaluates the performance of helical wire and flag type sup-
pression devices, and studies mechanisms of vortex-induced suppression devices
in marine environments. In Chapter 2, the mechanisms of suppression devices,
which were used for the experiments detailed in Chapter 3, are mainly covered.
Other general types of suppression devices are also reviewed briefly. In Chapter 3,
descriptions of the experiment and the performance evaluation of the suppression

devices are made. Finally, summary and conclusions are drawn in Chapter 4.
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Chapter 2

Mechanism of Suppression Devices

2.1 Vortex shedding mechanism

A detailed anaysis of a vortex shedding mechanism is too complex to be
treated as a whole; however, each of the governing factors may be modeled and
explained separately. The study of the each variable is important for understand-
ing the vibration response of the integrated system. In this section, a basic model
of vortex-vibration mechanism is considered, and the effects of several variables
are studied, based on the model.

2.1.1 Basic model

A cylindrical structure subjected to a vortex-induced vibration can be mod-
eled as in Fig. 2.1. Assuming the angle (#) with respect to the reference line is
small, the vertical () direction and angular momentum equations are expressed

as follows,

y direction momentum:

Py _ 8y 8Q 8,48y
(m + mg)ag-fg = 63? + 3z + E(Tg;) + Fg(t) (2.1)
angular momentum:
8 oM
lv)=5-4Q | (22)

As the rotary inertia of the modeled cylinder is negligible, the right side
11




df = §dz = Shdz
dl = §Ldz
4@ = %?dz

m : unit mass in air

me : added mass

¢ : damping coefficient
El : bending stiffness
T : tension

Q : shear force

M : bending moment

Fig. 2.1 Model of a circular cylinder subjected to

vortex-induced vibration

12




of eqn. 2.2 is reduced to zero. Therefore,

oM
= - (2.3)
For a homogeneous material with constant tension, the general equation of

a cylinder in a vortex-induced vibration is obtained by using a beam deflection
formula(7) and eqn. 2.3, which is

8? Py 9 a1
—T%{Hm’mg)&—gn% -Efé-z-f-mi‘,(t) (24)

When we think about the flexible cable,

the bending regidity term(ET44)
reduces to zero, and the sum of unit mass(m)

and added mass(m,) is replaced with
the equivalent unit mass(m,). Then the equation is simplified as

Py by 8
T+ ot + Mgz = Ryt (25)

However, the response affects the external force, and the system s not
linear. In order to understand the steady state system response, we first try a
linearized model sketched ip Fig. 2.2,

When the cable has simple pin-end connections,

and a unit harmonic ex-
ternal force f(t)

is applied at location 4, the response at z is assumed to be
¥(2,8,w) = H(z,8,uw)e™t (2.6)
Applying eqn. 2.6 to eqn. 2.5, and from boundary conditions, we obtain(8)

H{z,0,w) = %%}#Mhhz forlcz<g
1 1

- &fnfl;‘;ﬂ . -
H(z0,0)= miﬂ.nMiLsmh,\lz(L 8) fora<z<l (2.7)

where

2  {
A o= [(..’ﬁ.;_f‘;’..)" + (%)QJ (as’ng + icoe)




Iy y

T ——

&
3

L :length of a cylinder
T : tension of a cylinder
¢ : damping coefficient

m, : effective mass

Jy(6) : exciting force at a

y(z) : response at x

Fig. 2.2 Response model of harmonic exciting force

in flexible cylinder with pin-end joints

14




and

tan(f) = ﬁ;

The example of transfer function H{0.1,},0) in the case of T = = 1{ib or Bax[E)
me = 1/400( @lﬁﬁ- or alug/ft), L = 1{f1), and ¢ = %&ﬂ ]’?";Ei'c? is shown in Fig,

2.3. From eqn. 2.7, the response spectrum at z (S,(z,w)

w}) subjected to exciting
spectrum Sy(s,w) is

Sy(2,w) = |H(z,0,0)5(s,w) (28)
If the exciting force F(t) is distributed along the cable, the response at z js
EZH‘ 2,05,w)H (z,85,0)8y (0, 04, ) (2.9)
=1 k=)
where
Hz,e,0) =

the response x to a unit harmonic exciting force at 85
8(aj,0¢,w) = cross-spectral density between the exciting forces
/(sj,t) at 5; and J(ak,t) 8t o

& = number of exciting forces

In reality, the modeling and calculation of the

exciting forces and cross-
spectral density of eqn.

2.9 are very complicated: therefore, only qualitative
behaviors of the variables related to the vortex-

vibration mechanism are studied
in the following sections.

2.1.2 Structurai(system) properties

The system properties, such as tension, bending stiffness,
ing constitute the vibration system, as simplified in eqn. 2.4,
affects the system transfer function.

mass, and damp-
Each of the variables

15




G6
31
04

0.3 4

. j\/UvUbL

o BOn 100x - 150x 200% 250% 300= 350« 400%
Frequency/{rad/s}

Magnitude of the displscemeant frequency-responss funclion

Fig. 2.3 Transfer function of a cable at x=0.1L excited at x=L/3
(T=1, m=1/400, c=21/400, and L=1) (after (8)}
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- Tension{T), bending stiffness(E7), and effective mass(m,)

The system frequency transfer function, which generally has peaks
at its natural frequencies, greatly affects the magnitudes of response. When
damping is neglected, the fundamental frequency(/;) of a beam under tension
in air with length / and hinged ends is

_ 1 /r’E] T
fi-ﬂ' ﬁ;}:‘*;{: (2.10)

Therefore, the tension and bending stiffness are important factors which in-
crease the natural frequency of the structure, and e{fective{eqnivalent) mass
per unit length(m,) reduces it. The effective mass includes hydrodynamic
added mass, which for simplicity is usually assumed to be constant. In reality,
it may be a time dependent quantity. But it is assumed to be constant in this
work. When a more complex mode] with variable geometry, nonhomogeneous
material, and variable tension is congidered, the response characteristics will
be determined by the complicated wave dispersion relations.

- Damping(c)!

At resonance, the inertia and stiffness terms cancel one another in the
response function, and only the damping term becomes in dynamic equal-
ibrium with the exciting forces. Therefore, small damping produces large
responses. In flow-induced vibration prediction, the hydrodynamic contribu-
tion to the total damping is not only very important, but also difficult to
estimate(9). The uncertainties related with the added mass and hydrody-
eamic damping make the response prediction difficult..

2.1.8 Exciting forces

I This viscous damping coefficient(c) is defined by force per velocity in unit length

17




- Vortex formation and shedding

An ideal flow around a cylinder does not separates, but with viscosity, the
flow separates and results in pressure difference around the cylinder. Prantl{10}
studied the vortex formation by taking a series of instantaneous streamline pic-
tures, and postulated that "the vortex formation is accomplished by a spiral
rolling up of free shear layers”. Perry et al.(11) explained the vortex formation
process by flow visualization methods: "During starting flow, the cavity behind
the cylinder is closed. However, once the vortex shedding process begins, the
'closed’ cavity becomes open, and an instantaneous ’alleyway’ of fluid is formed
which penetrates the cavity”. Recently, Cantwell et al.(12) measured the flow
velocity components in various phases by averaging many experimental results.
Fig. 2.4 shows the vortex formation and shedding cycle suggested by Cantwell et
al.(12). Some analytic studies provide us basic theoretical backgrounds for vortex
formation. Reference (13) shows the wake instability behind a circular cylinder
causes the vortex formation. Other studies on the vortex formation and shedding

process are found in (14-16).

- Drag and lift forces

When a cylinder is placed in a flowing fluid, dynamic forces are created
around the cylinder. The forces, which are caused by pressure differences, are

composed of steady component drag force, and oscillating component drag
and lift forces. In most cases, the cross-flow vibration due to the oscillating

lift force is more significant than the in-line vibration.

The mean drag for;:e(&) exposed to & constant flow velociety(V) is

18




Fig. 24 Vortex formation an

d shedding cycle from a cylinder
(after (12))
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calculated by the experimental formula
Fi= %cigsw (2.11)
where
Cy: drag coefficient
p: density of fluid
§: {rontal area

The drag and lift coefficients are largely dependent upon geometry of
structure, Reynolds number, turbulence level, and surface roughuess. The
study of the drag and lift forces for circular cylinders has been an important

part of fluid mechanics. An bibliographical summary is found in (12).

When the cylinder is oscillating, the lift or drag coefficient may be
expressed in a root mean square(RMS) form((C7,)!/%). In that case, the coef-
ficients (Ci,Cq) follow certain probability density functions(17)*. Most mea-
surements of drag and lift coefficients have been made on fixed cylinders.
They may have different values when the cylinder is in motion. if a cylin-
der is oscillating, either in-line or cross-flow direction, the relative velocity
of the cylinder is also alternating ever in a constant flow condition. There-
fore, it is obvious that the response output velocity affects the exciting force
by changing the relative velocity and direction. In most studies, the in-line
and cross-flow vibration are treated independently, but there could be inter-

actions between the two modes. The cross-flow vibration affects the steady

? Experimental results revea! the probability density function generally follows the
Caussian distribution. Therefore, the lift and drag force are not simple harmonic

fucntions with fixed amplitudes and frequencies.

20




component in-line drag force(18). The steady compounent of the in-line drag
generally increases with the cross-flow vibration amplitude. It is generally
known that the ip-line vibration frequency is approximately twice that of
cross-flow vibration. Nath's study(19) shows the roughness of cylinder due
to marine accretion greatly affects the drag and lift coefficients.

The study of pressure distribution measurements around cylinders are
useful not only for the determination of the drag or lift force, but also for
the understanding of the vortex formation and shedding process. The related
studies are found in (12, 20-22).

- Shedding frequency

The dominant vortex shedding frequency(f,) is proportion to Strouhal
number(S;) and the flow velocity (V) divided by cylinder diameter(D),

L= Sig (2.12)

The shedding frequency is dependent op Reynolds number, geometry,
and surface roughness but independent of materia) density. At Reynolds num-
ber up to approximately 3x 10%, the shedding occurs in a narrow band range,
but above this range(transition range), the vortex shedding becomes irreg-
ular. Stroubal numbers of noncircular sections are referenced to (23). Tke
shedding frequency of an oscillating cyninder may have a different value from
that of a stationary cylinder. When a cylinder s oscillating, the vortex shed-
ding frequency tends to change from stationary cylinder shedding frequency
to the cylinder vibration frequency, which sometimes results in lock-in.

From eqn. 2.11 and 2.12, the cross-flow exciting force at location x can be

expressed as
f(2,4) = Fy(z)e2etut (213)

21




where [, is shedding frequency, and F(z) is magnitude of the lift force in eqn.

2.11,

The exciting forces expressed in eqn. 2.9 are correlated within a certain
length, and the correlation of exciting forces is very important in the determina-

tion of the responce.
2.1.4 Response

Once system properties and input forces are defined, the response is uniquely
determined. However, the structural and hydrodynamic properties interact each
other, and thus result in an integrated nonlinesr feedback mechanism(Fig. 2.5).

The dimensionless amplitude of vortex-induced vibration can be expressed

as a function of non-dimensionalized parameters,

¥ LVD V m
-D- = F('D‘; "'"';""! m: ;b'i*f) (214)

The above variables represent geometry, Reynolds number, reduced veloc-
ity, mass ratio, and damping coefficient respectively. In what follows, some of the
important features of the vortex-induced vibration response are briefly reviewed.

- Lock-in

When a vortex shedding frequency coincides with one of the natural
frequencies of a structure and the damping is not high, the response ampli-
tude increases appreciably. In the neighborkood of the frequency, the shed-
ding frequency does not follow the Strouhal relationship(eqn. 2.12), but fol- .
lows the structural natural frequency. The typical relationship with shedding
frequency and the flow velocicy in lock-in mode is found in (24). It is known
that the shedding frequency, caused by the flow velocity ranging 0.7 to 1.3

2
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times that of the resonant velocity, is maintained at the resonant frequency,
and the amplitude becomes fairly even with some low frequency modula-
tion(24,25). In lock-in mode, the vortex formation region is shortened, and
the correlation length is increased(26), which magnifles the response ampli-
tude. The persistence of the frequency, which also increases the amplitude,
could be explained by hysterisis effects. Zdravkovich(26) explained the hys-
terisis effects by using the existence of two modes of vortex shedding in the
synchronization range. An extensive study of the lock-in mechanism is found

in references {25,26).

Coherence

Spanwise coherence of vortex shedding is important in the prediction
of response. The coherence(or correlation) length varies with Reynolds num-
ber, length/diameter ratio, and surface roughness. Experimental results re-
veal that for Reynolds numbers between 1.1x 10* and 4.5 x 104, the coherence
length is approximately 3 to 6 times of the cylinder diameter for station-
ary cylinders(18). For oscillating cylinders, the correlation length increases

appreciably especially in the lock-in mode.

Reduced velocity

The reduced velocy(V;) in eq. 2.15 is the parameter to judge the pos-

sibility of lock-in,

V, = ﬁ%- (2.18)

where

V: flow velocity

fs: natural frequency

24




D: cylinder diameter

For a Strouhal number of 0.2, the reduced velocity in the lock-in mode be-

comes 5.

- Stability parameter

The stability parameter(K,) defined by eq. 2.16 is one of the parame-
ters that governs response amplitude,

2me¢
K: = ;‘5%‘ (2.16)

where

m.: equivalent unit mass
¢: damping coefficient?
p: fluid density

D: cylinder diameter

The lower the stability parameter, the larger the response amplitude,
With the same principle, by increasing the parameter, the vibration level may
be reduced significantly. Studies on response amplitude versus the stability

parameter are found in (18,24).

2.2 Vortex shedding suppression mechanisms

* The damping coefficient is calculated from the logarithm decreament of the dis-

placement amplitude in a vacuum.

%




As mentioned in section 2.1.1, the response amplitude of vortex-induced
vibration is the result of the system properties and the input forces. Therefore,
the response amplitude can be reduced by changing the system properties and/or
by reducing the input forces. Extensive review papers in (27,28,24) are referenced

for vortex vibration suppression mechanisms and applications.

2.2.1 Structural means

The variables studied in section 2.1.2 can be altered to reduce vibration.
For example, by changing the frequency transfer function, the resonant vibration
range may be avoided, and by increasing the damping or the stability parame-
ter, the vibration level may be reduced. Some types of suppression devices use

damping effects(24), but none are suitable for marine applications.

2.2.2 Hydrodynamic means

The reduction of lift forces naturally reduces the vortex-induced vibration
response. The exciting forces may be reduced by adopting a bydrodynamic means
of suppression. The suppression devices affect the separation point, the vortex
formation, the width of wake, and the correlation of the vorticity along a cylin-
der. At the same time, they affect the geometry, unit mass, and damping of the
structure subjected to a vortex-induced vibration.

2.2.8 Classification of suppression devices

The hydrodynamic means of suppression devices are grouped as follows:

(1) Surface protrusion{Boundary layer device)

These types of devices influence the generation of turbulence in the

boundary layer which reduces the pressure difference. However, most surface

26




protrusion devices increase the jn-line drag force. Typical examples of surface

protrusion devices are helical wires, strakes, and vertical fins.

(2) Shroud

The increase of surface roughness generally reduces the vortex forma-
tion; however, the shroud type suppression devices are not so effective in

marine environments. Examples of shroud are referenced to (24,27).

(3) Wake stabilizer

By stabilizing rear wakes, the exciting force is reduced signigicantly,
Splitter plates, guiding plates, guiding vane, fringes, hair fairing, and ribbon

are examples.

The first two types of the suppression device(surface protrusion, shroud)
are classified as omni-directional, and the last(wake stabilizer), as uni-directional
devices. But by adopting a weathervaning device, the wake stabilizer type

can also be used for an omni-directional purpose.

The suppression devices tested and described in Chapter 3 are re.
garded as helical wire and flag types. Therefore, the mechanisms of these

two suppression devices are studied here,

2.2.4 Helical wire suppression devices

The helical strake and helical wire are the most frequently used sup-
pression devices in wind-induced vibration field. Sharp edged strakes are
known to be more effective than round wires in vibration suppression. Edge
vortices generated behind the helical wires suppress the separation of the
boundary layer and narrow the wake, The helix also discourages the correla-

27




tion of the vortex shedding along the cylinder by forcing the wake to become

three dimensional.

The diameter of the helical wire(h) to cylinder diameter(D}, pitch ra-
tio, and number of starts are important parameters in helical wire type de-
vices. Commonly used types of the helical wires are §, 0.1, pitch, 8-16 D,
and three starts(27). Substantial deviation from these suggested values may
cause large vibration amplitude, sometimes exceeding that found for the plain
cylinder(27). Weaver(28) carried out extensive experiments to find the op-
timum number of starts, size, and pitch of helical wires. The results show
that the diameter of the helical wire has equal effects as the size of helical
strake. Fig. 2.6 shows the effects of helical wire sige, pitch, and the num-
ber of starts in vibration suppression. The helical wire reduces the vibration
amplitude;however it increases the in-line drag force. With the increase of
turbulence, the suppression effect is reduced. Therefore, the turbulence level
should also be considered in the estimation of vibration level. For marine
applications, the helical wire has disadvantages in handling and marine ac-

cretion problems.

Application examples of helical strakes in offshore drill casing are
found in (2,3). The results showed that a three start helical wire with a
pitch of 5D and radial protrusion 0.1D(h/D=0.1) for a 36 inch drill casing
reduced the vibration to an almost negligible level(3).

2.2.5 Flag suppression devices

Flags prevent the interaction of alternating pressure on each side of -
the flag. The flags stabilize the rear wake and the re-attachment of the flow,
and dissipate vibration energy. The experimental results of splitter plates

28
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are rather abundant, and most of the characteristics may be ascribed to the
flag as it can be regarded as a flexible splitter plate. It is known that the
appropriate length of the flag is 5-7 times that of the cylinder diameter. But
the optimum trailing length of the flag for flexible cylinders is longer than
for the rigid cylinder case. The stiffer flags are more effective in vibration
suppression, but flexible flags have advantages in reducing lift force at some
angles of attack. In mooring cable applications, the stiffness of flag is limited
by handling problems. Gerald(30) and Apelt(20} show that a suitable length
of splitter plate reduces the pressure difference as much as 50 percent. Fig.
2.7 {a) compares the pressure and wake distribution of cylinders with and
without splitter plates. Reynolds number also influences the effectiveness of
the splitter plate(Fig. 2.7 (b)}. Fig. 2.7 {c) shows the effecis on shedding
frequencies of different splitter plate lengths. If the flow direction changes,
the flag may wrap the cable and make the flag inoperative. Therefore, the

flag type devices should only be used in uni-directional cases.

Generally, the flag type suppression devices increase the in-line drag
force by the increasing wetted surface area. In order to reduce the drag
force, hair type fairings are often used, but the effectiveness of vibration
suppression is questionable. Ribbon type fairing may be used for mooring line
applications. Commonly used ribbon type fairing are 4-6D trailing length, 1-
2D width, and 1-2D apart. The ribbon type fairing device also increases the
drag like flag type devices. Vandiver et al.(31) showed the drag coefficients of
most of vibration suppression devices are higher than those of rigid cylinders.
Some commercially available vibration suppression devices are found in (29).
Fisher et al.{§) reported that the vibration of offshore piles during installation
was reduced by using flag type suppression device. The results are illustrated

in Fig. 2.8 (a),
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2.2.6 Stability

One of the other important considerations
is the possibility of gall
non-circular,

in vortex-induced vibration
oping due to the geometric instability. Most of the

wake stabilizer type, suppression devices are susceptable to this
stability problem.

A simple model of stability condition

is shown in Fig. 2.9. In Fig. 2.9,
if flow comes with an angle of attack o

, the vertical direction force(F,} s,

Fy(a) = R(a)oosa + Fy(a)sina (2.17)
In order to be stable, the derivative of vertical force ( 8—?&‘-‘&)
For small amgle o, the stability condition is,

"?ef") = 3§£”) +Ea) > 0 (2.18)

should be positive.

By using vertical force, lift and drag coefficients(C,, C;, Cu)
stability condition is rewritten as,

acgé")z"gff)-rc,(a) > 0 (2.19)

in eqn. 2.11, the

In eqn. 2.19, the lift coefficient(Cy(a))

is function of geometry and
Reynolds number of the structure as well as an

gle of attack a. The galloping

phenomenon in flag type suppression devices is explained by the stability
condition.

Reference (2) shows a typical stability problem in the design of a

streamlined fairing device. Fig. 2.8 (b) shows the actyal design parame-

ters for the streamlined fairing. In that case, stable fin design was directly

* If the structure is moving with a velocity ¥, in zero angle of attack, the relative
velocity becomes ((y/)2 + V)12 and the angle of attack becomes tan=1{-4).
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F

VvV flow velocity

a : angle of attack
Fi(a) : lift force at angle &
Fi(a} : drag force at angle a
Fy(a) : vertical force at angle a

(Fy(a) = Fi(a)cosa + Fy(a)eina)

stability condition : 252 > 0

Fig. 2.9 Stability condition of vortex-induced vibration




related to the stability criteria. In most cases, the stabi

2.19 is found experimentally by varying the angl
plication example of 3

(4).

ity condition in eqn.
e of attack. Another ap-
stability problem in a streamlined fairing is found ip




Chapter 8

Experiment on Suppression Devices

A series of experiments were carried out in the canal of the Merrimack river
during the summer of 1986, The experiments on vibration suppression devices
were the second part of the experiments, following experiments on vibration of
flexible cylinders in sheared flows(32). Therefore, the bulk of the experimental
settings used for this thesis are identica] to those detailed in (32).

8.1 Purposes of experiment

Experiments on vibration suppression devices usvally have been done ip
laboratories by changing only a few parameters. But in actua) operations, there
are many other unexpected uncertainties which are difficult to find in laboratory
level experiments. Therefore, this experiment was prepared to study the vibration
phenomenon and performance of various suppression devices in rea! field condi-
tions. The purposes of this experiment wepe:

» To compare the vibration level of a bare cable and cables with suppression

devices.

- To evaluate the performance of helical wire type and flag type suppression

devices,

- To find performance characteristics of each suppression device in uniform and
sheared flow cases, as wel] as under high and low tension cases,
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8.2 Description of the experiment

3.2.1 Experiment site

The experiment site was located at the south canal of the Merrimack river
in Lawrence, Massachusetts(Fig. 3.1'). The width of the canal was 58 feet, and
approximately 250 feet upstream of the test cable location, a gate house was
located. The gate house had 4 gates, which controlled the flow of the canal(Fig.

3.2).
8.2.2 Experimental setting

- A 1.125 inch diameter, 57.25-foot long rubber cable was installed 1 foot below
the canal surface. The test cable was connected to supporting {rames, which

carried the cable tension. (See Fig. 3.3.)

- By controlling the gates, uniform and sheared flow profiles could be made.

Typical uniform and sheared flow profiles are found in Fig. 3.4.

- 6 pairs(vertical and horizontal components) of accelerometers? were imbedded
inside the test cable. The locations of the accelerometers are specified with
respect to the cable length from the north side of the canal(Fig. 3.5).

- A flow profile measuring device® was located at & feet upstream of the test

cable to record the flow velocities across the canal.

- A tension adjusting winch was connected to the end of 3 Kevlar cables, which

were inserted inside the test cable to apply and carry the desired tension.(Fig.

! Fig. 3.1-3.3, 3.5, 3.6, and 3.9-3.11 were adopted from (32).
? Sundstrand Mini-pal model 2180 (1/2 inch diameter, and 1.5 inch long)
¢ Neil Brown DRCM2 Acoustic Current Meter
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Fig. 3.3 Test cable

40




sa[yosd mo paiesys pue wuoyun g By

90 ¥0 0

~

N
e
~
?!.&/*\\z\v\\ jf;//{f
///

(1d45)mop wIopuf

ﬁf(\.//TJ\\x

Y

rf./ \
(€dds)mop pauvayg

T

4]



waysds Surpzoddng Aqed 3831, ¢'g By

14 8¢

3.
AKX

1401

318YD 1S3 <

~{¢

HLYON

s
SINVYS ONILHOddNS -



3.6). The tension could be adjusted from 50 to 500 pounds, and the applied

tension was measured by a loadcell*(Fig. 3.6}.

- Data acquisition equipment were located in the gate house. The hook-up diagram

of the equipment is shown in Fig. 3.7.

8.2.8 Experiment procedures

- Each test configuration{l bare cable and 8 cables with suppression devices)

was installed in the canal.
- By adjusting the gates, the desired flow profile was set.

- Flow velocities along the test cable were measured to find the flow profile of

each test run.
- The required tension was pre-adjusted by a hand operated winch.

- 6 pairs of acceleration, tension, and reference flow velocity® signals were
recorded in a DEC Minc-23 computer.

3.2.4 Suppression devices

Six types of suppression devices were used for this experiment. Each device
is summarized in Table 3.1.(Also refer to Fig. 3.8.) The experiment on the bare
cable was also carried out to compare with the cables with suppression devices.

¢ Sensotec Model RM 2099
¢ The velocity was measured in a fixed position{approx. L/10 position) during vi-

bration data acquisition, whereas the flow profile is measured before the vibration
test.
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Fig. 3.7  Experiment equipment hook-up diagram
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Sketch

Description

Remarks

Bare Ca.ble{type 0)
unit weight! : 0.58 1b/ft
diameter : 1.125 in.

Fig. 3.3

Single Helical{type 1)
unit weight : 0.58 Ib/ft
pitch : 12 in, # of starts : |

diameter of helical ; 0.135 in.

Fig. 3.8 (1)

Triple Helical{type 2)°
unit weight : 0.59 tb/ft
pitch : 12 in, # of starts : 3

diameter of helical : 0,125 in.

Fig. 3.8 (2)

Plain Long Flag{type 3)
unit weight : 0.94 Ib/ft
length of flag: 9 in.

no slits inside flag

Fig. 3.8 (3)

Plain Short Flag{type 4)
unit weight : 0.83 Ib/ft
length of flag : 5 in.

no slits inside flag

Fig. 3.8 (4)

Spht Long Flag[type 5}
unit weight : 0.94 [b/ft
length of flag : 9 in.
slits inside flag

Fig. 3.8 (5)

QDD 8l e D

Split Short Flag{type 6)
unit weight : 0.83 Ib/ft
length of flag : § in.
ribbon type flag

Fig. 3.8 (6)

1': Weight in air per foot including suppression device and cable

Table 3.1
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(0) Bare cable(type 0)

The bare cable was made of 1.125 inch diameter rubber hose, and its

unit weight was 0.58 Ib/ft.

(1) Single helical wire type(type 1)

A string with a diameter of 0.125 inches was wound around the bare
cable to make a helical wire type suppression device. Its pitch was 12 inches

and the number of starts was 1.
(2) Triple helical wire type(type 2)

In the above single helical wire type, 2 additional strings with the

same pitch were wound around the cable,

(3) Plain long flag type(type 3)

A plastic sheet of 1/20 inch thickness was wrapped around the test ca-
ble leaving a 9-inch tail behind the cable. Unlike a splitter plate type device,
the flag was flexible, which tended to adjust the flag direction according to
external forces. The increased diameter of the cable due to the thickness of

the flag was about 9 percent.

(4) Plain short flag type(type 4)

The plain short flags were made by cutting 4 inches of the flag tail
from the plain long flag.

(5) Split long flag type(type §)
The split long flag had the same dimensions and material properties as
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those of the plain long flag, except that it had diagonal direction cuts inside
the flag.

{6) Split short flag type(type 6)

By cutting 4 inches of the flag tail from the split long flag, ribbon type

flags were made. This device was similar to an ordinary ribbon type device.
8.8 Data processing

3.3.1 Flow profile, reference velocity, and tension

- Flow profile

Flow profile data, which were measured by a current meter, consisted
of absolute flow velocity and flow direction signals. The flow velocities normal
to the test cable were calculated from the data and the orientation of the test
site. The flow profile was made by plotting the averaged velocities along the
test cable. Fig. 3.9 shows the sheared flow profile and its turbulence level.

- Reference flow velocity

~ The reference flow velocities, which were measured during vibration
data acquisition, were averaged. The reference flow velocity for each test is
shown in Table 3.3. Fig. 3.10 represents typical raw signals of flow velocity
and direction with respect to magnatic north. Fig. 3.11 is the spectrum of

the flow velocity.

- Tension

Tension data for each test case were also averaged and tabulated in
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Table 3.3.
3.3.2 Selection of acceleration data

The acceleration data for each suppression device were composed of
14 or 7 sets® of 1024 data points. The averaged spectra or rms(root mean

square) values did not show i a complete way the characteristics of each
suppression device, because of the large flow velocity fluctuations during the
tests. For this reason, 1 set of 1024 data points for each case was selected
for further data processing. The sampling frequency for the bare cable and
single helical wire type cases was 50 He, and that for the triple helical and

the flag type cases was 30 Hz.
3.3.8 Time series signal

- Acceleration

Each pair of accelerometers h;d a 90 degree phase difference in their
sensing directions. The mean value of the vertical component was 1 gravity,
whereas that of the horizontal direction was gero, As the orientations of the
accelerometers changed during experiments, the actual vertical and horizon-
tal components had to be calculated by using the vector rotation method
detailed in (33). The decomposed vertical and horizontal components corre-
sponded to cross-flow and in-line accelerations respectively. Cross-flow data
were mainly dealt with in this thesis. The typical cross-flow acceleration

signals are found in Fig. 3.12.

- Displacement

® The bare cable and helica) wire type devices(type 0-2) had 14 sets, and flag type
devices(type 3-6) had 7 sets, respectively.

53







The displacement(d) is obtained by integrating twice from the accel-

eration (s} (eqn. 3.1}.

4m5£[Mmm& (31)

Because a raw acceleration signal contains low-frequency noise components,
necessary filtering processes should be made in order to get a proper dis-
placemeont signal. For this purpose, the "iir” filter program(33) was used.
The filtering program is composed of least square-fittings, high-pass filter

coefficient calculations, and integration procedures.
3.3.4 Spectra

- Acceleration spectra

Acceleration spectra were calculated by using the Fast Fourier Trans-
form(FFT) program. From the FFT result, every 4 values were averaged’ to

get smooth spectra.

~ Displacement spectra

The displacement spectrum(S;)(eqn. 3.2) is derived from the acceler-
ation spectrum(S, ), which was calculated by the FFT program:

= [ () 'S(f) when 1> fostmo
s ={ ('S yhen 1> o 6

where fuyt-os7 i8 2 cut-off frequency.
3.8.6 Rms values

Rms acceleration(R,) and rms displacement(Ry) are obtained by taking

7 The resolutions of the spectra were reduced to 0.20 Hz for sampling frequency of
50 Hz, and 0.12 Hz for sampling frequency of 30 Ha.
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the square-root of the integrated spectra in frequency domain(eqn. 3.3).

h

Reg = ( S.,;(f)df) i (33)

]

where [ is the cut-off frequency, and Js is the Nyquist frequency(half of the
sampling frequency).

The rms values varied greatly according to the choice of the cut-off
frequency; thus, in this thesis, both 0.5 Hz and 2 Hz cases were calculated.

8.4 Performance comparison

Experimental results of vortex-induced vibration suppression devices
in uniform and sheared flow profiles and under low and high tension cases
are summarized in Table 3.2. As shown in the table, the reference veloci-
ties for the tests were not same, therefore, RMS accelerations and displace-
ments of the suppression devices could not be compared under exactly the
same conditions. Nevertheless, the flow velocity differences rarely exceeded
10 percent;therefore, it did not usually affect the performance comparison

too much.
3.4.1 Experiment conditions

- Uniform and sheared flow profiles

In uniform flow profile cases, the average reference flow velocity was
approximately 1.6 ft/sec and the corresponding Reynolds number(Re =VD/v)
was 1.2x10%. In sheared flow profile cases, the average reference velocity® was
approximately 3.1 ft/sec, and the Reynolds number at this case was 2.4 x 10¢.

% velocity measured at L/10 location.




RMS Acceleration(g) Displacement[in
Type 200" T 050y | 200y 0.5 Hz
Bare Cable[ULOY 0.356 0.357 0.422 0.503
Single Helical{UL1) 0.283 0.285 0.377 0.419
Triple Helical{ULZ 0.267 0.268 0.250 0.321
Plain Long Flag{UL3 0.02% 0.088 0.023 0.888
Plain Short rlag{UL4 n.a. n.a. 0.3. n.a.
Split Long Flag{ULD 0.022 0.066 0.033 0.51%
Bplit Bhort Flag{UL6 0.133 0.285 0.183 0.995
Bare Cable{UHOJ* 0.517 0.518% 0.450 0.496
Single Helical{UH1) 0.478 0.470 0.544 0.564
1riple Helical{UH2] 0.205 0.206 0.204 0.222
Plain Long Flag{UH3) 0.122 0.148 0.083 0.520
Plain Short Flag(UH4 n.a. n.3. n.8, n.a.
Sphit Long Flag{UH5 n.a. n.a. n.a. n.a.
Spitt Short Flag{UH® D.a. D.a. n.a. n.3.
Bare Cable{SL0 0.825 0.826 0.432 0.580
Single Helical(SL] 0.675 0.676 0.369 0.417
iple Helical(ST.2 0.327 0.328 0.204 0.279
Plain Long Flag{SL3 0.181 0.189 0.225 0.466
Plain Short FE%@IA 0.268 0.275 0.342 0.652
Split Long Flag(SL5 0.043. | 0.075 0.067 0.527
Split Short Flag(SLo 0.347 0.344 0.194 0.507
Bare Cable(SHOJ® 1.030 1.030 0.476 0.617
Singie Helical(SH1 0.821 0.822 0.497 0.534
Triple Helical(SH?) 0.310 0.310 0.137 0.164
Plain Long Flag(SH3 0.246 0.254 0.221 0.515
Plain Short Filag{SH4) 0.711 0.719 0.621 0.747
Split Long Flag{SH? D.a. D.a. n.a. n.a.
Split Short Flag{SHE) 0.465 0.468 0.416 0.506

Hi :cut-off [requency

UL? :uniform flow low tension case
UH® : wniform flow high tension cose

SL*: sheared flow low tension case

SH? : sheared flow high tension case

Table 3.2  Cross-flow RMS value comparison
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Type Profile” TRel. Vel TTension” Source!
Bare Cable[UT0 SFKP1 1.692
ingle Helical[ULT SFP1
“Triple Helical{UL2 1
Plain Long Flag{UL3} ] 3FPi
Plain Short Flag{UL4 n.a.
Split Long Flag{ULZ| T 3FPi
Split Short Flag(UL® SFP1
Bare Cable{UHD SFP]
Singie Helical[UHT SKP1
Triple Helical(UH? SKP1
Plain Long Flag{UH SiP1
Plain Short Flag{UH4) n.a.
Split Long Flag{UHT) I.a.
piit Shori Flag{UHé n.a.
Bare Cable[SL0) SFP3
—Single Helical(SL1 SFP3
Triple Helical(SL2) | SFP3
Plain Long Flag(SL3] | SFP3
Plain Short Flag(SL4 SFP3
Spht Long Flag(SL3 SFP3
Split Shortqﬂ_lag SL6) | 3FP3
Bare Cable(SHO) | SFP3 | 2.560
Single Helical{SHT SFP3 3.152
Triple Helical{SHZ} SFP3 .
Plain Long Flag(3 SFP3 | 3.188
Plam Short Flag{SH4 SFP3 .
Split Long Flag{SHE 1.3 n.s. n.a. n.a.
Spizt Short Flag] SFP3 13471 | HT® L8510 174 #2
Profile' : Flow profile pattern shown in [igure 3.4
Ref. Vel* : Reference flow velocity(ft/sec) measured at L[10 posion

Tension® : Average tension(ib) during mess
Source* : Source of data(ez.

urement
L73106 L[4 #8: 8th 1024 data ot L[4 of run code L173105)

LT® : Approz. 80 Ib(ezact value is not available)
HT® : Approz. 400 Ib(ezact value is not averlable)

Table 3.3 Experiment conditions of Table 3.2




The overall flow profiles are shown in Fig. 3.3. The average reference velocity

of each experiment is shown in Table 3.3.

Low and high tensior cases

The average tension was approximately 80 Ib in low tension cases ,and
400 1b in high tension cases. From the relationship for natural frequencies in
Section 2.1.2, the fundamental frequencies of the low and high tension cases
in the air were 0.6 Hz and 1.3 Hs, respectively. (The bending stiffness was

small compared to the tension term.)

Location of accelerometers

For each experiment, 6 locations(L/8, L/6, L/4, L/2, 11L/16, and
13L/16) of acceleration signals were measured. In this thesis, mainiy L/4 io-
cation signals, which proved most usable(stable) throughout the experiments,

were compared wherever possible.

Organization of data

Twenty-eight different experimental setups were carried out. A typical
experimental setup is shown in Table 3.2. The first (U or S), the second(L
or H), and the third{0-6) experiment codes stand for the flow condition, the

tension condition, and the type of suppression device respectively. For ex-
ample, the "SL4” means sheared flow, low tension, and plain short flag type

suppression device.

Limitations

Especially during the test of flag type(type 3-6) suppression devices,
many of the accelerometers malfunctioned. As a result, some sets of data
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could not be recovered. In certain cases(shown in Table 3.3), other loca-
tion signals were substituted for the L/4 location signals. That made the

performance evaluation a little difficult.

It was assumed that a flow profile did not change in a certain flow
pattern condition, and that the flow profile was proportion to the averaged
reference flow velocity, which was measured at a fixed location during vibra-
tion data acquisition. But the turbulence level shown in Fig.3.10 and 3.11
affected the instantaneous reference velocity and the flow profile. Therefore,
the uncertainties caused by the tubulence should be considered ip the inter-

pretation of the experiment results.

In this experiment, the cross-flow and in-line vibration signals were
measured, but other important parameters, such as drag forces, were not
measured. Therefore, the drag force comparison could not be made quanti-

tatively.
3.4.2 Acceleration comparison

The typical 10-second acceleration signals of suppression devices in a
sheared flow low tension case are shown in Fig. 3.12. The rms values at the
L/4 location are tabulated in Table 3.2. The time domain acceleration sig-
pals and rms values reveal that all of the suppression devices were effective
to a certain degree. In comparing the performance of the devices, the exper-
imental conditions detailed in Table 3.3 should be considered. Fig. 3.13-3.18
represent the acceleration spectra comparison between a bare cable and s
cable with a triple helical suppression device(type 2) in uniform and sheared

flow profiles.

3.4.3 Displacement comparison
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Rms displacement values of cables with suppression devices are tab-
ulated in Table 3.2. Since the values were very sensitive to the cut-off fre-
quency, rms values for both 0.5 and 2.0 Hz cut-off frequencies were made.
Time domain vertical and horizontal displacements were derived from accel-
eration signals by using the filtering program(cut-off frequency: 2.0 Hz). Fig.
3.19 and Fig. 3.20 show the displacement comparisons between cables with
and without suppression devices in uniform and sheared flow profile cases.

8.4.4 Velocity comparison

Rums velocity comparisons among suppression devices were not elabo-
rated here. When they are needed for an exciting energy{or power) compar-

ison, they can be derived from acceleration spectra.

8.5 Findings and discussion

Based on the results in Table 3.2 and other data sets, the following
observations were carefully drawn. The limitations in Section 3.4.1 were con-

sidered in the derivation of the observations.

3.5.1 Helical wire type devices(type 1-3)
The acceleration spectra had peake o correponding shedding frequencies.

In uniform flow profiles, the shedding frequencies showed quite narrow
bands and the shedding frequencies closely followed the Stroukal relation(eqn.
2.12). From Fig. 3.13, and 3.14, the Stroubal number was approximately
0.17, which is slightly lower than that of stationary cylinder.

. In addition to the first shedding frequency, relatively low repetative peaks occurred ot
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tieger times of the shedding frequency. (See Fig. 3.18, 8.15, and 8.17.)

It is generally known that the in-line vibration frequency is approxi-
mately twice that of the cross-flow vibration frequency, and that there are
certain relations between two vibration modes(33). Consequently, the cross-
flow vibration is slightly’ affected by the in-line vibration. The in-line and
cross-flow correlation explains the frequency doubling or multiplication.

- In bare cable(type 0) and single helical wire(type 1) cases, the 1 and 8 times of the
shedding frequency components were much higher than those of £ and § times. But in
the triple helical wire(type 8) case, the high frequency components, especially 8 timea
of the shedding frequency were reduced grestly. (Refer to Fig. 8.14, 8.16, and 8.18. /

The experiment results in Fig. 8.14, and 3.16 reveal that the triple
belical wire tends to reduce the high frequency components. The 3 times
of the shedding frequency components are believed to be caused by the in-
line vibration effects;thus, the reduction of the componets explains that the
triple helical wire reduces the in-line vibration amplitude and/or the corre-
lation between the cross-flow and in-line vibration. But, the high frequency
component is less important when a velocity or displacement is considered!?

because of integration effects.

- In the sheared flow profile, the spectra showed brooder band peake; nevertheless, off
sforementioned observations were commonly Jound(Fig.8.15-18).

From the Strouhal relation(eqn. 2.12), the shedding frequency is pro-
portion to flow velocity; thus in a sheared flow pattern, many shedding fre-

¥ The in-line vibration amplitude is usually much smaller than that of cross-flow.
1% The velocity or displacement spectrum is obtajned by multiplying (g-,)?, or (;}7}{

from acceleration spectra.
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quencies are involved. As the exciting force increases with flow velocity, the
high velocity region still dominates the vibration of the whole cylinder. This
is the reason that the response in sheared flow is broader band than in uni-
form flow , but many of the characteristics found in uniform flow case are
common. These observations were found both in bare cable and cables with

suppression devices.

In the sheared flow flow case, the wibration amplitude at 18L/16 location was smaller
than that of L/4 location, but the spectra showed almost the same trend(Fig. 3.21,

8.0).

Low frequency components caused by a local shedding frequency at
13L/16 was almost negligible; thus, the high velocity region shedding fre-
quency dominated the whole vibration due to the large exciting forces com-
pared with the low velocity region. The hydrodynamic damping also reduced
the energy propagation from the high velocity region to the low velocity re-

gion.

High and low tension cases did not show ony striking differences tn spectro. However,
the high tension case tended to result in slightly narrower band peaks, especially in
sheared flow cases. (Refer to Fig. 8.17, ond 8.18.)

In the low tension case, the interval between the natural frequencies
for a flexible pin-end cable becomes narrow. As the temsion increases, the
interval also increases in proportion to the square-root of the tension(\/T).
For this reason, in the low tension case, many natural {requency modes are
easily involved, which tend to scatier the spectra in wide frequency ranges.

- The rms acceleration and displacement of helical wire type cases(type 1-£) were less
than those of a bare cable case. But the performance of the triple helical wire type(type
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2) was far better than the single wire type(type 1) cose. (From Table 8.8, average
acceleration of triple helicl wire was 0.25, whereas, that of single helical wire was

0.56.)

In helical wire type suppression devices, the performance is strongly
dependent upon parameters such as diameter ratio of helical wire to cable,
pitch, and number of starts as shown in Fig.2.6.

- Shedding frequencies of the helical wire type case(type 1-8) remasned almost as the
some a8 those of bare cable case(Fig.8.14, 8.16).

The geometry changes of helical wires were almost negligible; hence,
the shedding frequency remained as a similar range. The suppression devices
reduced the amplitude of the exciting force without changing the whole vortex

shedding mechanism pattern very much.
3.5.2 Plain flag type devices(type 8-4)

- Shedding frequencies moved to the low frequency region, and frequencies higher then
twice of the first shedding frequency olmost completely disappeared. Especially in the
long flag case(type 8), very low frequency(approz. 1 Hz) components were obeerved(Fig.

9.88, 8.84).

A cable with a flag type device does not have the same Strouhal num-
ber as a circular cable. The flags tend to reduce the Strouhal number ,and
change the system transfer function due to the increased added mass and
damping. As a result, the high frequency components are weakened by the
exciting force and the system transfer function, which acts like a low-pass

filter.
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- In the short flag(type 4] case, the response showed ordinary vortez vibration pattern,
but in the long flag type, the response represented totally different patierns.

In the short flag case, the flag effects are not great; therefore, the
vibration characteristics are not widely different from those of the bare cable
case. But, the flag made the vortex-shedding mechanicm more complicated
by adding the lift problem on the flag. The flag type suppression devices
also involve the stability problem like galloping. The galloping is explained
by the stability condition shown in Section 2.2.6. The responses of the flag
type suppression devices are the combination of the vortex vibration and the

galloping problem.

- The rms accelerations for flag type devices reduced remarkably, but the displacements
were difficult to coleulate ezactly because of the low frequency notse and galloping

components.

As shown in eqns. (3.2) and (3.3), the displacement spectrum is very
much affected by the cut-off frequency. In flag type devices, the accelera-
tion signal also contains quite a low frequency signal; thus, it is not easy
to eliminate the noise components from the signal. Since the time domain
displacement is sensitive to low frequency components, suitable filtering pro-

cesses had to be used.

8.5.8 Split flag type devices(type 6-8)

Split flags showed simslar results as plasn flag type devices. Most of the observations
in section 8.5.8 were commonly found, (Refer to Fig. $.85.)

Basically, the split flag had the same features as the plain flags, except

It
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that the former had slits inside the flag; therefore, most of the characteristics

are expected to be the same.

- In split long flag(type 5), the vibration amplitudes were reduced to almost negi:gsbie

level. However, the drag forces were increased significantly!?.

In addition to the flags, the slits increased the frontal area normal to
the flow direction, which resulted in the large drag. Flag type devices are
known to increase the drag, and the slits in the split flag increased the drag
additionally, which resulted in larger drag than plain flags case. It was found
that the split long flag(type 5) suppression device is not suitable for most of
the applications due to the large drag.

- In the split long flag suppression device, the in-line(horizontal) divection displacement
of the cable was larger than the cross-flow(vertical) divectson displacement.

Normally, the cross-flow vibration is greater than the in-line vibration
in vortex-induced vibration, however, unexpected large in-line vibration was
occurred. It is believed that the large drag force and its Buctuation infuenced
the in-line motion greatly. (Refer to Fig. 3.26'.)

It is also expected that the unsteadiness of the flow condition could
affect the low frequency drag and in-line(horizontal) displacement.

' The drag force was not measured quantitatively, but large drag was observed

during the experiment.
'2 The figures were made by double integrating the time series acceleration{cut-off

frequency of 0.5 Hz), hence the displacements may be affected by the filtering and

related data processes.
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Chapter 4

Summary and Conclusions

- Experiments on helical wire and flag type vortex-vibration suppression de-

vices were carried out.

- Asexpected, the helical wire and flag types of suppression devices were proved
to be partially effective both in the uniform and the sheared flow. However,
some of the uncertainties during the experiments on flag type suppression

devices made the further analysis difficult.

- In helical type suppression devices, the performance were very much affected
by parameters such as wire to cable diameter, pitch, and number of starts,

- The flag type devices reduced the vibration level, but greatly increased the in-
line drag force. Therefore, the flag type device is not suitable for applications

where large drag is not allowed,

- The flag type devices also caused stability problems, such as galloping. The
stability condition in Section 2.2.6 should be considered in the design of wake

stabilizer type suppression devices.

- Mechanisms of vortex vibration and the suppression devices were reviewed
for theoretical background of the experimental result analysis and their en-

gineering applications.

- The mechanisms studied in Chapter 2 and the experimental results in Chapter
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3 may be used as the basis of design guidance of the vortex-induced vibration,

- In a vortex-induced vibration fleld, experiments are important for engineering
applications, and the experiments should be done carefully, fully considering

their conditions and variables.

- Data obtained in Lawrence experiment, whether used in this thesis or not,
will be useful for future studies on vibration suppression devices. Especially,
more extensive studies on helical wire type suppression devices may be made

from the experimental data.




10.

11.

12,

13.

14.

References

Shanks, F. E., "High-Current, Deepwater Drilling Experiences”, SPE/IADC
13491, SPE/IADC Drilling Conference, 1985.

Gardner, Terry N., and Cole, M. Wayne, ”Deepwater Drilling in High Current
Environment”, Offshors Technology Confersncs, OTC 4316, 1083.

Brown, Derek, and Bartle, Mike, "The Cause and Cure of Vibration-Induced
Failure of Drill Casing in High Tidal Currents”, EUR 338, European Petroleum

Conference, 1982.

Grant, Robert, "Riser Fairing for Drag and Vortex Supression”, OTC 2921, of-
shore Technology Conference, 1977,

Fisher, F. Joseph, Jones, Warren T., and King, Roger, "Current-Induced Oscil-
lations of Cognac Piles During Installation - Prediction and Measurement”,

Hays, E. E., Nowak, Richard T., and Boutin, Paul. R., "Strumming Tests on
Two Faired Cables”, unpublished, Woods Hole Oceanograpkic Institution Report
WHOI-T75-47, 1975.

Meirovitch, L., Elements of Vibration Anslysis, McGraw-Hill, Inc., 1075.
Newland, D. E., An Introduction to Random Vibration and Spectral Analysss, Longman
Inc., 1984,

Vandiver, J. K., and T. Y. Chung, "Hydrodynamic Damping on Flexible Cylin-
ders in Sheared Flow”, OTC 5524, Offshore Technology Conference, 1987.

Prandtl, L., The Generation of Vortices in Fluids of Small Viscousity”, J. Royal
Aero/ Soc., 1929,

Perry, A. E., Chong, M. S., and Lim, T. T., ”The'Vortex-s!}edding Process
Behind Two-dimensional Bluff Bodies”, Journal of Fluid Mechanics, Vol. 116, pp
77-90, 1982,

Cantwell, B. and Coles, D., *An Experimental Study of Entrainment and Trans-
port in the Turbulent Near Wake of a Circular Cylinder”, Journal of Flusd Me-
chamics, Vol. 136, pp 321-374, 1983,

Triantafyllou, G. S., Triantafyllou, M. S., and Chryssostomidis, C., ”On the For-
mation of Vortex Streets Behind Stationary Cylinders”, Journal of Fluid Mechanics,

Vol. 170, pp 461-477, 1986.
Perry, A. E. and Steiner, T.R., "Large-scale Vortex Structures in Turbulent

83




15.

16.

17.

18.

19.

20.

21.

22,

23.
24,

25,

26.

27.

Wakes Behind Bluff Bodies. Part 1. Vortex Formation”, Journal of Flusd Me-
chanics, Vol. 174, pp 233-270, 1987.

Steiner, T. R. and Perry, A. E., "Large-scale Vortex Structures in Turbulent
Wakes Behind Bluff Bodies. Part 2. Far-wake Structures”, Josrnal of Flurd Me-

chanscs, Vol. 174, pp 271-298, 1087,

Nakamura, Y. and Ohya, Y., "Vortex Shedding from Square Prisms in Smooth
and Turbulent Flows”, Journal of Fluid Mechanics, Vol. 164, pp 77-83, 1986.

Shewe, G., "On the Force Fluctuations Acting on a Circular in Crossflow from
Subcritical up to Transcritical Reynolds Numbers” Journal of Fluid Mechanscs, Vol.
133, pp 265-285, 1983,

King, Roger, "A Review of Vortex Shedding Research and its Application”, Ocegn
Engsineersng, Vol. 4, pp141-171, 1977.

Nath, J. H., "Hydrodynamic Coefficients for Macro-roughnesses”, OTC 3989,
Offshore Technology Conference, 1981,

Apelt, C. J., West, G. S., and Szewczyk, Albin A., "The Effects of Wake Splitter
Plates on the Flow Past Circular Cylinder in the 10000 < R < 50000”, Journal of
Fluid Mechnics, Vol 61, pp187-198, 1973.

Bearman, P. W. and Obasaju, E. D., "An Experiment Study of Pressure Fluc-
tuation on Fixed and Oscillating Square-section Cylinders”, Journal of Fluid Me-
chanics, Vol. 119, pp 297-321, 1982.

Dalton, C. and Chantranuvatana, B., "Pressure Distributions Around Circlar
Cylinders in Oscillating Flow”, Journa! of Fluids Engineering, Vol. 102, 191-195,
1980.

Blevins, R. D., Flow-induced Vibration, Litton Educational Publishing, Inc., 1977.
Every, M. J., King R., and Weaver, D. S., "A Brief Suvey of Votex Excited
Vibrations of Cylinders and Cables in the Marine Environment and Their Sup-
pression”.

Walshe, D. E. and Wootton, L. R., "Preventing Wind-induced Oscillaton of
Structures of Circular Section”, Proceedings, Institution of Civil Engineers, Vol

47, 1970.

Zdravkovich, M. M., ”Modiﬁcatiqn of Vortex Shedding in the Synchronization
Ranges”, Jouran! of Fluids Engincering, Vol. 104, 1982.

Zdravkovich, M. M., "Review and Classification of Various Aerodynamic and
Aerodynamic Means for Supressing Vortex Shedding”, Journal of Wind Engineering
and Industrial Aerodynamics, Vol 7, 1981.

84




28.

29,

30.

31.

32.

33.

Weaver, W., "Wind-Induced Vibrations in Antenna Members, Journal of Engs-
neering Mechanscs Div., 87, 1961.

Hafen, B. F., Meggit, D. J., and Lin, F. C., "Strumming Suprpession - An An-
notated Bibliography”, Civil Engineering Laboratory Technical Memorandum
M-44-76-5, Naval Construction Battalion Center.

Gerrald, J. H., "The Mechnics of the Formation Region of Vortices Behind Bluff
Bodies”, Journal of Fluid Mechanics, Vol 25, pp401-413, 1966.

Vandiver, J. K. and Pham, T. Q., "Performance Evaluation of Various Strum-
ming Suppression Devices”, Report Number 77-2, Massachusetts Institute of

Technology, 1977.

Chung, T. Y., "Vortex-Induced Vibration of Flexible Cylinders in Sheared Flows”,
Ph. D. thesis, Massachusetts Institute of Technology, 1987.

Jong, J. Y., "The Quadratic Correlation Between In-line and Cross-flow Vortex-
Induced Vibration of Long Flexible Cylinders”, Ph. D. thesis, Massachusetts

Institute of Technology,

1984.







Appendix

Rms values of acceleration and displacement for helical wire suppression
devices in "additional low sheared flow” (flow profile *SFPA’in Fig. A.1}) were
summarized in Table A.1. Fig. A.2-3, and Fig. A.12-13 are time series cross-flow
acceleration signals at L/4 and 13L/16 locations, and Fig. A.4-9, and Fig. A.14
19 are the spectra. The displacement trajectories of L/4 location are shown in
Fig. A.10-11.
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Fig. A.2  Time series cross-flow accel. signals at L/4
: Additional low sheared low tension
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KMS Acceleration{g) Displacement{in]
Type 2.0 He' | 05Hz | 20Hs] 0.5 H;
at L/d4 ~
" Bare Cable{ALOF | 0.37i 0.382 | 0.379 0.566
Single Helical{AL1) | 0.545 0.546 | 0.581 0.597 |
_Triple Helical(AL3) | 0.18% 0.130 | 0.218 0.287
Bare Cable[AHO] 0.461 0.464 | 0.567 0.615
Single Helical[AH1] | 0.273 0.278 | 0.302 0.358
Iriple Helicall[ARZ] | 0.261 0.262 ) 0.296
at 13L]16
Bare Cable(AT0) T 0.305 0305 | 0.262 0.260
Single Helical{AL1 0.184 0.185 | 0.186 0.204
Triple Helical{AL? 0.145 0.150 | 0.156 0.175
Bare Cable{AHOY [ 0.275 0.275 | 0.347 0.355
Single Helical[AN 0.373 0.374 | 0.418 0.441
Triple HelicallAHZ) | 0.744 ' —0.247 | 0.254 0.252

Hzl:cut-off [requency
AL* : Additional low sheared flow low tension cose
AH® : Additionsl low sheared flow high tension case

Table A.1  Cross-flow RMS value comparison
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Type Profile’ [Rel. Vel'[Tension] Source

Bare Cable{ALO) | SFPA | 1.051 70 173120 L/4,13L716 {

Single Helical{AL1) | SFPA | 1.043 | 115 173112 L/4,13L/
— Triple Helical(AL2) | SFPA | 1.061 | 59 L73105 L/4,

Bare Cable(AHO) | SFPA | 1.541 | 424 173118 L/4,13L

Single Helical(AH1) | SFPA | 1.145 | 329 | L7311l
’ﬁ’ﬂaple Helical(AH2) | SFPA | 1,666 | 547 | LT73106 1

Profile! ; Flow profile pattern shoun in figure A.l

Ref. Vel? : Reference flow velocity{ft/sec) measured ot L[10 posion

Tension® : Average tension(lb) during messurement

Source! : Source of dato{es. L3105 L[4 #8: 8th 1024 data ot L[4 of ren code L73105)

Table A.2 Experiment conditions of Table A.1
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Fig. A.12  Time series cross-flow accel. signals at 13L/16
: Additional low sheared low tension
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Fig. A.13  Time series cross-flow accel. signals at 13L/16
: Additional low sheared high tension

101




UoIsUI) MO] paIeays MO [eUOl3IpPE ‘238/3) g0 oA “Ja1 ‘a[qe0 areg:
8@5 3\ 181 1® wWriads uolyeia)eooe MOP-880ID) 'y iy

10

c'0

162



GE

UOIsUa3 MO] pareays Mo} [RUOIIIPPR ‘D38/1) $0'T '[oA 'Jad ‘[eorjey oBuig:
(11v) 91/721 12 Wn130ads uojyesaE0e MOp-6s0I)  O1'V 'Biy

Iy

00

10

c0

H

2/

£'0

103



U0I8U3} mof pareays MO[ [RuOIPPE ‘008/1) 90 '19A "Ja1 ‘eotjay ajdu
AS& 91/71¢1 e waIoads woiyesajense MOp-8501D)  gI'y ‘Biy

ZH
eI D1 4 o
S R N S I | ' ! t e 1 J/;s nnw
.o S
o
R
T
T 2H]o
L=



U0ISEAY §B1Y pareays moj [eTOINIPPR ‘03[ $¢'T “[oA 'jod ‘alqed aleg:
(0HV) 91/17¢1 s wniydads woyyelajede MO[j-8801))

01 G

Ly '3y

| § \l\w(\ _ o

00

10

¢0

1)

g0

105



vorsuay garg paIeays moj [eUOIyIppR dem\ﬁ SI'L "[oA “jou ;aumwa ajsuig:
:mﬁ 91/ 18T e mniyoads dotjesafasoe M0 -85010) 81'V 81y

Z
Gi H ol g 0

?r{i 5
|

10

c'0

“Hl o

f.u%m..,\, B e
H i i H i

€0

166



uolsuas 431y pareays moj [eUOIIPpPE ‘08
(zHV) 91/181

/3991 "[3A “Joa ‘[eonjay oduy;:

18 Wnay0ads goryesajre MOP-6601)  GI'Y ‘814

J
<
T O

00

o

0o

2H[ 0

80

107





