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ABSTRACT

The present invesligation is an experimental work involving the study of the effects of
interference, free stream turbulence intensily and surface roughness on the flow induced
vibralion of a single cylinder clamped as a cantilever. The dynamic response of the single
cylinder clamped at one end is characterized by one resonance peak at U/FD = 15.5.

The eflect of interference was examined in tandem, side-by-side and staggered ar-
rangements for dilferent gap spacings and relative dimensions of the diameter of the
interfering circular body to the diameter of the test cylinder (d/D). 1t is found that
the ellect of interference is more clear in landem arrangement than thal of the other
arrangements. The vibration amplitude increases significantly for small gap spacing
(9/D) especially when (d/D) is large. For (/D) > 6.0 the responsc of the cylinder is
similar to that of a single cylinder.

Itec stream turbulence intensily and surface roughuess were studied for a single
cylinder, as well as, tandem and side-by-side arrangements. The cffects of the free
strcam turbulence intensity on the dynamic response of the test cylinder are very much
depending on the turbulence intensity, Reynolds number, relalive dimensions (d/D) and
the gap spacings (9/D) or (T'/D). The surlace roughness is found to reduce the vibralion
amplitude significantly even for small gap spacing in tandem arrangemnent, while [or
the side-by-side arrangement the effect of the surface roughness is smaller.  Finally,

conclusions and rccommendations are presented, throughly expressed and discussed.

1
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NOMENCLATURE!

A: Vibration amplitude.

A,: Transverse vibration amplitude.

Ay Streamwise vibration amplitude.
A/D: Dimensionless vibration amplitude.
D: Diameter of the test cylinder. .
d: Diameter of the interlering cylinder.

d/D: Relative dimension.

LP: Distance between end plate and tunnel wall.
F: Nalural frequency of the test cylinder.

[t Oscillating cylinder frequency.

Jo: Vortex shedding frequency

g: Gap spacing in the streamwise direction,

9/ D: Relalive gap spacing in the streamwise dircction.

I: Eleclric current.

k: Roughness height.

k/D: Relative roughness height.
K.: Damping factor= 2mé/pD?.
I: Length of the lest cylinder.

I/ D: Aspect raiio,

"This List is confined mainly (o frequently-vsed symbols.
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All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



m: Mass per unil length,

Nu: Nusslet number.

P: Power.

Q: llcal loss.

Jt: Resistance of the hotl wire,
He: Reynolds number=UD/v.
RMS: Rool mean square.

St Strouhal number=f,D/U.

Sc: Scraton number=2mé/pD? 1.
& "Thickness of the test cylinder.

T Gap spacing in Lhe transverse direclion.

T/D: Relative gap spaciug in the transverse direction.

TU: Tree stream ucbulence intensily.
U: Free stream velocity,

U/FPD: Reduced velocily.

p Densily of air.

v: Kinemalic viscosily of air.

& Logarithmic decrement.

viii
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Chapter 1

INTRODUCTION AND
OBJECTIVES

1.1  Introduction

The flow of fluids around structural members can cause destructive vibrations. These
flow-induced vibrations have become increasingly important in recent years because

designers are using materials lo their limits, causing structures lo become progressively

lighter and more flexible.

Any structure with sufliciently bluff trailing edge sheds vortices in a subsonic flow.

The vortex streets tend to be very similar regatdless of tripping structure. Periodic

forces on the structure are generated as the vortices are alternately shed from cach side
of the structure. This phenomena have been observed for many ycars ago, although the

mechanics of vorlex formation are not yel Tully understood.

The oscillations in a normal direction of the flow are called crossflow oscillations and
the oscillation in the direction of flow are called in-line osctllations, which are due 1o the
cylinder installation.

The susceptibilily of an clastic or rigidly clamped cylinder to flow-induced oscillation

depends on the flowing dimensionless parameter:

I(a
i})i) = ["(W,S¢c, DF, Re, AR, SR, TU)
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where;

AlD is the relative amplitude with components, usually, in bolth streamwise and .

transverse directions.
W =U/IFD is the reduced velocily hased on the natural frequency I of the eylinder in
iz
Se =2M8/pD* I is the Scruton number, which is o product of the mass ratio and
damping expressed through the logarithmic decrement .
DF s the number of degree of frecdom of the rigidly clamped cylinder.
Ke is the Reynolds number based on the diameter of the cylinder.

Alt is e aspecl ratio cxpressed as the height to diameter ratio of the cylinder.
S is Lthe surface roughness.

Ll

TU is the free stream turhulence intensity.

The fluid llow and the struclure ace iteraljve system, and their inleraction is dynamic.
Thesc systems are coupled by the force exerted on the struclture by the Muid. The fuid
force causes the structure lo deform. As the structure deforms it changes its orientation

lo the flow, and the fluid force may change.

Given a structural system incorporating supported cylindrical clements cxposed lo
fluid flow, one would like lo be able to analytically predict the structural [esponse

directly as a function of the structural and flow parameters. This could be done by

coustrucling an approximate model for the Muid-structure interaction problem. ‘This

model should rclain as much of the fluid dynamics as possible while remaining traclable

analytically. Unfortunalely, the theory of vortex shedding, especially in Uthe near wake

region, is very complex and no exact solulion to the fMujd- clastic problem has yel been

found.
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1.2 Torms of Flow-Induced Vibration

There are three forms of flow induced vibration: vortex shedding, fluid-elastic or gallop-

ing and flutter. These forms are described in the following sections.

1.2.1  Vortex Shedding From Cylindrical Bodies

Vortex-Shedding has been the most common form of fluid dynamic excitation for a single
cylinder. Observalions show thal above Re ~50 vorlices are formed and shed period-
ically downstream of the cylinder. The mechanism of seperalion and vorlex shedding
was described by Blevins (1977). In general, as a fluid flows toward the leading edge
of a Ulufl cylinder the pressure in the fluid rses from the free stream pressure to the
stagnation pressure. This will develop boundary layers about both sides of the cylinder.
These boundary layers seperate from each side of the cylinder surface near the widest
scction and form lwo free shear layers which bound the wake. Since the innermost
portion of the free shear layers moves muclh slowly than the oulermost portion of the
layers whicl are in contact with the [ree strcam, the free shear layers tends to roll up
into descent, switling vortices. A formation mechanism of alternating vortices behind a
circular cylinder is shown in Fig(1-1).

The shedding of the formed vortices alter the pressure distribution, and the cylinder
experiences a lime-varing force al the frequency of vortex shedding. 1f the eylinder is
flexible or flexibly mounted, interactions can arise belween the vortex shedding mech-
anism and the cylinder deflections. If the vorlex shedding frequency coincides with
the natural frequency of the oscillaling structure, the resonance could exist with large
amplitude of vibralions.

Experiments show that the frequency of shedding is given in terms of Strouhal mim-

ber S, and this in tnen is a funclion of the Reynolds number. The Strouhal number is
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delined as:

LD

ST

where f, is the frequency of vortex shedding from one side of cylinder, in 1z, D is lhe

diameter of ¢ylinder, and U/ is the free-stream velocity, Blevins (1977).

Lock-int or Synchronization of Vortex Shedding

Lock-in phenotena is an important fealure of vorlex-shedding excitation. If the [re-
quency of the voricx shedding is in resonance with the natural frequency of the member
that produces it, large amplitude oscillations with consequent large stresses can develop,
These oscillations begin when the flow velocity increased or decreased so that the
.
shedding frequency approaches the natural frequency of the structure. Lock-in occurs
over a cerlain range of velocities depending on the structure propertics (i.e.  mnass,
surlace roughness, stiffness and damping) and the flow propertics (t.c. velocity, densily
and tucbulence intensity). ‘T'his is the difference between the tock-in and the usual case
of resonance which exhibits a single resonance point.
As the lock-in phenouiena begins and the wotion of the vortex shedding locks into
the structural frequency, a feed path is completed so that the motion of the structire

controls the voriex shedding. Lock-in phenomena, disappears beyond a eritical conditions

due to the limited capacily of the oscillating struclure Lo aller the frequency of vortex

shedding,

1.2.2  Tluid-Elastic Excitation (Galloping)

The flow-induced vibration of blull struchure is commonly referred to as stall flutter or
galloping. Galloping can arisc in any lightweight, flexible, structure exposcd Lo a flow.
A wide verity of cross secbions, including square, rectangniar, right angle, and stalled

acrofoil is potentially unstable owing to acrodynamic galloping.
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"The fluid clastic forces result from the strong nonlinear interaction of the cyhinders
and the flow around them. These forces oceur when the eylinders are arranged within
the regions where the discoulinuons change of flow regime take place, (i.c. the cylinders
are within the wake-interference region). The fluid-clastic oscillations are not delined
within a finite range of reduced velocitics. Once initiated, they continue ip Lo the
highest velocity.

The main assumption of galloping a.lrlalysis 15 that the fluid force on the structure is
determined solely by the instantancous relative velocity and the angle of attack of the
flow to the structure. This implies that the information aboul the fluid force can be
measured by wind tunnel test on slationary models leld at various angles.

The most fascinaling feature of the inlerference galloping is that both the mean
position of the motion and the body’s oscillation [requency may vary appreciably with
increasing flow velocity. Another notable feature is that the vibration amplitude always
approaches asymptotically a constant value. The instability is cither in the form of
a vorlex-resonance or a galloping. The cylinder never exhibits a combined vorlex.
resonance and a galloping or a vortex-resonance followed by a galloping, Bokain (1987).

Galloping vibration can be prevented by incrt;:a.sing the internal damping of the

structure, reducing the flow velocity, stiffening the structure and mcreasing the mass of

the structure without lowering its natural frequency or damping.

1.2.3 Flutter

Flutter has been defined as the dynamic instability of an elastic body in an airstream

and is produced by acrodynamic forces which result from the dellection of the clastic

body Trom its undeformed stale, Arnold (1972).

Flutter can be occurred in any engineering application of more than two degrees of

freedom, such as long-span suspension bridges and turbine Dlades. The main reason of
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sitioned al right angels to the approaching flow direction. The two cylinders can be
positioned in tandem arrangement; with one cylinder behind the other at any stream-
wise spacing, or in side-by-side arrangement; the cylinders face the flow side ly side
al any transverse spacing. Auny other combinalions represent staggered arrangements.

These positions are cxtensively used in engineering situations duc o the need for more

compact structures like heal cxchangers.

The flow interference of two parallel pipes are dassified into four kinds by Zdrav-

chovich (1985,1987} as shown in ig(1-2) and (1-3). However, tle four kinds can be

distinguished as follows:

1. Proximity interference; the two cylinder are close to each other , but none of

them in the wake of the other.

2. Wake interference; one cylinder is near fo or submerged in the wake of the

other. This kind is related lo the downstream cylinder in tandem and staggered

arrangements nside the inlerference boundary.
3. Proximity and wake interference; in which an extireme vibration of forces in

magnitude and direclion was found to occur.

4. Finally, there is a substantial region marked by ’no intcrference’ in which the

inter{erence is negligible.

1.3.2  Turbulence Intensity Effects

Flow-induced vibrations caused by turbulent flow are a common one. These could be

seen i the vibralion of an automolbile anltenna, an anchored ship hobs in a complex

turbulent flow, fuel rods in a nuclear reactor, cle. In each case induced vibeations oceny

due to the Nuctnating pressures caused by the turbulent fluctuations.
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Turbulence in the flow can have a profound eflect upon flow-induced vibration. Tus-
bulence ellects on the behavior of structures can be in the form of a complex interaction
between the turbulence and the body which results in changing the flow around the
body. These eflecls depends on the shape of the body and ils response to vorlex shed-
ding, galloping and torsion flutter. llowever, knowledge on the turbulence eflects is not
complete, and it is still not known how precise the simulation needs to Le. One of the
main reasons for this is that tlic effect of turbulence on vortex shedding is not sufficiently
understood.

The vibration excited forces can cither be reduced or increased in 2 turbulent flow.
These excited vibrations may generally be reduced either by reducing the intensity of
the turbulence, modifying the structure, increasing the stifluess of the structure and

increasing the damping.

1.3.3 Surface Roughness Eflects

The influence of surface roughness is important because of the fundamental flow phe-
nomena involved and the significance of its eflects in several practical applications. For
example, important reduction in the magnitude of mean peak suction on cooling fower
shells can be obtained if the surface is roughened by external ribs.

It has been well recognized that surface roughness can not ouly promote the boundary

layer transition from laniinar to turbulent, but also affect significantly the subsequent

flow development at Reynolds numbers well beyond the critical.

It is found that for Jarge roughness, the critical transition can be charactetized as a
range over which sporadic, asymmetric turbulent reattachment of the shear layers occurs
resulting in unstable flow con}ﬁgurations and disappearance of organized shedding.

Despite many eflorts, information that kas been obtained on this subject still remains

complex. It is thus necessary to make further investigations, cither experimentally or
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analylically, to understand the precise rule played by roughness on the flow past circular

cylinders.

1.3.4 IEnd-Plates Eflects

The cylinder end boundaries, whether they be end plates or simple free ends, alter the
vorlex-shedding mechanism near these boundaries. Most investigators have studicd the
eflect of the ratio (//d), but insufficient information is available on the effoct of end plate
shape and size on the flow. In some studies they have determined the distance from
the leading edge of the end plates to the cylinder axis which is sullicient to diminale
the eflect of the horseshoe vortices at the junction of cylinder and wall. For very Jow
length-to-diameter ratios (I/d ~15), 110\;'6\’31', the shedding form a cylinder can be so[eiy

determined by the boundary conditions.

1.4 Present Work Contribution

"The present work is an experimental study of some factors that allect the flow-induced
vibration of a drcular cylinder. These factors are; (a) the presence of mterfering bodies
around the cylinder, (b) the turbulence intensity of the frcestream, (c) the surface

roughness of the cylinder, and finally the end plates. The coupling eflect of these factors

arc presenled,

The test cylinder is fixed at one end and free al the other (i.e. as a cantilever). The
interfering bodics are circular wilh different diameters propoertional {o the diameler of
the cylinder. The turbulence intensity is changed using different turbulence generating

grids. They are positioned al different gap spacings in different arrangerents. Standard

sand papers are used o obtain different surface roughness. Fin

39297¢

ally, circular metal sheets

are used as end plates.
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are discussed in chapler 5 whicl also include the recommendation for future work.

Some sclected remarks for operatin and calibrating of some instrumentis are pre-
i 4 4 [

sculed in the appendix.
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Chapter 2

LITERATURE SURVEY

2.1 Introduction

The behavior of flexible bodies in fluid fMlow has been the subject of scveral researches.
Oue of the most interesting aspects of the problem is the effect of body oscillation on
the mean and unsteady bLlufl-body flows, where the complex interaclion between the
body cscillation and the formation and sheddiug of vortices plays a central part, since
it could be the cause of costly structural failures.

The problems associated with flow-induced oscillations and their imporiant couse-
quences have proved to be exceedingly difficult both theoretically and experimentally.
The difficulty arises from the fundamental problem of interaction between the structure
and the flow.

In this chapter, some of the investigations that have been reported were summarized

to show a comprehensive account of recent contributions Lo the literature on the flow-

induced vibrations and related aspects.

2.2 Single Cylinder Response

Fhere have been numerous investigation of Lhe response characteristics of frecly vibeating
cylinders. These investigatlions studied the effects of large nimber of structure and flow

parameters on Lhe flow induced vibrations on a single cylinder. Most of these works

13
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deal in detail with resonant response and llucluating pressure.

Griffin et al (1973) studicd the vortex-excited resonant vibration of circulator cylin-
ders by measuring the response characleristics and flow ficlds about circular cylinders
that were mounted on springs in a wind tunnel. The measured vibration frequencies and
amplitudes of vibrations were compared with a developed wake oscillator model for the
vortex-exciled vibrations. Mcasurements were done for an oscillating cirenlar cylinder
in cross flow wilh various flow conditions at Reynolds number between 350 and 1000, A
serics of flow visualizalion was used to show the cylinder motion and the accompanying

vorlex formalion.

Skop and Griflin (1975) introduced a mathematical model that enables one o predict
the vortex-cxcited resonant responsc of binfl elastic cylinders in cross-flow with differing,
end conditions. They coupled a modified Van Der Pol equation 1o the equalion of molion
of the cylinder. The practical case of uniform fow over a uniform cdastic cylinder has
been trealed in delail and response have been made for taul strings and circular beams
with differing end conditions. Good agreement has been oblained between the predicled

and experimental resulls.

Chen and Jenderzejezyk (1979) investigaled single tube subjecled o liquid cross
flow. The experiments have two distinet fealures: (1) the damping in the Kt and ddrag
direction is measnred as a funclion of reduced flow velocity; (2) the detailed response
characteristics of Lhe tube (frequency spectra, RMS tube (Iisl)l;\.(:6||1c11f., and orhital path
of tube motion) are obtained al various reduced flow velocities. An analytical model is

also provided to correlate with the experimental data. They have drawn Uhe following

conclusion:

1. Tube respanse in the drag direction becomes signilicant for a reduced velocily

between 1.5 and 4.5.
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1. Low U/FD:

(1) 1 <U/FD <3 and Sc < 1.2: 'The initial displacenment of the cylinder in
~Lhe strcamwise direction disrupts the watural vortex shedding. A subscquent
symmetric formation of two vorlices terminales with a forced symmelrie shed-
ding when the cylinder reaches the maximum downstreant amplitude. There

is a significant difference in drag force when the eylinder moves upstream
and the vorlices are small compared with the downstream stroke wher the
vortices are more developed. The variation of the drag force maintains the

sell-excitation and produces amplitudes up to 0.2 diamelers at very low values

of Sc.

-

(b) 2.5 < U/FD <4 and Sc < 1.0 : Excited oscillatinns oceurs in the streamwise

dircclion so thal the cylinder synchronizes vortex shedding al ils natural

frequency

2. Medinm U/FD ;4 < U/FD <8 to 11 and Se < 15 o 20 for a finite eylinder

with a free end or §¢ < 60-80 for a nominally two-dimensional eylinder belween

end plates.

The excitation is mostly into the transverse direction for amplitude up to 0.6

dinmeters. The interaction between the cylinder and the vortex shedding passes

through the ©llowing phascs

(a) when the frequency of vorlex shedding approaches the natural frequency

of the cylinder, the fluctuating transverse lift force coxcites the cylinder to

oscillele near the resonance condition.

(b) As U/FD increases, the amplitude of oscillations rises beyoned the resonauce

condition causing a significant change in the necar-wake.
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(c) A rapid variation of the phase angle between the excitation force and the

displacement lakes place in the middle of the synchronizalion range.

3. Bigh U/FD; U/FD > 20 to 40: Far beyond the synchronization range, Lhe
cylinder slarls to oscillate again gradually and builds up considerable amplitude,

moslly in the {ransverse direction.

Berger (1988) studicd the mechanisi of vorlex shedding oscillation of elastically
mounted rigid cylinder. He found that the stability analysis of the :-m-cnllc'd "lift-
oscillator model” with feedback coupling by the oscillation velocity to a Spring mass-
system (cylinder) reveals that stability is not given in the near vicnily of phase angle
of 90° and also al phase angles larger, than or equals 115°/120°. The reason for this
is the amplitude dependance of the coupling and damping ralio caused by viscosity.
e concluded that the amplitude dependance of the damping and coupling-ratio of the
system is the most significant eflect on the stability of the system.

HNumphties et al (1988) used a slender cylinder to study the nature of vortex shedding
from flexible cylinders undergoing large amplitude vortex exciled motions in sheared
flow. The cylinder used in the experiments was cither allowed 1o vibrale as a verlical

cantilever or held rigidly. The main conclusions of their study are:

1. For rigid cylinder in shear flow, the vortex shedding was found fo follow the

Strouhal relationship.

2. The measurements of the vorlex shedding from a ngid cylinder in uniform flow

agreed with the Strouhal rclationship and expected Strouhal number.

3. For a flexible cantilever undergoing voriex induced vibrations in uniform flow, the
wake frequency was found to matclh the struclural response frequency throughont

lock-on. Tlowever, only al the peak amplitude response <hd the measured fre-
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quencies equal the stenctural natural frequency. During the rest of lock-on the
measured frequencies were some 10% higher. The wake requency was constand,

along the length of the cylinder.

4. A canlilever subjecl to a lineat shear approach flow exhibited vortex indiced
vibrations and lock-in. At the peak amplitude response the wake frequency, the
Stroulial response frequency and e cylinder’s natural frequency were equal. Daur-
ing the rest of lock-on the responsc frequency was 5-10% higher than the natural

frequency and the wake [requency was 4% higher.

Bedoor (1989) studied the flow-induced vibrations of an clastically monnted cylinder
i wind tunnel. Ile found that the lock-in regiou slatts at reduced velocity of about §
and ceases al reduced velocity of about 12.5 . The lock -in region is found to have Lwo

distinet resonance hills with neatly sinsoidal waveform.

2.3 Effects of Interference

Most investigaled fealure is the pressure ficld around Lwo rigid circular cylinder of
equal diatelers in landem and side-by-side arrangements for various spacings. In some
studics one cylinder was dastically mounted while jn most studied both eylinders were
clastically mounted. Also most of the studies used equal diameter cylinders. There is a
lack of studied when the relalive dimensions are varied and when the front cylinder is
clastically mounted while the rear one is rigid.

Zelravkovich (1977) identified two distinet groups of arcangements: (1) tandem ar-
rangement; with one cylinder behind the other at any streamwise spacing, (2) side by
side arrangement; the cylinders Trce the flow side by side al any transverse spacing.

Other combinations of the two group represent staggered arrangements.

For tandem arrangement Zdravkovich investigated the pressure distributions, veloc-
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ity profiles and force measurcments. lle found two flow patterns; the first one produce
vortex shedding belind the upstream cylinder and distinctly inlluences the vortex shed-
ding behind the downstream one. The second flow pattern produces periodic vorfex
shedding behind both cylinders . 1le also found that the most neglected feature of the

flow around two staggered cylinders was Uie measurements of vortex shedding.

Zdravkovich (1980} studied the flow patterns caused by the interference of flow be-
tween Lwo circular cylinders in some critical arrangements. By mcasuring the simullane-
ous pressure distribution, e found that the bistable flow in the side-by-side arrangement
is prominent feature for the cylinder of finite height.

Yeung and Weaver (1983) studied the cross flow induced vibrations of different tria-
gular array orientalion in water tunnet. They found that only parallel triangular array
lias siguificant amplitude vorticity response . The fluid elastic that hold for the normnl
triangular array was found to be about twice that of the parallel teiangular array. Their
study was done to be taken into account for heat exchangers design.

Zdlravkovich (1985) calegorized the wide variely of fluid-clastic responses into three
characteristic types for two cylinders with identical propertics @ (1} instability rapidly
builds up to extremely large amplitude predominantly in the sireamwise direclion, (2}
instability slowly builds up amplitude to a cerlain level, the oscillations begin mostly in
the streamwise direclion, (3) instability gradually builds up to large amplitude predomi-
nantly in the transverse direction. He found that all types of the fluid-elastic oscillations
were relaled lo the regions of interference.

Lakslunana (1986) presenled the intetlerence effects of a stngle in-line rigid hody
on the transverse vibralions of a spring-mounted circular cylinder in a wniform flow of
low turbulence intensity. Ile lias been used circular and reclangular interfering bodies
locnted downstream of the test cylinder which was positioned verlically at the centre of

a rectangular {rame supported by four springs.
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The results have shown that lock-in region begins at a reduced velocity of 5.0, The
peak dimensionless amplitude was 0.25 over a range of reduced velocily between G.G and

7.6. The tests were conducted al three typical reduced velocities:

L U/FD = 4.5 with diameter ratios (d/D) of 0.5, 1.0, 1.5 and 2.0. The amplitnde

of vibration was zcro whatever was the gap to diameter ratio (g/1).

2. U/FD = 70 at which steady vibrations with a dimensionless amplitude of .25
occurred. Wilh varing the ralio (g/D) gradnally for different (d/ D) ratios, there

was a dual-peaked response excepl in the case of (d/1)) = 0.5.

3. U/FD = 1145, Tor dfD = 0.5, the cffects of the presence of the downsiream
cylinder were not evident until (/D) as low as 0.75 and for further reduction in

(9/D} the dimensionless amplitude reached a value of 19,

Lakshmana concluded that the cllects of circular interlering bodies are very much
influenced by the reduced velocity. The oscillatory amplitudes depends on the relative
dimensions (d/D) and the relative gap widths (g/D). Also he concluded, by using the
flow visualization studies, that the interference effects observed are due to the changes
in the vorlex shedding phenomenon and the changes in the flow field that ocenr due fo
the illlcl:ferillg body.

Bokaian (1987) described a qusi-steady theory for predicting the galloping motion
of an clastic circular cylinder, with oscillations constrained lo a plane normal to the
mcident flow, as induced by the vicinity of a rigid parallel drentar cylinder placed inside
the wake. He concluded that the reduced amplitude in tandem arrangement varicd wilh
the twice-reduced velocitly independently of the cylinder mass and damping. Also, the

relative incan posilion of the moving cylinder in staggered arrangement was observed

lo be dependent only on the dimensionless free-stream dynamic pressure and the it

[rrces.
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Zdravkovich (1987) studied various clusler arrangement in term of the number of
cylinders, Uhe spacing and orientation to the onconting flow. Ile classified the basic
mterference flow regimes in all possible atrangements. The resulls have revealed that
the most complete physical picture of the flow patterns was developed for only two

cylinders in various arrangements.

Lakshinana (1988) investigated the inlerference eflects of a riéid arcular cylinder on
the transverse vibralions of a spring-mounted circular cylinder exposed 1o a uniform
flow atl a reduced velocity of 7.0. The results showed thal there is a critical combination
of relative dimensions and spacing which gives the maximum amplitude of vibration.
For staggered and side-by- side arrangements, he found that the oscillatory response of
the test cylinder is strongly dependent dpon whether the ratio (d/D) < 1.0 or otherwise.

Albrecht et al (1988) measured the frequencies of vortex shedding from two cylinders
in tandern. In the first set of experunenls they have used two circular cylinders. 'The
downstream cylinder was the same during the experiment, while the upslream one was
changed for different diameters. They found that the changing of the upstream cylinder
dintneter changed the frequency of vortex shedding for a constant free-stream velocity.
The frequency of vortex shedding from the downstream cylinder locked-in to that from
the upstream cylinder such that the two frequencies were equal. In the sccond sel of
experiments they replaced the upstream cylinder with a flal plate. They found that for
low frequencics of shedding from the flat plate, were equal as the first part. However,
the lock-in broke down for higher frequencies.

Shasrakashi et al (1989) investigated the interfercnce effect on the oscillation De-
haviour of an clastically supported cylinder in cross flow caused by a downstream cylin-
der in a criss-crossed (cruciform) arrangcment in a wind tunnel. They found that the
Karman vortex resonance of the upstream cylinder is effectively depressed by the an-

proaching of the downstream cylinder, and vanishes when the gap is smaller than half
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turbulence intensity Lo the lree streamn on the characteristics of the bistable flow which
lakes place around lwo square prisins in tandem arrangement. They found that the
bistable flow regime is shilied loward lower value of s/w (s: spacing between two prisms,
w: width of prisms) as the turbulence intensily increased. It was found thal the presence
of the freestream turbulence intensily caused the formation of the wake belind the
upsiream prism lo narrow. As the intensity of the freestream turbulence increases
the flow arcund the two prisms becomes more instable. Also they have found that the
freestream turbulence intensily have a significant cffect on the vortex shedding frequency.

ITowell and Novak (1988) studicd experimentally the voriex shedding form vibrating
circular cylinders in turbulent flow at subcritical Reynolds numbers. The lypes of tur-
bulent flow used were grid generated henmogeneous turbulence and turbulent. boundary
layers. Pressures aud their correlation, lift coeflicient and response were studied.

The experiments were divided into two parts; in the first the cylinder was positioncd
horizontally while in the second il was verlically. The main conclusions were: (1
Turbulence weakens the spanwise pressure correlation and broad the pressure spectia
while amplitude of inotion increases the correlations and narrows the spectra, (2) The
pressure correlations in boundary layers are similar to those obtained in grid generated-
turbulence, (3) The response of cylinders is intensitive to expostre for small damping
bul increases with lurhulence for larger damping.

Sviadosch el al (1990) investigated the vibrations of finned tubes in a cross flow of
water for turbulence level of the incident flow form 1.0 o 12.0% and Reynolds number
from 10° 1o 2.0 x 10%. The study was performed with flexibly-mounted tubes. The
turbulence grids were lwo rows of stainless steel cylindrical rods. ‘The main conclusions

of their study can be summarized as below -

I In the low turbulence flow (70 = 1.0%) two maxima were obtained: one when

the frequency of vortex shedding was coincident with the natural frequency of the
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2. It the turbulized f[low the vortex-induced vibrations of inned Lubes do ol vanish

as in Lhe case of the smooth tube.

3. As the reduced velocity reduced, the maxinunn amplitudes of vortex-induced vi-
bration of smooth and finned tubes become greater in the streamwise direclion,
Ilowever, the amplitudes will be greater in the transverse direction as the reduced

velocily is increased.

Jubran cl al (1991) investigated the eflects of the turbulence intensily oscillations of
an clastically supporled single cylinder in a cross flow. They fonnd that increasing Lhe
trachulence inl.cnsil.y secns Lo suppress the lock-in region or as the turbulence intensity
15 increased the fluid elastic tends Lo dominate the oscillations even for the low reduced
velocily range and lends to increase the vibration amplitude. For rough cylinder they
found that increasing the turbulence intensily to 2.8% leads to a decrense in the vibratinn
amplitude, while, a further increase in the luchulence indensity to 4.2% results in an

increase in Lhe vibration amplitude.

2.5 Effects of Surface Roughness

Guven el al (1980) presented the resulis of an experimental and analytical investigation
undertaken Lo clatily the influence of surface roughuess on the imcan pressure distribution
and boundary-layer development in wniform stream. The measurements are conducted
on five sizes of distributed sand paper roughness over Reynolds-mumber range 7 x 107 1o
5.5 > 10° . The cylinders were mounted vertically, They found that the drag coelficient,
as well as the pressure-distribution paramelers, become independent of Reynolds number

as ib is increased, bul a definite dependence on the relalive ronughness is shown. This
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is bounded by two end plates less than 20 o 30 diameters apard.

Farclt and Fedeniuk (1988) measured the mean and flucluating pressures on a rough
dgrcular cylinder in a wniform flow with and without end plates. The experiments were
carried oul al critical and transcritical Reynolds number. The leading edge of the plates
was given the form of horseshoe vortex that forms at the junction of the cylinder and the
tunnel wall, approximated by a circular arc. They revealed thal in or near the critical
range, the end plates appear to produce a flow behavior corresponding to a higher Re.
With the end plates, they found that the critical transition oceurred approximately al
Re between § x 10* and 5.5 x 10" for k/D=0.0065, and at lower Re, between 4 x 0

and 4.5 x 101, for k/D =0.01 .
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Chapter 3

INSTRUMENTS AND
APPARATUS

3.1 Introduction

The experiments were conducted in an open type wind tunnel. Several instruments were
used to measure the velocily, vibration, turbulence intensity, and frequencies. Qthers
were used for calibration, recording and monitoring. A general vicw of the apparatus

and instruments is shown in Fig (3.1) and (3-2).

It this chapler a full description of all apparatus, instruments and measuting lech-

niques nscd in the present work will be presenied.

3.2 Apparatus

The apparatus consists of a low speed suction type wind tunnecl and the experimental

set-up which consists of the test cylinder with its stand and supporl, as well as, the

interfering bodies and turbulence grids.
3.2.1 Wind Tunnel

All the measurements were carried oul with a low-speed suction wind tunnel in the

Fiuid Mechauics Laboralory of the Universily of Jordan.

The range of wind velocity in the tesi-section is from 5 mfsec lo 36 m/ace . The

27
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turbulence level of the free strcam at the working seclion is (.35%, bul it can be raised
“with the turbulence grids fitted upstream of the working section.

A schiematic diagram of the diffcrent parts of the wind tunnel is shown in Fig(3-3).
‘The air enters the wind tunnel through a nozzle to e test section, The fest section was
a straight duct made of 1em tiickness perpex and has a cross seclion of JDem x Wem
- 'The fan is driven by a 5.6 kw 3-phase motor which rolates al constant speed of 2000
rput. The maximum flow rate capacity is 3.24 m*/s. The air velocily is controlled by

mean of a double butter fly value. The schematic diagram shows the dimension of all

patts of the wind tunnel.

3.2.2 Clamping and Position of the Test Cylinder

The experimenls were condueted on an aluminum tube with crcular cross section of
ouler diameter D=215 mm, wall thickness =05 mm and length I= 440 mun. "The
cylinder was positioned in the wind tuunel horizontally: onc end is fixed, while the
other is frec. This combination yiclds a mass per unit length 0.1662 kg/in without the
accclerometer which is fixed at the free end. The stand with which the cylinder was

fixed is rigid enough to be motionless during the cxperiments. The clamping of the

cylinder is shown in Fig(3-4).

3.2.3 Interfering Bodies

Dillerent sizes of circular cylinder were used as ilerfering bodics. "T'he bodies were made

of wood and covered by a sheet of plastic as shown in Iig(3-5). "The relative dimension of

the interlering bodies (d/ 1), with respect Lo the oscillating cylinder, arc 0.5, LO, L.h and
2.0 . They are positioned horizontally in Uirce arrangements; (1) tandem artangement

wilth gap spacing (g/D) in the range (1-6), (2} side by side arrangement wilh (g/1) in

the range (1-1), (3) and finally the staggered arrangement for different posilions. For
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these arrangements the interfering body was held fixed between the walls of the wind

tunnel, so that it is parallel lo the test cylinder.
3.2.4  Turbulence Generatling Grids

In order to raise the turbulence level of the free stream, turbulence grids were fitted up-

stream of the working section. The grids were made of wood with different cross secljon.
The produced turbulence levels were used to mvestigate the effect free turbulence inten-
sily on the flow-induced vibration of the test cylinder in different conditions; smooth or

rough cylinder, with and without interfering bodies. The grids are shown in Fig(3-5)

and the shapes, sizes and produced turbulence Jevels are tabulated in Table{3-1).

Table(3.1): Turbulence grids characteristics

Grid | Rode | Rode | Mesh blockage | Turbulence
No shape size size ratio level

no - - - 0.0 % 0.35 %

1 square |05 om [ 2.7 em | 17.0 % 325 %

2 Jcrcular |10 cm |50 em | 17.0 % 3.76 %

3 squarc {05 on |60 emn | 6.7 % 4.00 %

4 |arcular | 1.0 on [ 6.0 cm | 13.3 % 4.40 %

o lcrcular | L0 em | 7.5 e | 10.0 % 1.68 %

3.2.5  Standard Sand Papers

The sand papers were used to change the surface roughness of the test cylinder. Different
sand papers, with known roughness heights, were used o satisfy this purpose. The sand
papets were wrapped carclully so that the result cross seclion js arcular. The sand

papers roughness heights and rclative heights with respect to the test cylinder (k/D)

ate tabulated in table(3-2).
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Table(3.2): Sand papers roughness and relative heights

Grid No k(mm) | k/D
40 (L6500 | 0.0230
60 0.207 | 00138
70 0.251 | 0.0118 |

3.2.6 End Plates

Two metal sheels were vsed as end plates. The outer diameler of cach one was em.,

In order to fix the end plates on the cylinder, they were drilled at their conters with a

diameler equals the diameter of the tost cylinder.

Experiments were conducted to measure the atmplitude vibration, flow velocity flow
turbulence inlensity and the oscillating cylinder frequency. For measuring the amplitnde
vibration in the transverse dircction an accelerometer was used, while in the stream-
wise dircction a magnetic transducer was used. ot wire and pitot tnbe were used for
measuring e turbulence inlensity and flow velocity. The signal was monitored by an

oscilloscope and a frequency analyzer. These instruments and the techniqnes employed

are discussed in the following sections.

3.3 Velocity and Turbulence Measurements

As mentioned before a hot-wire ancmometer and a pitot-tube are used for velocily and

lurbulence measurements.
(i) Pitot-Tube :
The pitot static tube is a simple instrument used for the measurement of both static

and stagnation pressures. The opening in the front of the probe scuses the stagnalion

pressure, white the small holes around the ounter periphery of the tube sense the stalic

pressire. When Bernoulli’s equation is applied, the velocily of skream can be found Dy:
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where (hy ~ hy) is the deflection of manomeler (mmi,0) | pis the stream density

(kg/ma), U is the velocity of the stream (m/sec).

For the experinents a subsonic probe was connected will micromanometer which

gives Lhe deflection in mnti, . The probe was positioned upstream the test cylinder

so thal it will not affect the leading flow to the cylinder. The opemng of the probe was

al the uid scclion.
(i1)) Hot-Wire Anemometer:

The hol-wire manometer is a device that is often used to study rapidly varing flow
condilions. In turbulence fluid flow, the fluid-velocity componeuts exhibit a random
oscillatory character, which depends on the -average fluid velocity, fluid density, vis-
cosily, and other variables. The hot-wire is very useflul for turbulence mecasurements
because it can respond to very rapid change in flow velocity. Two or more wircs at one
point in the flow can make simullancons measurements of the Nuctualing components,
tlolmwan(1978).

The sensor is a fine wire heated clectrically and placed in the flow stream, and the

early work of King (1914) has shown that the heal-transfer rate from the wire can be
expressed in the form :

Q = (A + BU)(Tw — To) (3.2)

where:

Tw = wire temperalure.

1, = Iree-stream temperature of fluid.

U = fluid velocity.

A, B = constants oblained from a calibration of the device.

The heat-transfer rate must also be given by:

Q=17 xRw="xR|l + T, - 1,)] (3.3)
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where ;

I = clectric current.
R, = resistance of the wire at the temaperature 7,

Hr e

Iy = resistance of Lhe wire at the reference lemperature 7).

a = {emperature cocllicient of resistance.

The heat transfer coeflicient is given by:-
Nu =C+ DU" (3.1)

rom equalions (3-1) lo (3-4) it js found that

Vi= A+ pUn (3.5)

where;
V = D.C ontput of anemometer.
A, B,C, D are the calibration constants.
n=104-05 for 0.1 < Re < 10",

Using equation (3-5), the lurbulence intensily can be determined as:

dt 2V dV
=z 3
U n(V2 — A) (3.6)

whete;

dl’= the Root Mean Square (RMS) of the anemometer oulpul.

For measurement purpose, the hot wire is connected to a bridge circuit. "T'wo different,
crecuils are available for Lhe measurement ol the thermal loss. Named [rom {lteir modes

ol operation they are called respectivcly, the Conslant-temperature Ancmomeler and

the Constant-current Anemometer.

‘The experiments were carried out using a DISA constanl-temperature hot wire

ancmomelry shown in Fig(3-6). Tt cousists ol a Wheatstone bridge and servo ampli-
. g i

fier. “The hol wirc was connccted with a probe type 55105 moving by a transverse
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mechanism. The D.C voltage and RMS vollage were measuted by the 55130 DC and

the vollmeler, respectively, The calibration and operation of the hotl wire are discussed

in the appendix.

3.4 Vibration Measurements

The amplitude of vibrations are measured in the transverse an streamwise directions:

(1) Transverse direction :

The amplitude vibration in the transverse direction was measured by an accelerator
type (B&K 4371) fixed on the free end of the test cylinder as shown in Tig(3-3). The
oulput signal of the accelerator was simultaneously fed to a portable vibralion meter
type ( B&K 2511) and some times to a frequency analyzer type ( B&K 2131). The
output of the vibration meter could be taken as acceleration, vclocity or displacemecndt.
A slorage oscilloscope type (OS 4100) was used to monitor the oulput of the vibration
meler. The signal from storage oscilloscope was recorded using an X-Y recorder lype {
WX 4402) . On the other hand, the signal from the frequency analyzer was recorded hy
a Jevel recorder type (B&K 2307). The calibration and operation of the vibration meler

are discussed in the appendix.

{(11)Streamwise direction :

A noncontact dynamic pickup type (B&K MMO0002) was used to measure the stream-
wisc vibration amplitude. The output signal was supplied o the [requency analyzer and
a measuring amplifier type (B&K 2616). The output of the measuring amplifier is SHp-
plied to the oscilloscope to monitor the signal wavelorm. The reading of the measuring
amplifier is in voltage outpul. Al certain conditions the dyvnamic pickup and the mea.
sueing amplificr are cnlihrai.cd.witll the accelerator and the vibration meter, so that the

outpul vollage could be obtained as displacement.
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3.5 Iixperimental Conditions

As mentioned belore, the velocily range of the wind tunnel is (5 m/scc-36 m/aec), Uis
will result in Reynolds number rauge of (6.8 % 10° ~ 4.9 x 10*). The cylinder condition
(l.e. length, mass per length, damping and clamping) resulls in o constant nalural
lrequency (F) of 56 Iz, logaritlunic decrement (6} of 0.083 and damping factor K, of
1.93 . For these results the reduced velocity (U/F D)is in the range (4.15 - 30.0).

The chosen interfering bodies were fixed between the walls of the tunnel at different
gap spacings o invesligate the ellect of intecference for different arrangements. ‘The free
strcam turhu]cncg inlensily was changed in the range (0.35% - 1.68%) by using different
turbulence grids. Test cylinder surface roughness was changed from smooth to about
(k/D} of 0,023 . The end plates posilion was changed from small distance between them

and the walls of the wind tunnel to a distance of 5 dinmeters.
3.6  Preliminary Tests

Belore starling the experiments, the position of the test cylinder was chosen to be about.

1.3 m far feom the julet of the test seclion.

The cylinder was clamped horizontally as a cantilever. T'he cylinder was fixed by a
stand which is positioned verlically and has a cross-section of 12em x [2em. This was
chosen Lo iusure the motionless of the stand throughout the experiments. The wire of
the aceclerometer, mounted at the frec end, was taken out from the fixed end of the

cylinder so that the motion of cylinder will not affects it, and as a resull to reduce the

noise of the wire.

The natural frequency of the cylinder was measured by the impulse test as follows:-

LA lunable filter (B&K1621) was connected in parallel with the vibration meler.

‘The signal of the acceleromeler was fed to the vibration meter and monitored on
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the slorage oscilloscope and the frequency analyzer.

2. The oscillating cylinder was disturbed and the responsc was monitored on the

oscilloscope and the frequency analyzer.

3. Step 2 was repeated for another frequency adjusted by the filter tuning. The
natural [requency was the frequency at which the larger amplitude is obtained as

shown in Fig(3-7) and (3-8).

Following this procedure a natural frequency of 56 1z was obtained. This value was
verified after delermining the lock-in region. The frequency of vibration at the Jock-in
was measured by the frequency a.nalyzjer and the samme value of 56 Hz was ohlained.
The structural damping was determined by using the Jogarithnic decrement equation.

1
§=—I

xT

— 3.7

no T, (37
where:

z, = the amplitude of the first signal cycle.

zn = the amplitude after n cycles.

Using Fig(3-7) it is found that § =0.083 . The stability damping factor (K,) was

delermined by the equation:

B 2mé

=0 (3.8)

wliere;

p= density of ar.

Applying the required valucs it was found that K, =4.93 .
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3.7 Ixperimental Procedures

3.7.1 Single Cylinder Measuring Procedure

L. The hot wire was calibrated as described in the appendix, then it was positioncd
al Lhe determined location. The pitot tube was placed al its posilion and the

manometer was adjusted to zcro.

2. Aller fixing the accelerometer and the dynamic pickup, they are connected to
the vibration mcler and measuring amplifier, respectively. The ontputs of the
vibration meter and the measuring amplifier were connceted to the oscilloscope
and the frequency analyzer.

3. The fan was swilched on and Lhe llow was varied in the rang (5-36)m/s. After the
steady state of the flow was oblained, L5 minutes were given before taking the
reading of the vibralion meter and measuring amplificr. ‘I'his was repeated and
the average of the readings was adopied. At each reading the signal was fed to
lhe [requency analyzer to measure the frequency at which the largest amplitude

occurred. The vibration signal monitored by the oscilloscope was recorded for

ceriain reduced velocilics.

4. The tuchulence grids was Jocated at the inlet of the test section. For this pact, the
pitol tube could not be used and the velocity will be measured by the hot wire

only. For cach grid, steps (1) to (3) were repeated.

5. The standard sand paper was wrapped around the cylinder. For each sand paper,

steps (1) to (3) were repeated.

| . : . . : .
From lime to lime, the hol wirc was recalibrated, the micromanomeler was readjusied

lo zero, the calibration of the vibration meter and he incasuring amplifier was lested.
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3.7.2  Iuterference Arrangements Measuring Procedure

1

. The instruments were calibraled and located as mentioned helore.

2. Onc of the interlering bodies was located al certain distance (g/D) from the test

F.'l

=1

cylinder which was mounted as for single cylinder. The same procedure for mea-
suring the velocity and RMS of the amplitude vibration in the slreamwise and

transverse directions were followed.

- The gap spacing (9/D) was changed in the range (1-6) and the samce procedure of

measurements were repeated.

. The location of the interfering body was changed to the transverse direction (i.c.

side-by-side arrangement). For each interfering body (d/D) the gap spacing was

changed in the range (1-4) and the steps (1} and (2) were repeated.
Step (4) was repeated for the staggered arrangement,

TFor certain interfering bodies and gap interfering bodies and gap spacing, Lhe

freestream turbulence intensity was changed and the procedure was repealed.

The roughness of the test cylinder was increased and step (6) was repeated.

3.7.3 End Plates Measuring Procedure

I.

3.

The measuring instruments were warmed up and calibrated as mentioned helore.

An end plate was fixed at each end of the cylinder inside the walls of the tunnel,

The same procedure described before was followed.

The position of the end plate was changed so that the distance from the walls of

the tunnel varied from very cose Lo § diameters. For cach time steps (1) and (2)

were repealed.
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3.8 IRepeatability of Measurements
As nentioned before, the RMS of the vibration amplitude were repeated

and averaged

for cach test. The averaged discrepancy was found to be aloul 4+ 5%.

On the other hand, the mean stream velocity and turbulence intensity were repeated

from time to time. I was found that the repeatability is about 4-4%.
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Chapter 4

DISCUSSION OF RESULTS

4.1 Introduction

The experiments were carried oul to investigate the influence of interference, turbulence
intensity and surface roughness on flow-induced vibration of cylindrical cantilever tube.

The response of a single cylinder will be discussed first using the results of the vibra-
tion dimensionless amplitude against the reduced velocity. The second part will show
the dynamic response of the test cylinder for different turbulence intensities with and
withoul interfering cylinders. The effect of surface roughness on the dynamic response
of the test cylinder will be shown. Finally, the effect of the combinations of the faclors,
as well as, the end plates effects on the flow induced vibration of the test cylinder will

Ire discussed.

4.2 Single Cylinder Results

The dynamic response of the test cylinder can be described by the variation of the
RMS of the dimensionless amplitude (A/D), in transverse and streamywise directions,
versus the reduced velocity (U/FD). Afier mounting the cylinder nuder the conditions
described in chapler 3, the ﬂow velocity was increased gradually and the vibralion
amplitude was recorded for different reduced velocity. The response is shown in IFig(4-

1) for both the transverse and streamwise directions. Fig(4-1) shows that the vibration
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amplitude is more significant in the lrnnsvcr.;c direction (lift dircction) than that in the
streamwise direction (drag direction). It is also shown that the lock-in region (i.c. the
range of reduced velocily over which the [requency of fluid approaches the frequency of
the vibration cylinder) starls al reduced velocity of 13.0. Before this reduced velocity
the cylinder is almost stationary due to the weak vortex shedding. There is only onc
distinct resonance lill on the dynamic response curve which agrees with that found
for vertical cantilever by DBlevens (1977), Howell el al (1988), Humphries (1988) and

Suiadosch et al (1990).

The largest amplituwde vibration, for both the transverse and streamwise direction,
occurs at U/FD = 155 at which the frequency of vibrating cylinder approaches its
natural frequency as can be seen from“Fig(4-2) where the maximum amplitude occurs
when the vibrating frequency equal to the natural frequency (i.c. [/F=1.0). The lock-in
region ceases for reduced velocity around 21.0. After this reduced velocity the cylinder

reaches a steady oscillatory response as shown in Fig(4-1).

4.3 Effects of Interference

Flow interference between two dreular cylinders in various arrangements causes contin-
uous aund discontinuous changes in vortex shedding. The resulling oscillations induced

by the vortex shedding are strongly dependant on the arrangement of Lthe two cylinders,

Lakshmana (1987}.

In order to see the influence of interfering body on the dynamic response of a single
cylinder, the chosen interfering bodies were placed in {andem, side-by-side, and stag-
gered arrangements. The velocily of the flow was increased gradually and the resulting

dynamic response was represented graphically. These graphs will be used here to clarify

the phenomena for each arraugement.
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4.3.1  Interference Elfects for Tandem Arrangement

Ielative dimension d/ D =05:

‘The response of the vibraling cylinder with the presence of interfering body with relative
dimension (d/12) = 0.5 in tandem acrangement is shown in Fig(4-3). When the reduced
velocily is to the left of the lock-in region (i.c . less than 13.0), the influence of interlering
body is negligible because for this range, the vortex shedding frequency will be fower
than the natural frequency. As the vélocity increases the eflect of interference become
more significant. At the lock-in region the cylinder is vibrating due to vortex excitation.
For his condition there is a feedback mechanism between the body and the wake. The
presence of interfering body in the wake influence the vorlex shedding and the feed back
mechanism, which is responsible for the observed increased in the vibration amplitudes.
‘the amplitude decrcases as the gap spacing {g/D) increases. When {g/ D) is increased
from 1.0 to 2.0 and 3.0, a significant reduction in the vibratjon amplitude is observed
because t];cre 15 suppression in the vortex formation due to the front cylinder. The
shear layers leaving the test cylinder is attached on to the downstream cylinder and a
ncar stagnent pool is formed in the gap between them. Fig(4-3) indicate also as (g/D)
increases further to g/D = 6.0 the cffect of interference on the vibration amplitude is
negligible and the system tend to behave like a single cylinder. Note that there is a shift
in the Jock-in region for gap spacing (g/D) cqual to 1.0, 2.0 and 3.0. This fact indicates
that the presence of inlerfering body in wake can affect the frequency of vortex sheddings
and as a resull the lock-in region. For high reduced velocities (i.e. U/FD > 19), the
interfering eylinder is seen to has a negligible influence on the vibration amplitude of
the test cylinder. The vibrations in this case are due to the jet switching phenomena,

which occurs when the vibration is produced by coupling and uncoupling of fluid jets

hehind the eylinder.
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‘The streamwise amplitude for the same gap spacings is shown in Fig(t-4). W is
shown that the amplitude is wach smaller than that in the transverse direction as men-
tioned carlier. I is interesting to nole there is a continuons reduction in the streamwise

vibeation amplitude as the gap spacing is increased.

Itelntive dimension df 1) = Lo

Fig(4-5) shows the response of the cylinder with an interfering body of a relative di-
mension d/) = 1.0 (i.e. the same diamecter as the cylinder). ‘The response is shown
for different wvalues of (g/ D). It can be scen from Fig(4-5) that the influence of inter-
ference is more cvident than that of &/ = 0.5, Also il is mteresting to observe {haf
alter U/FD = 19.0 the amplitude will not return to ihat of a single cylinder. The vor-
lex shedding from the front (i.e. downstream) cylinder becomes more coherence when
(9/D) decrcases. This explain the risc in the vibratjon amplitude al g/ = 1.0. For
9/D > 1.0 a decrease in vibration amplitude occurs undil g/ D = 4.0 at which the ampli-
tude is increased again due to the change in the vortex formation and shedding (i.e. the
periodic replacement of vortex at the top and bottom of the wake). It is inleresting to
nole thal for d/ D) = 1.0, the shift of the maximum peak is significant. This implies that
the influence of iuterference on the vorlex shedding frequency increnses as the relative
dimension (d/D) increascs.

Fig{4-G) shows that the change in the streamwise vibration amplitude is larger than
the change in the transverse vibration amplitude. Unlike the dynamic response when
d/D = 0.5, the maxiinum amplitude occurs at U/FD =190 for ¢/D = 1.0 and L5 and
al U/FPD = 17.0 for g/ D = 3.0 to 6.0. Also it can be seen that the vibration is maximmim
at g/D = 1.0 and it decreases as {(g/ D)) increases up to 4.0 where the vibration return
to increase like that of lransverse vibration amplitude. After g/ 1) = 4.0, the viliration

decreases but it still Jess than that for single cylinder.
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Relative dimension d/D = 1.5 :

The relative dimension (d/D) is increased to 1.5 and the resulting response is shown in
Fig(4-7). As shown, the amplitude increases significantly for ¢/1) = 1.0. 1 is seen that
the reduced velocily for which the maximum peak occurs is increased lo 22.0. As the
gap spacing increases, Lhe vibration amplitude decreases from that of ¢/ ) = LU until
g/D = 4.0 al which the change in the vortex formation and shedding occurs resulling
i a significant increase in the dimensionless vibration amplitude in the vortex shedding
region. Il is seen that for g/D = 15 the system filed to reach a steady oscillation.
Beyond g/} = 3.0, the response is characlerized by a narrow lock-in region and a
reduction in amplitude when the body become far away from the cylinder.

The vibration amplitude variation in the streamwise direction for this {d/ D) is shown
in Fig(4-8). The figure shows that the amplitude is lower than that for single cylinder
excepl for close posilion (i.c. g/ = 1.0). This implies that the exisicnce of interfering
body beyond the cylinder can reduce the vibration to a very low value. It can be seen
also that the reduced velocity at which the maximum peak occurs is reduced as the gap
s];a.citlg increased.

Relative dimension d/D = 20:

At d/D = 2.0 an interesting response shown is observed in Iig(4-9), especially for
g/D = L0. For the case of d/D = 2.0 il is evident thai the fluid clastic instability
occurs at U/F'D about 27.0. As (g9/D) increases o 2.0, the instability starts al lower
U/FD. Further increase in (¢/D) decreases the amplitude to a lower value. This
reduclion will continue wntil g/D = 4.0 and then increases as described for the other
(d/12).

Fig(4-10) shows the varialion of the streamwise amplitude. "The main ileresting
point in this figure is the trend for g/ D = 1.5 which is characterized by a very low am-

plitude. This result was found carlier for d/D =05. As (¢/D) increases the amplitude
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increases either, but the maximum peak still less than that for single cylinder.

Irom the discussion presented in this section it becomes clear thal the maximum
peak amplitudes occur at g/D = 1.0 for all (d/ D) investigaled. In order to clarify this
result, Lhe variation of RMS vibration amplitude versus reduced velocily was plotied for
the transverse and streamwise directions for various values of relative dimension (d/ D)
as shown in Fig(4-11). The same trend can be observed for the various dimensions of
(d/ D}, but with different vibration amplitude. As the relative dimension {(d/D) increascs
the peak increases with an increase in the reduced velocily at which the peak occurs.

The cffects of interference on the dimensionless vibration amplitude for the tandemn
arrangement atl certain reduced velocilies, gap spacing, and relative dimensions are
shown in Fig(4-12) and (4-13). Fig(4-12) shows that the maximum amplitude is attained
when the frequency of the vibrating cylinder approaches its natural frequency. In Fig(4-
13), it can be seen hat for U/FD = 15.5 the n;aximum vibration amplitudes arc
allained at large gap spacing and relative dimensions. For U/FD = 19.0 and 22.0, the

maximum amplitude occurs at small gap spacing even when the relative dimensions are

large.

4.3.2  Interference Effects for Side-By-Side Arrangement

This sel of experiments was carried out for (d/D) ratios of 0.5, 1.0, L5 and 2.0. The
gap spacings (T'/D) were 1.0, 2.0, and 4.0. For the intetference df D) = 0.5, Fig(4-11-a)
shows the response of the cylinder. It is clear that at T/D = 10 and T/D = 2.0 the
same response is obtained. The oscillation at these spacing is stightly larger than Sil.lgl(‘,
cylinder. This is caused by the increase of fiuid-elastic excilation, Lakshmana (1987).
As the transverse spacing between the axes of Lhe cylinders is increased, Uie Muid-clastic
mstability becomes less. This is shown in the same figure fot T/I) = 4.0. 1t is noted that

the reduction of transverse spacing not only increases the amplitude of oscillation, Lut
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also decreases the critical reduced velocily at which the maximum peak occurs. Similar
response is oblained for the iuterfcrence d/ ) = 1.0 as shown in Fig(4-14-b). The main
difference between them is the transverse spacing al which the fluid-clastic excitation
occurs becomes small.

For larger relative dimensions fi.c. d/ D = L& and d/D) = 2.0 ), the response
of the oscillaling cylinder seems to be different. Fig(4-15-a) shows that the vibration
amplitede of the cylinder is reduced for different transverse spacing and d/D = 1.5. The
maximum amplitude ocenrs at different reduced velociljes. On the other hand, Fig(d-
15-b) shows that for d/D = 2.0 {he maximum amplitudes occurs at certain reduced
velocities (i.c. U/FD = 14.0). The gap between the cylinders cause the flow to form =
Jet biased towards the narrow wake. This phenomena causes a reduction in the vibration
amplitude which increa.g;es as the gap increases.

One may explains the obtained results by the fact that for d/D = 0.5, when the
interlering cylinders are close, there is a strong gap below which biased towards the
smaller cylinder. The wake behind the larger cylinder is sufficiently large. This result
can also be p-ronounced for d/D = 1.0. For d/D = 1.5 or 2.0 and small (T/D), the gap

flow is scen to aflect the wake of the test cylinder in a different manner.

4.3.3 Interference Effects for Staggered Arrangement

The interfercnce in the staggered arrangement was studied by positioning the interfering
cylirdder downstream the test cylinder atl particular values of the ratios (g/D) and (T/D).
Three positions are presented; (1) /D =15, T/D = 3.0, (2) g/D =20, T/D = 5,
and (3) ¢/ = 0.5, T/D = 1.0.

The first sel of cxperimcntsrwere carried out for an interflering cvlinder with relatjve
dimensions of /D = 0.5. The variation of the dimensionless amplitnde (A./D) Tor the

three locations are shown in Fig(4-16-a). The most interesting observation for this set
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is the widening of the Jock-in region for the first two locations. For the third position

(l.e. 9/D =05 and T'/D = 1.0) the interfering body js close to the oséillating cylinder
resulling in significant oscillations. The second set of experiment was conducted for
dfD = 1.0 (Fig(4-16-b}). As shown, the response of vibrating cylinder for the first two
posilions is almost similar to that of d/D = 0.5. At the third position, the oscillations
beconie larger because the cylinders are close to each other. It can be scen that for these
two sels, the oscillalions decreascs as the relative dimension (d/ D) increases.

Stinilar response was obtained for the first two positions of the third scl of experi-
ments which was done for /D) = 1.5 and shown \in l"ig(fl-l?-q). The response for the
third position shows that the lock-in region starts at reduced velocily (U/FI}) of 11.0
and ceases at U/FD = 21.0. It can be hoted that the maximum amplitude is the same
as single cylinder. The fourth sct of cxperiments was carried ont for df DD = 2.0. Fig(4-
17-b) shows the response for the three positions. For the fitst position, the response is
similar to that of the other values of (d/D). The behaviour of cylinder for the third
position shows a reduction in vibralion amplitude from that shows earlier.

The strenmwise RMS variation for the staggered arrangement is shown in Fig(4-18).
For d/I} = 0.5, the same maximum amplitude is attained for the first fwo posilions.
When the third position is applied a reduction in vibration is observed. This variation is
also shown in Fig(4-18-b) for d/D = 1.0. As shown, the changes m vibration amplitudes
are lower than that for d/D = 0.5, However, the maximum amplitude is lower than
that for single cylinder for both cases.

Fig(4-19) aud (4-20) show the variation of RMS amplitude versus gap spacing for
tandem and side-by-side arrangements. As can be noled, the system hehaves as a single
cylinder aller ¢/D = 4.0 or T/d = 4.0. For tandem arrangement, ]'"ig(ti-]ﬂ) show
that the maximum amplitude is attained af g/ = 1.0 followed by a reduction until

g/D = 2.0, then it starts to increase from g/ = 3.0 to g/’ = 4.0. The RMS amplitude
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andl its variation is nol significant for side-by-side arrangesment as shown in Fig(1-20). I
is interesting note that for tandem arrangement, the maximum values of (A, /1) occurs
al d/ D) = 2.0 especially for dose spacings of (T/D) while for side-by-side arrangement
the maxinlmm valwes of (As /D) occurs al d/D = 0.5 for a wide range of spacing.

For U/FD = 15.5 (i.c. the reduced velocity al the cenler of the lock-in region
for single cylinder) the maximum amplitudes occur al d/D = 0.5 regardless of the
arrangement type (Fig(4-21) and (4-22)). 1L is observed that the cylinder went into
steady vibrations with a dimensionless amplitude of 0.013 for tandem arrangement and
0.009 for side-by-side arrangement. In Fig(4-21) the trends of the (s /D) curves for all
(d/ D) are similar except that of d/D = 0.5 where the vibration amplitudes has different
trend. The reason for this is the formation of a single trapped vorlex between the two
cylinders under these conditions (i.e: U/FD =15.5 and d/D = 0.5).

For higher reduced velocitie.s (t.c. U/FD =19.0 and 22.0), tlfe vibration amplitude
for tandem acrrangement is increased especially for small gap spacings as shown in Fig{d-
23) and (4-25). Different result is obtained for side-by-side arrangement; Fig(4-24)
and (4-26) show thal the vibration amplitude is decreased as U/FD increased. I

is also noted that the effect of the relative dimension (d/ D} becomes negligible for

U/FD =22.0,

4.4 Effects of Turbulence Intensity

The eflect of free stream turbulence intensily was mvestigated throngh the use of differ-

ent turbulence generating grids located at the entrance of the test section.

4.4.1 Turbulence Intensity Effects for Single Cylinder

Iig(4-27-a) shows a plol for the dimensionless amplitude (A, /D) versus reduced velocity.

It can be seen from this figure that the turbulence intensity has three main ellects on
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the transverse amplitude of the cylinder:

L. For low turhulence intensily (i.e. TU = 0.35%) the cylinder hehaviour is described

earlicr for single cylinder response.

2. Tor turbulence intensity TU = 3.25% and 4.0%, the Jock-in region starts al
U/FD = 15.5 and after that the system failed lo reach a steady oscillatory re-
sponse. The figure shows that the vibration amplitude for TU = 4.0% is larger
than that for 3.25%. I must be noted that these infensilics were generated by

square cross seclional grids.

3. Increasing the turbulence intensity above 4.0% tends o produce almost the same

response as single cylinder with.higher amplitudes at high U/FD. For TU =
4.68% the oscillations become larger but after U/FD = 210 the same amplitudes

observed for TU = 4.4% and TU = 4.68%.

From the above observations it appears that the responses in turbulent flow are

different from those in smooth flow and the former clearly depends on the turbulence

intensity and hence, the generaling grids. The increase in the turbulence modifies the

flow patlerns around the cylinder and hence the flow induced forces on it. As a resul,

the vibration amplitude increases due to the increases in growth rate of the shear layers,

Miyata and Miyazaki (1988) .

Fig(4-27-a) also indicates that for TU = 4.4% and 4.68% the

amplitude peak occurs

almost at the same U/FD as single cylinder. This implies that the frequency of vortex

shedding from the cylinder remains unchanged, while the energy of pulsations induced

by this shedding builds up. This result agrees with that found hy Sviadosch (199}

‘This is confirmed by the results obtained in Fig(4-29) which shows that the maximmm

~amplitude for TU = 4.68% is attained when the vibrating cylinder lrequency approaches

its natural frequency . This resull is pronounced for each 7.
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The variation of strcamwise RMS amplitude versus reduced velocily for different TU
is shown in Fig(4-27-b). The main inleresting poinl is the sharp increase of amplitude
for TU = 3.25%. This implies that for this TU, the drag forces increases at Jarger rate
than that for the Eft forces. The grid that was used to generate this 7U consists of 10
rods of square cross section. As T'U increases a reduction in the mnﬁ]itude is observed.
Excepl for TU = 3.25%, the amplitude is lower than that for single cylinder.

The clTect of turbulence intensily on flow-induced vibration of the c_vlin-(lcr for cerlain
reduced velocities is shown in Tig(4-28). For U/FD = 15.5, the increase of TU behind
3.25% increases the vibralion, while for U/FD = 19.0 and 22.0 different trends are
altained as shown in the figure. In general, for high TU (i.e. TU > 1.4%) the effect

decreases as U/ F'D increases. .

4.4.2 Turbulence Intensity Effects for Tandem and Side-By-
Side Arrangement

Three turbulence grids were used to investigate the influence of turhulence intensity on
the response of tandem and side-by-side arrangements. The gap spacing between the
lest cylinder and the interfering body was varied in the streamwise direction in the range
9/D = 1.0 1o 3.0, while in the transverse direction in the range T/} = 1.0 to 2.0. The
study was carried out for two interlering bodies; d/D = 1.0 and d/D = 2.0.

Relative dimension d/D = 1.0:

1. Tandem Arrangement:
Fig(4-30-a) shows the responsc of the cylinder for TU = 3.76% and d/D = 1.0.
As shown, two results can be observed for g/D = 1.0; the first is the vibratlion
amplitnde starls increasing sharply al U/FD = 19 and the maximum amplitnde
occurs al U/F' ) = 23.5. The sccond observation is the dimensionless amplitude

reaches a value of 4, /D = 0.0275. Comparing this result with that al TU = 0.35%
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(Fig(4-5)), it is seen that the maximum amplilude increases as T'U increases and
reaches a higher value. Tor g/ = 2.0 it is scen that the lock-in region becomes
wider for this 7'U than that at 7'U = 0.35%. On the other hand, as (¢/ 1)) increases

lo 3.0 the vibration amplitude, compared with that al, TU = (.35%, is increascd.

Increasing the T'U to 4.0 %, the response shows a reduction in vibration amplitude
even al g/D = 1.0 as shows in Fig(4-30-b). It must be noted here that the
turbulence was generated by the third grid (i.e. squarc cross section). Further
increasc in TU shows almost the same responsc as TU = 3.76%, but the maximum

amplitude for g/D = 1.0 occurs at ligher reduced velocity as shown in Fig(4-31-a)

for TU = 4.68%.

2. Side-by-side Arrangement:
For this arcangement, the experiments were carried oul for gap spacing of 7/1) =
1.0 and 2.0. Similar to tandem arrangement, the TU used were 3.76 %, 4.0 7%,

and 4.68 % in addition to TU = 0.35%.

The response for d/D = 1.0 and TU = 3.76% is shown in Fig(4-31-b). Com-
paring the result with that al TU = 0.35% reveals that a reductlion in the vibration
amplitude occurred. Fig(4-32)shows that the increase in TU produces further re-

duction in amplitude and a stable oscillatory response beyond U/rh = 19.0.

For TU = 4.68% the amplitude is smaller than (liat al Tl = 0.35% for both

T/D = 1.0 and T/D = 2.0, but it is higher than that at 7U = 1.0% as shown

i Fig(4-32-b). In general, for this condition (te. d/D = 1.0 ) the increase in

turbulence intensity will reduce the vibratjon amplitude.

The strecamwise vibration amplitude bas the same trend as the transverse which can

be observed in Fig(4-33), (4-34), and (4-35)} for tandem and side-by-side arrangements.

The peak amplitude is attained atl the same U/FD, while their values for g/D = 2.0
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and 3.0 are lower than that for single cylinder.

Relative dimension d/D = 2.0:

1. Tandem Arrangement:
The same experimenls were carried out for d/D = 2.0. The response for TU =
3.76% is shown in Tig(4-36-a). As can be seen for g/D = 1.0, the amplitude starls
lo increase sharply at the same value of U/FD as that at 7U = 0.35%, bul it
doesn’t reach a steady behaviour wh‘ich reached at TU = 0.35%. For the other gap
spacings, the response is similar lo that of single cylinder, but the reduced velocily
al which the lock-in region starls increases as (g/D) increases. llowever, wider
lock-in region and higher amplitude at high reduced velocitics can be observed.
The TU was increased to 4.0 %‘a.ml the response is shown in Fig(4-36-L). As
shown, the same results obtained for d/D = 1.0 can be observed here with larger
aroplitudes, especially for g/ D = 1.0. Further increase in TU to 4.68 % shows the

same resull as TU = 3.76% as shown in Tig(4-37-a).

2. Side-by-side Arrangement:
The results for d/D = 2.0 are shown in Fig(4-37-b), and (4-38). Unlike the results
of TU = 0.35% which are characterized by a reduction in the amplitude, the
results of TU = 3.76%,4.0% and 4.68% show an increasc in amplitude especially
al high reduced velocity. An inleresting resnlt can by scen in Fig(4-38-a) where
the lock-in region is undistinguished. Tor T/{D = 1.0 the amplitudes starls to
increase at low reduced velocity and reaches steady oscillations of A,/D = 0.006
for the remain range. On the other hand, for 7'/D = 2.0 the system failed (o
reach a sleady oscillations, but the amplitude is larger. However, the response for

TU = 3.76% and 4.68% are similar as shown in Fig(4-37-b) and (4-38-b).

Fig(4-39) to (4-11) show that the streamwise amplitude variation has the same trend
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as the transverse ene. Ilowever, the amplitude is lower than that for single cylinder for
U/FD < 19.0 regardless of the 7. Unlike d/D = 1.0, the trends of the streamwise
and transverse vibrations are dillerent lor d/ D = 2.0; for TU = 3.76% the strcamwise
amplitude increases even beyond U/ FD = 16.0 as shown in Fig(4-10-b). On the other
hand, at TU = 4.0% not only the amplitude increases as U/ FD increases but also the
same value is atlained for 7'/D = 1.0 and 2.0 as shown in Fig(4-41-a). The same resnlt

found for TU = 3.76% can also be observed for TU = 4.68% (IFig(4-41-1)).

4.5 Effects of Surface Roughness

The influence of surface roughness on flow-induced vibration was investigaled by using

some standard sand papers with different heights of (k/D).

4.5.1 Surface Roughness Effects for Single Cylinder

The variation of the MS tra.ﬁsvcrse dimeusionless amplitude with the reduced velocity
(U/FD) for single rough cylinder is shown in Fig(4-42-a). As shown the dimensionless
surface roughness k/D = 0.0118 and k/D = 0.0138 have reduced the vibration ampli-
tude to a very low value due to the roughness and the damping which is caused by the
sand papers. I is inleresting to note that the lock-in region disappeared in this casc.
The vibration amplitude for the higher roughness (i.e. k/D = 0.023} is slightly Iarger
than the olher sutface roughnesses. Aller U/FD = 13.0 the RMS salue of vibration
amplitude is approximately constant. This indicate that the originaled shedding activ-
ily disappeared just above this value of reduced velocity. Increasing the roughness to
k/D = 0.023 tends to increase the vibration nmplitude, but the Jock-in region is sl dis-
appeared as show in Fig(4-42-a). The experiment was repealed several limes o sec if it
was due Lo any experimental cfror or il it was occurred due to this particular roughness.

The same behaviour was repeatedly observed. For this particular ronghness, this may
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be explained by the nonlincar induced negative acrodynamic damping which depends
on the cylinder motion. This complex inleraction with the nonlinear behaviour is ol
vel understood. The reduction of amplitude may be duc to the relarded separation
and narrowed wake which resulls in suppressing the vorlices and hence reducing lhe
fluctualing components of the acrodynamic forces resonable for the cylinder cxcitation
as found by Zdravkovich (1977).

Not only the surface roughness reduces the transverse vibrations, but also the stream-
wise one. This result can be seen in Fig(d-42-b) for different roughness height (i.c.
roughness reduces the drag forces).

In order to swnmarize the effect of surface roughness on flow-induced vibralion,
Fig(4-43)was drawn to show the variation of RMS amplitude versus (k/ D) for dilferent
values of U/FD (ie. U/FD = 155,10.0 and 22.0}. As shown, the roughness of the

surface reduces the vibration amplitude especially for k/D = 0118 and 0138.

4.5.2  Surface Roughness Effects for Tandem and Side-By-
Side Arrangements

A standard sand paper with k/D = 0.0118 was chosen to investigate the effect of
sutface roughuness on the tandem and side-by-side arrangement. The gap spacing for
landem arrangement was changed in steps g/D = 1.0,2.0, and 3.0, whilc for side-by-side
arrangement T/ D = 1.0, and 2.0. The relative dimension of the interfering bodies were
d/D = 1.0 and d/D) = 2.0.

As shown in Fig(4-44) to (4-47) the exislence of interfering body has negligible effect
on the response of rough cylinder. The same behaviour for the offect of interference
ts observed for both single cylinder and rough cylinder, regardless of the gap spacing
(9/D) ot (T/D). Unlike d/D = 1.0, l.h;’. vibration amplitude starts lo rise at high

recluced velocity when the gap spacing is small for d/D) = 2.0 as shown in Fig(4-14-b).
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These results can be pronounced for the streamwise direction as shown in Fig(4-46)

and(4-47).

4.6  Effects of Turbulence Intensity, Surface Rough-

ness on Tandem and Side-By-Side Arrangements

In order to investigate the eflect of the three factors together on the flow induced vibra-
tion of the cylinder, a sand paper of relative height k/D = 0.0118 was used and the 7TU

was changed for 0.35 % and 4.68 %. The experiments were conducled for dfn = 1.0

and df/D = 2.0,

For tandem arrangement, the response of the cylinder in the transverse direction can
be seen in Iig(4-48). As shown, the trend is similar to that for single rough cylinder.
This may indicates that the surface roughness is the main cffect. In other word, the

presence of inlerfering body and different TU will not afect the response of the rough

cylinder even for small (g/D) and high TU.

Increasing the relative dimension of the interfering body to d/1) = 2.0 shows different
response al high reduced velocities and small (g/D) as can be seen in Fig(4-48-1). The
same resulls can be observed for the side-by- side arrangement (Fig(4-49)), but there
isn’t significant diffcrence between d/ D = 1.0 and 2.0. Comparing the results oblained
al TU = 0.35% with that at TU = 4.68% show that increasing the TU will reduce the

vibration amplitude for g/D = 1.0 and /D = 1.0.

The variation of RMS dimensionless amplitude in the streamwise direction is shown
in Fig(4-50) and (4-51). For tandem arrangement, the effect is more clear for d/D =20
than d/D = 1.0. Unlike the rgsu]ls obtained for tandem arrangement, the streamwise

increases significantly at 7/0 = 2.0 for side-by-side arrangement as shown in Fig(1-51-

b).
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4.7 Effects of End Plates

Two crcular end plates were investigated lo climinate the so-called end cffects in an
altempt to simulale a cantilever cylinder. The response of cylinder with and witheut
end plates is shown in Fig(4-52).

It is shown thai the damping of the system is increased duc o the friction of the
plates and the breathing flow from outside the tunnel. This damping , however, results
in a decrease of amplitude vibration. As the plates slide far from the walls of tunnel,
the amplitude increase because the effect of breathing flow is reduced. The response
of cylinder will not be as that wilhoul end plate because the the effect of friction and
damping will exist . However as the distance from the end plates is increased away {rom

.
the wall, the dynamic response curve approaches thal withoul end plates.

4.8 Effects of Experimental Conditions on the Re-
sponse Signal Wave

Different wave forms are shown in Fig(4-53) to (4-56) for certain conditions and reduced
velocilies.  As shown, the peak response of lhe lock-in region is characterized by a
sinsoidal wave form, while around of this peak the beal phenomena is attained. The
sinsoidal waveform occurs when the frequency of the vibeating cylinder coincides the
natural frequency of the cylinder and the vortex shedding frequency. This result can
also be found from Fig(4-53) and Fig(4-57-a) which show that the maximoum amplitndes
occur when the frequency of the vibrating cylinder approaches the natural frequency (i
e J = 56/7z). Qutside the Jock-in region the occurrence of difference [requency
accounts for the beat phenomena as shown in Fig(4-54) and (4-56). The frequency

spectrum outside and around the lock-in region is shown in Fig{4-58).
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Chapter 5

CONCLUSIONS AND
RECOMMENDATIONS

5.1 Conclusions

-

Tlis seclion is devoled lo assess the important points which have emerged from the

present invesligalion. These can be summarized as follows:

5.1.1  Single Cylinder

L. Flow-induced vibration is more significant in the transverse direction than that in

the streamwise direction,

2. The cylinder displacement in the lift (transverse} direclion hecomes tmportant for

13.0 < U/FD < 21.0,

J. Three parts characlerized the dynamic response of the cylindet; (1) low vibra-
tion amplitude, U/FD < 13.0, (ii) Jarge amplitude in the Iock-in region, 13.0 <

U/FD <210 and (iii) steady oscillatory response, U/FT) > 21 .0,

4. There is only one lock-in region for the dynamic response in both the Lft and e

drag direclions.

adie ]
=T
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5.1.2 Ellects of Interference

2,

Tandem arrangement

The oscillatory amplitude depends on both the relative dimension (d/12) and gap
spacing {(g/17). As (d/1}) increases, the peak amplitude increases and ils dy-

namic response curve is shifled away from the vibrating cylinder.
‘The interference cffects are very much influenced by the reduced velocily.

‘The inlerference cffect ceases at gap spacing (g/ D} aronud 6.0 for which the system

dynamic response is similar lo that of a single cylinder.

The streamwise vibration amplitude is much lower than the transverse amplitude.

The trend of variation for both the streamwise and the transverse amplitude is
similar, bul the streamwise amplitude is smaller than that {or single cylinder except

for close position.
Side-by-side and slaggered arrangements

The peak vibration amplitude is lower than that for tandem arrangement even for

small gap spacing.

For side-by-side arrangement, the effect of interference is significant only when

d/D > 1.0 and for staggered arrangement when d/D = 0.5.

The magnitude and position of the peak amplitude and the minimum amplitude

are found to depend on both the gap spacing and the relative dimension.

5.1.3 Eflects of Turbulence Intensity

L.

The cficct of turbulence on the flow induced vibration depend on its intensily and

hence the type of generating grids.
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For single cylinder, the increase of turbulence indensity increases the vibration
amplitude in the trausverse direction and decreases il in Lhe sireamwise direction

excepl for TU = 3.25%.

lor two cylinders in tandem, the increase of 7U to 3.76% and 4.68% increases
the vibration amplitude in the transverse ditection slightly, but for 7U of 4.0% a
reduction in the amplitude is atlained. In the streamwise direction, the vibration

amplitude is reduced for close posilions and increases for larger gap spacings.

Increasing the free stream Lurbulence intensity for two cylinders in side-hy-side
arrangement decreases he vibration amplitude in the transverse dircction for small
relative dimension (i.c. d/D = 1.0) and increases it for larger (d/D) (i.e. d/D =

2.0).

5.1.4 Effects of Surface Roughness

1.

2.

When the cylinder js rough, the vibrating amplitude becomes small in the vorlex
shedding region, and the Jock-in region disappeared. The vibration amplitude in
the transverse direction is larger than that for smooth cylinder for high (k/D)
only (i.e. k/D =0.023). In the streamwise direction, the ronghness decreases the

drag forces and hence the vibrating amplitude.

The presence of an interfering body in landem downstream the rongh cylinder
results in an increase in the vibration amplitude in the transverse direclion for
close Jocalions downstrcam the lest cylinder and large relative dimension (i.c.
d/D = 2.0). The same result is pronounced for side-by-side arrangement, but the
mcreasc in (A/1)) is smaller than that for tandem arrangement trend attained with
exceplion of the conditions (d/1 = 2.0, T/ = 2.0) where there is an increase in

the drag forces and hence an increase in the vibration amplitude.
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3. The streamwise vibration amplitude increases for the conditions (d/D = 20,

T/D = 2.0} when the free stream turbulence intensily is increased. For the other
conditions (i.e. for the other combinations of (d/D) and (7'/ D)) insignificant offcct

ts found when the TU is increased.

5.2 Recommendations

The literature survey in chapter 2 together with the present cxperimental investigation

suggest that there are areas which need further experimental and theoritical investiga-

tions to understand the phenomena of flow-induced vibration. Some of these arcas are

mentioned in this section as follows:-

*

- Flow visualization studics are needed 1o help explatning the nature of the phenom-

ena. under varions expertinental condilions. In addition, further measurcments, es-
pecially in the wake region, are required for a betler understanding of the observed

response of the test cylinder.

- Circular interfering bodies were used in the present work, so dillerent geomeltries

may be investigated, such as rectangular cylinders.

Experiments on the cffect of flexible interlering bodies may help in the under-

standing of the effect of galloping.

. Since limited ranges of free strenm turbulence intensity and Reynolds number were

investigated, higher levels of T'U with a wider range of Jie need 1o be explored.

Mecasurements of the response amplitude using strain gages (Picso-clectric crysial)
al the clamping end, may be imvestigated to compare with that of measuring a

single point al the free end.
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6. Different propertics of the cylinder are required Lo be invesligated such as clamping

(i.c. different natural frequencics), geometry, dimension and arrangement,

7. Studing the effect of injection on the dynantic response of the fost cylinder clamped

as a canlilever.

8. Investigating the effect of end plates geometry for different flow conditions on the

dynamic response of a cantilever lest cylinder.
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Appendix A

Operation and Calibration of The
Measuring Instruments

A.1 Introduction

The general operation justruction for the measuring instrumenis can be found in the
instruction manual. In this chapler, the calibration and operation procedure will be

summarized wilth some explanalions for the instructions which atre nol dear in the

manual.

A.2  Calibration of the "VIBRATION METER”
(B&K 2511)

The vibration meter was used wilh the accelerometer Type 4371 which has a unified

charge sensitivity of lpe/ms—2,

On the rear and front pancl set:
EXT. FILTER: "Qut”
HIGH FREQ. CUT OFF: ™15 kiiz”
INT-EXT POWER: "internal Baitery”
METER FUNCTION: "RMS"-" 17

ACC.-VEL.-DISP.: "Acc.""31152"

GY
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RANGE LH: Bxtreme docksise selling
BATTERY: "On"

» Check the "Battery™ 1y pressing, the CHECK poush-bitton

e Sel the RANGE to "Rel™ and nsing

the small screwdriver, adjnst the CAL poten.

Liometer to procedure a pointer deflection of 10 afler ftting the instonnent witly

vibration scale (SA 01831).

* Using the ACC.-VEL.-DISP. knob, select the "ACC.. 3k

" Vel iz and "Dhisp -

102" scllings in turn and wait (o oblain a stable meicer meication with each

sclling.

»

A.3 Calibration of the "MEASURING AMPLIFLIRT
(B&IC 2610)

* Scb control switches and Knobs on the 2610 as follows:

REEF: "50 my RMS”

INPU'T (AN click-stop "Cal” position

INPU'T SECTION GAIN: extreme dockwise position
QUTPUT SECTION GAIN: exireme clockwise position
AVERAGING TIME: "[ast”

POWER: "On” .

DETECTOR: "RMS"-"NORMAL"

FILTER: AN thiree FILTER switches sel e o

¢ Sel the INDUT SIEIJ'"I("-',I'I()lH GAIN knob anticlockwise undil the INPUPE SELL(C

TOR GAIN LED lights and using,

a small screwdriver provided, turn the SENS.
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A polentiometer of the appropriale INPUT on the 2610 fo oblain a reference

indication of 50mv on the meter scale, alter fitting the 2610 with vibration scale

7l

(SA n250).

* Ouce correctly, sel the REF. switch o "OF" and step the INPUT SECTION

GAIN knob o its extreme clockwise position, ready for measurements.

A.4 Calibration and operation of the "HOI-
WIRE” (DISA) anemometry

A.4.1  Operation procedure

ube |

. Intial Setting of Conlrols

SQUARE WAVE: "OFF”

HF FILTER: *1”

VOLTS: "1”

FUNCTION: "STD. BY”

PROBE TYPE: depending on probe type”
GAIN: "1

Decade resistance: 00.0007

Terminate the probe cable, which has been plugged inle the PROBE, in a

relinble short-cirenit.

Turn the FUNCTION swilch to RES. MEAS position and sel the ZERO
OHMS potentiometer so that the meter needle covers Lhe red imid-seale imark.
Replace the short-circuit with the probe io be used,

, . :
Alter the decade resistance sctting so that the meter needie again covers he

redd scale mark.
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6. Reduce the decade resistance setting by the probe-lead resistanee. This re.
sistance can be found by measuring it il it was broken hefore or 0.6 ohms if

it is used for the first time. The indicated value is the scnsor resistancee

-1

- Adjust the ZERO OHMS potentiometer sa thal the meter needle relurn ko

the red nark.

8. Find the sensor hot resistance using the equation:

R = R,(1 4 a)

where;

a is the overheating ratio = n_;fgﬂ and usually taken 0.8,

L
R, is the sensor cold resistance at ambient lemperalure.

The decated resistance should be set al the calculated R

9. Turn the FUNCTION switch to OPERATE

» the probe will be heated, and

the anemometer is in operalion. Adjust the meter range switch to the suitalle

range. The resulting reading of the volumeter will he around 2.01°
This procedure must Le repeated for any damage of the probe.

A.4.2  Calibration procedure

The calibration is carried oub by using the calibration cquipment type 55090
A g jg AN}

showw in Fig(A-1).

L. Using the disk calculator shown in the figure determine the reference nozale

pressure as described on the calenlator noting that the barometyic pressure

in mhar.

2. Choose the suitable nozzle as ollows:

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



The calibration equipments are now ready for

73

(n) Set the pointer corresponding Lo a velocity of 40 m/s lo one of the nozzle

areas. This is Lhe reference nozzle.

(b) Note the closest nozzle to the maximum calibration velocily required.

The chosen nozzle is the calibratjon nozzle.

(c) Check that the maximum fow rate of 300 I/min. is nol exceeded.

(d) Repeal the previous three steps unlil the largest calibration nozzle that

can be used, for the required velocily range, has heen found.

Adjust the primary pressure scale by aligning the pointer corresponding Lo

40 m/s with the reference nozzle arca. The scale will be in the r

bar.?

ange G-10)

-

Read the primary pressure corresponding lo the maximum calibration veloc.

ily.

plotting the cakibration curve. For

this purpose the practical procedure is summarized as follows:

Insert Uhe chosen nozzle aud the probe in their position on the nozzle unit.

Connect the pressure control wnit with the compressor and follow the instric-

lion on the unit.
Record the readings of pressure from the pressure converter ane the vollages

V' rom the digital volimeter.

Use the disk caleulator to converl {he valies of pressure in the previons steps

into velocily values I/, Check that the largest voltage gives the masimmm

veloeity. Il nol, some thing wrong was done |, and repeal the ealibeation,

*See the m:uuml'fnr more details
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5. Plot the relation between V2 and U2 and find the resulting walues of e

inlercepl A and the slope B as shown in Fig(A-2).

6. Apply the values of A and 17 in the cqualion V? — 4 it/?

The hol-wire is calibraled now and the previous equation can be used 1o converl

the resulting voltages V trough the experiments into free strean: velocilies [,

Nole that the procedure of calibration must be repeated from time to time de-

pending on the changes of the abwospheric pressure and the ambient, lemiperature,
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Fig(1-1). Flow in the near wake of a cylinder starting from rest sequence of events

begins al (a) and continue to (f), Perry ct al (1982).
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Fig(3-1). General view of

the wind tunncl.

Fig(3-2).

General view of the instruments and test scclion.
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Ig(3-4). The cylinder cdamping in the lunnel.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



T e

Ty St Bk he

so8

&0

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



& t=0.5 sec

*

81

. . _ .
53 2 !
" i o v FARs) Soau
Ml Fran Semisbyr 01 Zare vl

Fig(3-8). Frequency spectrum of the impulse lest.
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RMS vibration amplitude in the trausverse and streamwise directions

with reduced velocity for single cylinder.
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Fig(4-2).
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RMS vibralion amplitade in the transverse direction with reduced fre-

“quency for single eylinder.
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0g/D=1.0 _ TU=0.35%
oup/D=1.5

s g/D=2.0
b
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ey g

RMS Av/D x 10

* Single cylinder d/D=0.5
0 £/D=3.0 TU=0.35%
0 p¢/D=4.0

s g/D=6.0

Fig(4-3). Interference effect in transverse ditection for tandem arrangement; d/1) =

0.5, 70 = 0.35%
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* Single Cylinder d/D=0.9
39Y " b g/D=1.0 TU=0.35%
0 g/D=1.5
05| 2g/D=2.0
1.5
# A\ il S
| AR —
_ o, S : Agﬂ
0.5 %/j TN g
* Single Cylinder d/D=0.5
39 0 g/D=3.0 TU=0.35%
o g/D=4.0
o5l o g/D=6.0
1.5 |—
d—E
0.5 — b s
I S

U/FD

&4

Fig(4-4). Interference effect in streamwise direction for tandem arrangement; d/D =

0.5, 77U = 0.35%
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0 g/D=4.0
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- Fig(4-5). Interlerence'effect in transverse direction for tanderm arrangement; /1) =

L0770 = 01.35%
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0g/D=1.0 TU=0.35%
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& g/D=2.0
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* Single Cylinder d/D=1.0
0g/D=3.0 TU=0.35%
og/D=4.0

(.5 [— & &/D=06.0

0.5 |—

U/FD

Fig(4-6). Interfrrence effect in streamwise direction for tandem arrangement; /1) =

LO,TU = 0.35%
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Fig(4-7). Interference eflect in transverse direction for tandem arrangement; d/ 1 =
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L5, TU = 0.35%
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Fig(4-8). Interference effect in streamwise direction for tandem arrangement; o/ J) =

1.5, TU = 0.3
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Fig(4-9). Interference effect in iransverse direction for tandem arrangement; /1) =

2.0, TU = 0.35%
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Fig(4-10).+ Interference effect in streamwise direction for landem arrangemaent;

dfD =20,TU = 0.35%
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33 |— 2 4/D=0.5 TU=0.35% |
od/D=1.0
27— s d/D=1.5
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RMS Av/D x10°
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G |— * Single Cylinder g/D=1.0

0 d/D=0.5 TU=0.35% ﬂx
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(b)
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O L L]

l 4 7 10 13 16 19 22 256 28 31

Fig(4-11). Interference effect in transverse direction for tandem arrangement; ¢/ 1 =

1.0, 717 = 0.35%
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Av/D x10°
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Fig(4-12). RMS vibralion amplitude in the transverse direction with reduced fre-

quency for landem arrangement.
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Fig(4-13). Position of the major peak in transverse direction for different rediced

velocitics.
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o T/D=1.0 TU=0.35%
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Fig(4-14). Interference effcet in transverse dircction for side-by-side arrangement;

(a)d/D = 0.5, (b)d/ 1} = 1.0)
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Fig(4-15). Interlerence effect in transverse dircction for side-by-side arrangement;
- S 1

(u)n’/"U = [.5,(1:):][” = 2.0

LG

U/FD

94

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



=
d/D=0.5 * Single Cylinder
<l TU=0.35% 0 g/D=1.5T/D=3.0
_ e d 0 g/D=2.0,T/D=0.5
D —
% osl—v— , ® &6 g/D=0.5,T/D=1.0
[on) > a
> 1a— )
<
w2 S
ok g
Qs
61— , &
.é&%ﬁ{éﬁé\a' 0
3| oo o
O -
d/D=1.0 * Single Cylinder
21 —
TU=0.35% 0g/D=1.5T/D=3.0
ST 0 g/D=2.0,T/D=0.5
)
= s |— 4 g/d=0.5T/D=1.0
=
D 12—
<
(9] |
= 9
o
6 —
3 o
0 L 2 =

\ 4 7 10 13 16 19 22 25 28 31

U/FD

Fig(4-16). Interference effect in transverse direction for staggered arrangement;

(ﬂ.)d‘./D = {13, (h)d’[” =1.0
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Fig{4-17). Interlerence effect in transverse direction for side-by-side arrangement,;

(a)d/D = 1.5,(5)d/D = 2.0
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Fig(4-18). Interference eflect in streamwise direclion for staggered arrangament;

(ﬂ)ff/]) = ”A‘r),(l'))rf/l; = I.”
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Fig(4-19). RMS vibration amplitude witl gap spacing for tandem arrangement.
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Fig(4-20). RMS vibration amphitude with gap spacing for side-by-side arrangement.
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20 |— s d/D=1.5
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y *——-_____2

RMS Av/D x10°
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Fig(4-21). Varialion of transverse nbr'mon amplitude versus gap spacing for tandem

arrangement;, U/F D= 155,

18
U/FD=15.5 0d/D=0.5

= 15— TU=0.35% o d/D=1.0
; 12— d/D=1.5
} \:-\xd;[)
=f g }—
N
=
[0k 6 |—

3 —

. | | |

0 1 2 3 { )
T/D

- e e i . . . :
Fig{4-22). Variation of transverse vibralion amplitude versus gap spacing for side-

by-side arrangement; U/FD=15.5.
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' E A d/D=2.0
< 15—
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=
(41 10 |—-
5 — #
. A O I O
0 1 2 3 4 5 6

1n0

I"ig(4-23). Varialion of transverse vibration amplitude versus gap spacing for tandem

artangement; U/FD = 19.0.
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o 10— TU=0.35% 5d/D=1.0
% 2d/D=1.5
o
> 8 2 d/D=2.0
< R - : .
Z ¢ \ i )

} \{i
as 4 /

T/D

ig(4-24). Varialion of lransverse vibration amplitude versns gap spacing for side-

by-side arrangement; U/FD = 19.0.
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5 o
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Fig(4-25). Varialion of transverse vibration amplitude versus gap. spacing for tandem

arrangement; U/FD = 22.0.
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Fig(4-26). Varintion of transverse vibratjon amplitude versus gap spacing for side.

by-side arrangement; U/FD— 22.0.
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Fig(4-27). EMect of turbulence ini.(‘.nsit;\' on the flow-induced vibration of single
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(b)

N1

U/FD

cylinder; (a) transverse direction, (b) streamwise direction.
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Fig(4-28). RMS vibralion amplitude with turbulence intensily {or single cylinder.
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Fig(4-29). RMS vibration amplitude in the transverse direction with reduced fre-

quency for single eylinder.
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Fig(4-31}. Elfect of turbulence intensity in the transverse direction; d/1} = 1.0, (a)

tandem arrangement, (b) side-by-side arrangement.
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U/FD

Iig(4-32). Efect of turbulence inlensity in the transverse direction for side-bv-side

arrangement; d/ 1) = 1.0, (a) TU = 4.0%, (b) T = 4.68%.
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Fig(4-33). Effect of tuthulence intensity in the sireamwise diroction for tandem

arrangement; df]) = 1.0, (a) TU = 3.76%, (b) T = 4.0%.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



RMS Ah/D x10°

RMS Ah/D x10°

]
¢

[.9}

0.5}

1.5

0.5

* Single Cylinder d/D=1.0
TU=4.68%

Dg/D=1.0

__ ou/D=l.0

A g/D=3.0
(a)

* Single Cylinder d/D=1.0
B T/D=1.0 TU=3.76%
oT/D=2.0

(b)

108

U/FD

Fig(4-34). Blfect of turbulence intensity in the streamwise direction; d/13 - 1.0,

(a) tandem arrangement 70U = 4.68%, () side by.side arrangement TH = 3.76%.
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Fig(1-35). Ellect of turbwence intensily in the streamwise direction for side.hy-side

areangement; d/1) = 10, (a) TU = 4.0%, (b) 717 = 4.68%.
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Fig(4-36).  Eflect of turbulence intensily in the transverse direetion for tanden

arrangement; d/ 1) = 2.0, (a) TU = 3.76%, (b) 77 = 4.0%.

1

All Rights Reserved - Library of University'of Jordan - Center of Thesis Deposit



3¢
33
=
i
. 27
=)
™
o 2l
X
E i5
9
3
21
=
—
%
A 15
™~
<
= 0
£
3

— # Single Cylinder

og/D=1.0

o g/D=20

s p/D=3.0
(a)

d/D=2.0 )2

TU=4.68% fﬂ’

* Single Cylinder

0T/D=1.0
o T/D=2.0
(b)

U/FD

I
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g (4-3R). Efﬁ‘c_t of turbulence intensity in the transverse direction for side-by-side

arrangement; df 10 =20, (a} TU = A0%, (1) 711 = 1.68%.
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Fig(4-39}). Effect of turbulence intensity in the streamwise dircetion for tandem

U/FD

arrangement; df 1) = 2.0, (a} U = 3.76%, (b) 7U = 4.0%.
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Fig(4-40). Bflect of turbulence intensity in the streamwise direction; d/1) — 2.0,

(n) tandem arrangement TU = 4.68%, (1) side-by-side acrangement T = 3.76%.
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| U/FD

28 31

Fig{4-41). Ellect of turbulence intensity in the streamwise direction for sidle-hy-side

arrangement; dfJ) = 2.0, (a) TU = 1.0%, (b)Y TU = 1.68%.
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U/FD

Effect of surface roughness on the flow induced vibeation of single cylin-

der; (a} transverse directing, (b) streamwise direction
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Fig(4-43). MS vibration amplitude with roughness height (k/D) in the transverse

direction.
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Fig(4-A4). Effect of surfacc roughness in the transverse direction for tandem ar-

rangement (a}d/ 1) = 1.0 (B)d/ D = 2.0.
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Fig(4-45). Effect of surface roughness in the transverse direction for side-by-side

arcangement, {a) &/ 1 = Lo (b)d/D = 2.0.
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Fig(4-16). Effect of surface roughness in the streamwise direction for tandem ar-

rangemenl, (a) d/ 1 = 1.0,(b)d/ D = 2.0.
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Fig(4-47). Effect of surface ronghness in Ahe streamwise dircction for side-hy-side

arrangement, (a) d/ 1= 1O (/1) = 2.0,
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Fig(4-48). FEffect of surface roughness and tarbulence intensity in the transverse

ditectinn Tor tandem arcangement, (a) d/0D = 1.0, (b) d/D = 2.0.
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Fig{4-49). Effect of surface ronghness and turbulence intensity in the transverse

direction for side-hy.side arrangement, (a) /1) = 1.0, (b) d/D =~ 2.0,
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Fig(4-50). BEffect of surface roughness and turbulence mlensity in the streamwise

direction for tandem arrangement, (a) d/ 1) = 10, (hyd/D - 20
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Fig(4-51). Tfecl of surface roughness and turbulence intensity in the streamwisc

direction for side-hy-side arrangement, {(a) d/1} =10

, (h) diD =20
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Fig(4-52). Effcct of end plates on the flow-induced vibration of single cylinder.
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‘ AL

Fig(4-53). Signal wave form of the vibraling cylinder; TU -~ 44% and 1/ FD =

15.55

a1

Fig(1-54). Signal wave form [or side-by-side armﬁgcnmnl.; d/D =20, T/D = 10,

TU = 3.76%, and U/ FD = 13.14

IFig(4-55). Signal wave form of the vibrating cylinder; 1U = 0.35%, U/ D) = 15.72

| JV\/VV\/\/\A/\NV\/VW\/\Nv\“/\/\/\/\/\ﬂf\L

Fig(4-56). Signal wave form for tandem arrangement; d/1) = 20,4/ = 2.0, k/1) -

OOLIR, U - 0.35% U/ F 1) = 2545
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7

I'ig(4-57). Frequency spectrum of the vibrating cylinder signal; (a) U/FD

(b) U/FD = 14.4;
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Iig(4-58). Frequency spectrum of the vibrating cylinder signal; {a) U/FD = 15.38,
(b) U/FD = 19.23.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



130

Fig(A-1). Calibration equipments.

12

Fig(A-2). Typical calibration curve

392970
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