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ABSTRACT

Heat-exchangers designed and fabricated in accord-
ance with the existing design standards may be susceptible
to damage as a result of excessive tube vib;ations caused
by the shell-side fluid flow. The present investigation
was undertaken to further our understanding of the vibration
behaviour of tube arrays.

An experimental facility and techniques have been
developed by means of which the major mechanisms that cause
flow-induced vibrations in tube arrays due to cross-flow can
be produced and properly identified.

The experiments were conducted in a low-speed wind-
tunnel having 305 x 305 mm.working section. The tube-bundle
was a parallel-triangular tube-array with pitch/diameter
= 1.375. The array was 27 rows deep with 5 tubes in each row.
The tubes were designed such that they could be conveniently
removed from outside the wind-tunnel, in order to facilitate
studying the effect of tube-bundle size on vibration and
flow characteristics. Nineteen identical tubes in the middle
of the tube-array were movable and specially designed so that
natural frequency and damping could be controlled precisely
over a range of values.

The experiments have verified that deep inside a

closely-packed tube-bank the existence of discrete vortex-
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shedding is not a working hypothesis and the response of a
tube in a tube-bundle is expected to be a function of Reynolds
number and the number of upstream rows of tubes. From the
flow-field velocity power-spectra obtained for the array
tested and from the available data existing in the literature,
it is seen that there is a strong possibility of predicting
the dominating frequency in the flow from a universal

Strouhal number. For the first time a fluidelastic stébility
boundary for the array has been derived and it is noticed

that the slope of this boundary is significantly different
from that derived by other authors from theoretical considera-

tions.
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CHAPTER 1

INTRODUCTION

As the art of heat-exchanger design moves into
new areas regarding size, temperature and unusual fluids,
there has been a significant increase in the number of
equipment failures due to vibrations. Hartlen [84]*and
Shin and Wambsgnass [81] have described recent field experi-
ences, where tube failures due to excessive vibrations have
been recorded. With the construction of larger nuclear
plants and chemical plants, and the increasing sophistica-
tion in their design, more exacting requirements are being
placed on heat-transfer equipment. Large size units are
being built, and for service at higher temperatures. Higher
equipment performance often is required as manifested by
lower pressure drop and higher heat-transfer rates. The
economics sometimes dictate smaller components or minimum
structural constraints, as illustrated by the small diameter
tubes used in CANDU** nuclear steam generators to minimise
heavy water inventory. High flow rates and decreased
structural rigidity could lead to problems due to excessive

flow-induced vibrations. Mechanical wear, fatigue failure,

i Numbers in brackets designate references at the end of
the thesis.

*% ° CANDU - CANADA DEUTERIUM URANIUM



fretting failure, acoustic noise and mixing of shell-side
and tube-side fluids are the problems caused by flow-induced
vibrations. Failures in the larger heat-transfer units

are costly both in repairs and in plant down-time or pro-
duction loss. In some cases specialized repair techniques,
such as remote operations are required when heat-exchangers
operate in exotic fluid environments such as sodium, mercury
or molten salts or in a nuclear radiation environment.

Recent surveys - [5], [6], [81]-[83] of vibration
problems in heat-transfer equipment have indicated a wide
range of uncertainties involved in currently available pre-
dictive methods for the designer. Our understanding of the
mechanism of excitation of oscillating tubes deep inside a
tube-bundle seems to be far from complete and anomalies in
the literature exist. The lack of information for the designer
in this important field has been mainly due to the complexity
of fluid-structure interaction problems which so far have
defied reasonable analytical solution and present considerable
difficulties if an experimental study is to be initiated.

Cross-flow-induced vibrations in a tube-bundle can
be correlated in terms of a dimensionless velocity parameter
(VG/fd) and a damping parameter (mé/pdz). Figure 1.1 shows
a generalized stability diagram, expressed in terms of these
two parameters.

There appear to be at least three excitation mech-

anisms; a vortex-shedding mode, turbulent buffeting and a



6
d

V
fn

VELOCITY PARAMETER

104

@)
o

HIGH =

SHELL SIDE FLUID DENSITY
MEDIUM = LOW

(LIQUID)

(TWO-PHASE;
PRESSURIZED GAS)

FL&JIDELASNCSINSTABILITY
i m 0.5
BB YL
$d ™ d2
n P _
/
s

>
~

11} R 11} /
- VORTEX

- /s HEDDING
o V.
G_

A4 _8:02 . A/ J

gowe G all otbaben fnd

| ] | |

-~

(TURBINE EXHAUST)

~

|
& 10 50 10 10
DAMPING PARAMETER 2%,

FIGURE LI



fluidelastic mode as discussed in the literature by Chen [g9],
Owen [100], Connars [78], Savkar [82] and Gorman [113], etc.

The vortex-shedding mode is excited when the fre-
quency of vortex-shedding in the tube-bank coincides with
the natural frequency of the tube. The coupling occurs
at a constant value of Strouhal number. The vortex-shedding
frequency is a function of tube-pattern and pitch and is
shown by the constant velocity parameter lines in figure 1.1.
However, it is still uncertain if such a phenomenon occurs
deep inside a tube-bank as most of the investigations conducted
so far have been done by modelling only a few rows of the tube-
array.

Turbulent buffeting is due to random pressure
fluctuations which give rise to a behaviour associated with a
randomly forced, damped vibration. Owen [100] has stated
that the tube structure acts as a mechanical filter and
selects for its response predominantly that part of the force
spectrum neighbouring on a natural frequency and a peak dis-
placement occurs at such a flow speed that the dominant
frequency in the force spectrum coincides with a natural
structural frequency. However, this hypothesis has not been
verified by experimental evidence yet.

Connars [78] has established a fluidelastic stability
threshold as shown in figure 1.1. He conducted a quasi-steady
analysis wherein he equated the energy added by a fluidelastic
tube displacement mechanism to that dissipated by damping.

As his analysis was done on a single rowof tubes only, its



validity in predicting the onset of vibrations in a tube-
bundle is very questionable. The fluidelastic stability
threshold is also expected to be a function of tube-pattern
and pitch. No systematic investigation has been published
so far which provides fluidelastic stability boundaries for
the various types of tube arrays.

It is also seen in figure 1.1 that for low values of
the damping parameter, the fluidelastic boundary tends to
merge with that for vortex-shedding. The parameter range
over which the vortex-shedding and fluidelastic thresholds
are expected to crossover and one criterion replace the
other as the design criterion, is not known yet.

A source of considerable confusion has been the
widely varied tube arrays used in experimentation. Not only
have numerous staggered and in-line arrays been studied
using different values of reduced damping but the number of
tubes used to repreéent a tube-bundle has varied greatly.

In addition, some of the experiments have been conducted

with flexible tubes while others have used rigid tubes. It
seems reasonable that excitation mechanisms, turbulence levels
and stability thresholds are all dependent on array con-
figuration and the number of tubes in a given array. Thus
many of the results reported in the literature are not really
comparable. It would be particularly useful to know just

how many tubes are required to properly model the phenomena
occurring deep inside a tube-bank.

Our lack of knowledge as described above is primarilf



due to the difficulties encountered in modelling the tube
vibrations in an array (including time and expense) and
in devising effective means to control the various para-
meters involved.

The purpose of the present investigation is to
develop a single experimental facility and the accompanying
techniques whereby the various mechanisms that éause CTOSS=
flow-induced vibrations in tube-bundles could be produced and
properly identified. Of particular interest is to determine:

(a) Whether both vortex-shedding and fluidelastic
instability will occur in the same tube array and

to ascertain their relative importance.

(b) Whether vortex-shedding occurs deep inside a tube-
bundle.
(c) The effect of the number of tubes on the vibration

characteristics and stability of the tube array and
thus the number of tubes required to model a tube
array.

(d) the nature of the fluidelastic instability deep
inside a tube array and the validity of the simple
fluidelastic stability criteria proposed by Connars

and commonly used in current design practice.

It is hoped that this experimental program will demon-
strate useful investigative techniques, help in the design of
more meaningful future experiments and result in an improve-
ment of our understanding of the mechanism of tube vibrations

in tube arrays of practical interest.



CHAPTER 2
LITERATURE SURVEY OF FLOW-
INDUCED VIBRATION PROBLEMS

el Basic Concepts of Fluid-
Structure Interaction

Flow-induced vibration problems involve mutual
interactions among inertial, fluid-dynamic and elastic
forces. Various uncertainties and non-linearities associ-
ated with determining the exact nature and magnitudes of
these forces for different classes of problems render their
analyses a formidable task. This field finds its greatest
applications in the vastly growing areas of naval and space
science [1] and more recently in problems related to vibra-
tion and fretting in nuclear fuel assemblies [2], vibrations
of hydraulic components and structures [3], [4] and tube
vibrations in nuclear heat-exchangers and steam generators
[S]1, [6]. Wind effects on buildings and structures [7] is
another very important area encompassed by this field.

Flow-induced vibration phenomena are relatively
complex and diverse. This has resulted in a large volume of
research and analysis, scattered throughout a wide variety
of journals. A number of general papers [8], [9],[10] and [11]
have been written, which shed some light on the nature of the

complexities involved. Naudascher [12] has attempted to



classify various hydroelastic phenomenon by their common flow-
instability mechanisms. Most of the flow-induced vibrations
can be characterized in three categories (a) dynamic response
(b) self-controlled vibrations and (c) self-excited vibrations
[4].

Dynamic response problems are the forced vibrations
induced by turbulence or pressure fluctuations in the flow or
by fluid impact. Response of aircraft panels to jet noise,
or response of space-craft structures to boundary-layer excita-
tion are problems which are of great practical interest and
rely for their solution on the use of statistical techniques.
High-performance marine craft experience many different types
of dynamic excitation and response. The marine vehicle operates
at an interface between air and water and thus is subjected to
wave actions and therefore loading conditions are complex and
difficult to describe accurately. Secondly, a vehicle operat-
ing at this interface may entrain air in cavities formed
behind those portions of the structure that penetrate the
liquid surface - in fact, the entire concept of '"cavitated"
flows is vital to high-speed marine craft. Hydrodynamic
impact is also associated with ship slamming. The phenomenon
resulting from interaction of a missile system or of a super-
sonic vehicle with the shock front of a blast wave is another
example which falls into this category. Additional examples
are response of aircraft to gusts and response of tall build-
ings to ground boundary layer turbulence. A necessary condi-

tion for this class of response problems is that the deforma-



tion of the structure does not significantly alter the fluid
forces acting on it.

In self-controlled vibrations, some periodicity exists
in the flow. If this periodicity hapﬁens to coincide with
one of the natural frequencies of the structure, the amplitude
of vibration builds up to the point where the magnitude and
frequency of the fluid forces are controlled by the motion of
the structure and a dynamic feedback mechanism develops. The
velocity range in which the flow periodicity is controlled by
the structural vibration frequency is called the "lock-in"
region. The width of this region is affected by the amount
of damping in the structure. The most common source of this
periodicity in the flow is the vortex-shedding phenomenon.
Vortex-shedding in the wake of a bluff body results from a
free shear layer that separates from each side of it. The
shear layers roll up and form discrete vortices. Vortex-
shedding can also cause acoustical resonance resulting in a
severe structural loading and noise generation. Vibrations of
smokestacks, pipes and submarine periscopes are perhaps the
most obvious examples of this class of vibrations. Recently,
however, investigations have revealed that vortex-streets
occur for geometries other than the circular cylinders
previously considered. In particular, the phenomenon has been
studied in connection with the '"singing'" of vanes and pro-
pellers. The practical consequences of the '"singing'" of vanes
and propellers are -the generation of both structure-borne

and water-borne sound, fatigue failure of the blade, loss of
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propulsive efficiency, etc. In all these problems, mutual
interaction exists between inertial and elastic forces of the
structure, with an already existing periodicity in the flow.
Self-excited vibrations are produced when the
oscillations of the structure result in periodic fluid forces
which in turn amplify the structure's motion. These vibra-
tions are distinguished from those of the self-céntrolled
type in that the periodic forces disappear in the absence of
structural motion. Problems of dynamic aeroelasticity such
as the "flutter" of plates and shells fall into this category
[16]. "Flutter'" is a dynamic fluid-elastic instability in
which a structure, when perturbed, will oscillate with
exponentially increasing amplitude, unless limited by some
non-linear constraint. Other examples are self-excited vibra-
tions of vertical-1ift gates, oscillations of gate seals and
hydroelastic vibration of swing check valves, etc. [3].
Inbluff body vibrations, when the body shape is such
that a small transverse or torsional motion of the body causes
the shear layers to lie sufficiently asymmetrically with res-
pect to the downstream body surfaces, a pressure loading 1s
created on the body which forces it in the direction of its
initial small motion, and galloping instability results.
With a multi-component bluff structure, such as a transmission
line conductor bundle, the wake of an upstream element may
impinge on a downstream element to create pressure loadings
on it, and wake galloping results [13], [14]. A stranded

conductor may also gallop in a flow approaching at a small
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angle to the normal from the conductor span. In this case
the instability results from asymmetric flow separation
caused by the different surfaces presented to the flow by
the helically wound strands [15].
Certain special forms of flow-induced vibration of
bluff bodies occur also. If the cross-section of the body
in the plane of the incident flow and of the transverse
vibration is long, the initially separated flow will reattach
to the downstream body surfaces, and the pressure loading
may have enough similarity to that for an airfoil section
that a combined plunging and twisting flutter oscillation
can develop. This can occur for suspension bridge decks [3].
The analysis and development of mathematical models
for fluid-structure interaction problems draws on four
disciplines: (1) theory of elasticity; (2) mechanical vibra-
tions; (3) fluid mechanics; and (4) mathematical stability
theory. The formulation of the equations of fluidelasticity
may be viewed as consisting of the determination of the so
called structural operators, inertial operators, and fluid-
dynamic operators [9]. The adequacy of formulating these
equations depends on the degree to which the mechanism of
excitation is understood. In fluidelasticity, stability
problems often receive primary attention. The solution of the
response problem consists of determining particular integrals
of the equation of motion. Ordinary algebraic methods suffice
when structural deformation and motions can be assumed to be

harmonic. Laplace transformations and solution by indicial
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admittances are needed for transient motions. The results

thus obtained are approximate because the linearity of

operators has been assumed. The degree of approximation

always remains subject to question. In addition, the response
depends critically on structural damping. Yet the laws.of
damping are not known accurately. Finally, for stochastic
responses, it remains to select fatigue criteria for design.

In short, proper solution of response problems requires at

least some attention to the non-linearity of the basic equations
of solid and fluid mechanics.

The major difficulty of fluidelasticity centers around
the fluid-dynamic operators. This is a result of the often
nonlinear and/or stochastic nature of these operators. The
degree of difficulty is dependent on structural characteristics
among which geometric shape is viewed as the most important.
When there is no flow separation along the structural surface,
the flow field may usually be computed by means of potential
flow theory and linearization of the nonlinear equations of
fluid-mechanics is feasible. Flow separation will be absent
only if the structural shape is properly streamlined and,
furthermore, if the angle of attack is within a certain limited
range. One of the simplifying assumptions is the so called
"strip" assumption (i.e., the local fluid dynamic forces are
considered dependent on the local shape only) by which marked
three-dimensionality of the flow is held absent.

Many non-linear problems in fluidelasticity are

related to free shear layer characteristics. Unsteady separated
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flows can not be analysed wusing the potential flow theory
only. The latter's usefulness is therefore limited and the
determination of the fluid-dynamic operators becomes more
reliant on experimental information. Obtaining and interpret-
ing such information places greater demands on the theofies

of boundary layers, cavitation, turbulence and wake mechanics.

The experimental tools for analysing fluid-structure
interactions are in an advanced stage of development and
under constant demands from an ever increasing number of new
and unique problems for their further refinement. Indeed,
fluidelastic phenomenon encountered at the forefront of
modern design often do not yield to analytical methods, and
if solutions are to be obtained within a reasonable length of
time the employment of experimental methods is essential.

The needed experimental information is usually in
the form of stability thresholds, fluid-dynamic coefficients,
correction coefficients, pressure distributions, velocity
profiles, noise spectrums, flow—visuélization, vortex-shedding
frequencies, amplitude-frequency-phase of oscillations and
intensity-scale-spectrum of turbulence, etc.

The preliminary analysis of phenomena and the choice
of a system of definite non-dimensional parameters is made
possible by dimensional analysis and similitude theory.
Dimensional analysis can be used to analyze very complex
phenomenon and is of considerable help in setting up experiments.

Applying similarity principles, a model is constructed

which is related to the physical system (prototype) such that
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observations on the model may be used to predict accurately
the performance of a physical system in the desired respect.
In a rigid body motion model, dynamic similarity requirements
can be met independently of geometric similarity and kine-
matic similarity requirements. '"'Replica'" dynamic models are
used to aid in the design for prototypes which are complex
and which have high potential for catastrophic damage in the
event of a failure [18].

The model laws that arise in fluid-structure inter-
actions impose stringent scaling requirements. To obtain a
feasible model, it is usually necessary to allow several of
the dimensionless parameters to be distorted. This can only
be done with confidence when the physics of the problem is
well understood. The modeler must know, for example, what
kind of prototype responses are really important and what
kinds can be neglected, for otherwise modelling may be
impossible. Baker et al. [18] showed by giving a few examples,
the nature of the complexities and difficulties involved in
ﬁodelling the dynamic interaction betweén prttexibie-structure
and a liquid. They state that the modelling problems of the
flow-induced vibrations of heat-exchangers and nuclear
reactors are particularly complicated and have to this day
defied complete analysis and accurate modelling. This results
in full-scale prototypes being vibration tested, and costly
changes, if needed, must then be made on the already manufactured
item.,

Although it may be possible in concept to design, build
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and test dynamic models simulating every prototype structure
or problem, there are a number of practical considerations
which can 1imit one's ability to build and test such models.
Some such factors are: coét, limitations imposed by physical
properties, limitations imposed by an "unwanted" physical
phenomenon, limitations with decreasing model size and
limitations imposed by construction techniques, etc.
Wind-tunnels, water-tunnels, water-loops and two-phase
flow loops are commonly employed to study the response and

stability of these dynamic models.

252 Basic Flow-Induced Vibration Mechanisms
for Cross-Flow over Circular Cylinders

2.2.1 Flow over a Single Circular Cylinder
(both Fixed and Oscillating)

The principal mechanisms exciting flow-induced vibra-
tions of a single cylinder appear to be vortex-shedding and
turbulence.

When a fluid flows past a cylindrical obstacle, the
wake behind it in certain ranges of Reynolds numbers is seen
to contain numerous vortices arranged in a regular pattern,
which was described and drawn accurately as early as the fif-
teenth century by Leonardo da Vinci [21]. The vortices appear
alternately on each side of the cylinder and are washed away
in the wake when they have reached a certain size. At the
moment that a vortex has reached its maximum size, just before
detaching itself from the cylinder, the velocity of the flow

past that side of the cylinder is maximum and hence, by
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Bernoulli's law, the pressure on that side is a minimum.

The cylinder thus experiences an alternating force in a
direction perpendicular to that of the flow. In 1878 Strouhal
published a formula for the frequency of this vortex-shedding,
based on observations only. This formula is now usually
represented in a dimensionless form and is known as the '"'strouhal

number'", defined as:

de
et
fs = frequency of vortex-shedding
d = diameter of circular cylinder
V = flow velocity in undisturbed stream

In 1911 von Karman made a stability analysis of the
vortices and from it derived the geometricél pattern. This
was the first theoretical investigation of the subject, and
it is so important that the vortex wake now is generally
referred to as the Karman Wake [20].

The major regimes of fluid flow across a rigid cir-
cular cylinder are shown in Fig. 2.1. At extremely low
Reynolds number (<3) the flow about the cylinder follows
Stokes law. The flow streamlines close behind the cylinder
and the flow does not separate as shown in Fig. 2.1(a). As
the Reynolds number is increased, the streamlines widen, and
at a Reynolds number of 5-10, a pair of fixed '"Foppl" vortices
first appear immediately behind the cylinder, as shown in
Fig. 2.1(b). This vortex pair behind the wake of cylinders

becomes unstable at a Reynolds number of about 40, and the
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FIGURE 2.1
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fixed vortex pair separates from the main body of the fluid.
At a Reynolds number of about 90, one of the fixed vortices
breaks away from the cylinder. This causes a wake-pressure
asymmetry and the other leaves, the process repeats itself,
and the State of alternating vortex-shedding is attained,

as shown in Fig. 2.1(c). The flow in this case is laminar,
and the vortex street is preserved for many diameters down-
stream. As the Reynolds number is increased beyond the
vortex-shedding point to 150-300, a laminar-to-turbulent
transition begins in the free shear layers before breaking
away into the street, as shown in Fig. 2.1(d). At a Reynolds
number of about 300, and continuing up to approximately

53X 105, the vortex street is fully turbulent. In the Reynolds

number range 3 x 105 o 3.5 X 106, the laminar boundary

layer on the cylinder has undergone turbulent transition,

the wake is narrower and disorganized, and no vortex street

is apparent, as shown in Fig. 2.1(e). As the Reynolds number
is increased beyond 3.5 x 106, the turbulent vortex street
forms [21] and the wake is thinner, as shown in Figure 2.1(f).
A number of excellent papers on vortex street development
have been written [22]-[29].

The turbulent vortex street region corresponding to
Reynolds numbers range of 300-3x105 is the most important
region from a practical standpoint. The Strouhal number is
constant at about 0.2 for this range of Reynolds numbers.

Fig. 2.2(a) shows the variation of Strouhal number (S) with

Reynolds number (R). This figure provides a functional
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relationship between R and S that reflects the research of
many workers in the field. The relationship shown was
developed from a '"least squares" polynomial fit of 57 data
points [30].

Vortex-shedding generally causes large vibration
amplitudes only when the shedding frequency is close to the
fundamental natural frequency of the cylinder. Once vibration
begins, the shedding frequency and the cylinder natural fre-
quency can become synchronized [31] - [33]. 1In effect, the
motion becomes self-controlled as the tube vibration causes
the shedding to continﬁe to occur at the tube natural frequency
as the flow velocity increases. For a spring-mounted cylinder
in an air stream, Scruton [31] has shown that the velocity
range over which synchronization persists depends upon the
damping parameter mcS/pd2 (m is the mass of the cylinder per
unit length, § is the logarithmic decrement of damping, o
is the fluid density, and d is the cylinder diameter). In
Fig. 2.2(b) the shaded area is the region of synchronization.
The ordinate v/fnd is a reduced velocity (fn is the natural
frequency of the flexibly mounted cylinder). Outside the
shaded area, the cylinder experiences an alternating 1lift
force at the vortex-shedding frequency for a stationary
cylinder. With increasing ma/pd2 the velocity range over
which synchronization persists decreases, and, for mc‘s/pd2 > 34,
no synchronization occurs.

The alternating lift-force (force transverse to flow)

associated with vortex-shedding from a stationary circular
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cylinder, is usually expressed as:

1 2 ]
F. = C;, 5 v:d L 2
L L 7P Sl ﬂfst)
where FL = alternating diatt force
CL = alternating 1lift force coefficient
1 2 . . .
50V = dynamic fluid pressure
L = cylinder length
= = time

The variation of the alternating 1lift coefficient
with Reynolds number has been the subject of a number of
investigations [34]-[36]. Although the vortex-shedding occurs
at a discrete frequency for a given flow situation, the
alternating force is randomly modulated. The 1lift coefficient
is therefore usﬁally given as an RMS value obtained with a
suitable meter. " In addition, it has been demonstrated by
Keefe [37] that the flow over a cylinder is three-dimensional
rather than two-dimensional, even at relatively low Reynolds
number (R>300). The significance of the three-dimensional
flow is that at a given instant the local forces at two
different span-wise locations on the cylinder may or may not
be acting in phase.

The distance over which the forces may be considered
as acting in phase is called the correlation length. The
lift coefficients measured in tests on a relatively short
cylinder having a physical length less than or equal to the

correlation length, LC, are called Jlocal laft coetfficients.
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Knowing the local value, C the effective 1lift coefficient,

94’

CL, to use for calculating the force on a cylinder of length

L where L>>LC is given by Keefe [37] as:

In obtaining, reporting, and using experimental 1ift coeffici-
ents, proper allowance must be made for the span-wise
correlation of the forces.

The drag force (force in the direction of flow) has
two components: pressure drag and frictional drag. At very
low Reynolds numbers, the drag will consist almost entirely
of frictional drag. As the oscillating force appears, frictional
drag gradually becomes negligible in comparison with pressure
drag [38].

Many diversified experiments reporting values of
coefficients of drag (CD) andi.kixft (CL) are available in the
literature. However, specific values of CD and CL can not
be assigned with certainty because of the wide variation in
measured values. Bishop and Hassan [35] reviewed the experi-
mentally determined data on drag forces, and plotted the
values of the drag coefficients over a wide range of Reynolds
numbers. Chen [39] has compiled available data on mean
oscillatory 1lift coefficients. Most of the measurements are
in the Reynolds number range 104 <R < 106. The scatter of

the data is large, and the data are far less consistent than

the drag coefficient data; values vary from 0.1-1.5. Since
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the excitation in the 1ift direction is 5 to 10 times higher
than the excitation in the drag direction (because of the
greater force coefficient), the 1lift direction is of primary
importance. However, in water flows, the excitation in the
drag direction may be significant.

The effective 1ift coefficient for a vibrating cylinder
is greater than that for a stationary one. Weaver [32]
suggests that the value of CL for a Vibrating.cylinder can
be up to 1.5 times that for the stationary caée. The reason
for the increase has been variously attributed to increased
circulation due to shifting separation points [20], increased
eddy strength arising from the increased wake width [32] and
increased span wise correlation of the shedding forces. Wake
flow phenomenon and coefficients of 1ift and drag of an
oscillating cylinder have also been studied by other authors
[40]-[46].

Analytically the problem is very complicated due to
the periodic separated flow around an oscillating boundary.
A "wake-oscillator'" model was initially suggested by Bishop
and Hassan [43] and later developed by Hartlen and Currie [47]
and refined by Landl [48] and Currie et al. [49]. A model
based on the Karman vortex street for determining the drag
force exerted by the vortex on the cylinder has been suggested
by Chen [50]. Iwan and Blevins [51] have recently developed
a quasi-steady model for vortex induced oscillation of

structures. A number of mathematical models to describe the
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galloping of long bluff cylinders have also been developed
[527.

When a cylinder body is immersed in a stream of
fluid in a channel of finite breadth, the presence of walls
influence the flow around the body. This means that its
vortex shedding frequency and drag differs from that which
is experienced in an infinite stream. A ”Blo;kage correction"
is usually applied to account for this effect. This correction
factor is based on theories and empirical equations which
have been developed over a number of years [53], [54].

The characteristics of the separated wake downstream
from a bluff cylinder can be greatly affected when a splitter
plate is placed downstream of a circular cylinder in cross-
flow. At Reynolds numbers at which a regular vortex street
is shed from the plain cylinder, the vortex shedding may
be altered or even suppressed and the drag force experienced
by the cylinder may be affected. A suitably selected length
of a splitter plate can reduce the drag markedly [55].

An increase in upstream turbulence can result in the
amplification of the vortex shedding motion and also produces
improvements in heat transfer. The effect of free stream
turbulence on vortex shedding has been studied by Petrie [56]
and Surry [57].

A practical problem is to determine the effect of non-
uniform upstream flow on vortex shedding from a circular body.

One case of importance where there is such a velocity variation
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is that of a structure, such as a chimney, present in the

earth's boundary layer. Maull and Young [58] have studied

the effect on vortex shedding from bluff bodies in a shear

flow. They have shown that vortex shedding can occur in

span wise cells, the frequency being constant in each cell.
There has:been-asrecent interest in studying the

unsteady wake characteristics of non—circular_cylinders, e.g.

Square [59], Triangular [60], Elliptical [61], and Conical

L

[62], etc., the data for these and other non-circular sections

of potential engineering interest are not quite so extensive
as those for circular cylinders.

Vibrations have also been observed in parallel fluid
flow situations. The usual forcing function here is the
fluctuating pressure in the turbulent boundary layer and the

oscillations are of a self-excited type. This problem has

been analysed by Paidoussis [63], Reavis [64], Burgreen et al.

[65] and Basile et al. [66]. DNuclear fuel elements are most
vulnerable to this type of vibration.

A circular cylinder can also be set into vibrations
by the turbulent pressure fluctuations occurring in its wake
or carried to it from an upstream disturbance [67]. The
energies associated with velocity or pressure fluctuations in
turbulent flow, rather than being concentrated at a discrete
frequency (as is the case for vortex shedding), are normally
continuously distributed over a wide band of frequencies.

Turbulent pressure fluctuations, generated in the boundary
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layer and in the wake, act on the cylinder and generate
fluctuating forces having lift and drag components. Similar
forces arise from turbulence that already exists in the
approaching flow. In some instances, the energy spectrum
associated with the approaching flow, rather than being smoothly
continuous, may contain peaks at discrete frequencies due to
pump pulsations, to the vibration of upstream structures,

to vortices from upstream structures, or to impinging jet

flows. If the frequency of the spectral peak coincides with

a tube natural frequency, a large amplitude response can occur.

2.2.2 Flow Over a Pair of Circular Cylinders

The situation encountered when two circular cylinders
are located in the flow field has been investigated by a
number of authors [68]-[72].

Spivak [68] showed that when two cylinders normal to
an air-stream are separated by a gap just smaller than the
diameter, instability occurs. As the gap is decreased, the
main sequence of frequencies changes from a value correspond-
ing to a single cylinder, of diameter, d, to a value associated
with a solid body of breadth equal 2d (at zero gap).

The picture is complicated by vortices generated within the
gap. At spacings less than one half diameter, a low gap-
frequency is found. Between one half and one diameter a
high gap-frequency is present, decreasing to the independent

cylinder value at the critical spacing. In addition, doubled.

-
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frequencies of the main sequence are also found, generally
on the centre line of the wake, attributed to overlapping
vortices from the external sides of tﬁe cylinders. At
larger gaps the cylinders behave like independent bodies.

Thomas and Kraus [69] observed by flow visualization
studies that the interference effects were more pronounced
when the cylinders were in the plane of the flow than when
they were perpendicular to the flow.

Zdravkovich [70] recently studied vibrations of two
cylinders in tandem. His experiments showed that a hysteresis
in the 1ift and restoring forces may cause or maintain low
frequency large amplitude aeroelastic vibrations. A method
of suppressing these vibrations is also described.

Wilson and Caldwell [73] while acquiring data for
the design of multiple ocean piping systems nearer to the
ground plane observed that for spacings of about one diameter,
and for mass ratios (mass ratio = mass per unit length of
pipe, including the fluid inside/mass per unit length of the
environmental fluid which the pipe displaces) near one, the
apparent vortex shedding frequencies for two parallel, flexible
cylinders near a ground plane could exceed five times the
vortex shedding frequency for one isolated cylinder.

The analysis of the vibration modes and responses
of a group of cylinders in a fluid is difficult because of
the difficulty in accounting for the coupling effect of the

surrounding fluid. Chen [71] has analytically studied two
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parallel cylinders vibrating in a liquid. He derived equa-
tions of motion using the added mass concept and included
the fluid coupling terms. He has recéntly extended the
analysis to the problem for many cylinders [137]. However,
the inertia coupling term is probably not important in gas
flows. Also, it remains to be determined how the fluid-
elastic mode shape is related to the natural mode shapes

considered by Chen in a quiescent fluid.

2:2:3 Flow Over a Single Row of Circular Cylinders

Circular cylinders or tubes in a single row per-
pendicular to the direction of flow can be excited to vibrate
by vortex shedding, a jet-switch mechanism or by a fluid-
elastic mechanism. Each of these mechanisms of vibration is
known to exist for a certain range of velocity parameters
VG/fnd and tube spacings.

Vibrations of the vortex excited type where the motion
of the tubes is principally transverse to the flow direction
were shown by Livesey and Dye [74] to occur for a velocity
parameter range of 3.5 to 8.75 (G/D = Gap/Diameter = 0.785).
The Reynolds number range for their experiments was 3.7—9.5x103.
They also observed two main and two subsidiary modes of
vibration, all principally transverse to the flow direction.
In a subsequent paper Dye [75] has given the critical flow
speed ranges for seven different tube spacings. Both in-

phase and out-of-phase vibrations were shown to have occurred
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for G/D < 1.4 and two distinct vortex shedding frequencies
were reported to have been recorded in the wake.

Streamwise vibrations with no transvere component
were apparently first observed by Dumpleton [76] and later
analysed by Roberts [77]. Roberts argued that as the tubes
are displaced alternately, one upstream and one downstream,
the jet, as it issues from between the tubes, can be switched
back and forth producing different '"pairing'". He proved
theoretically that this switch produces a significant change.
in drag force which feeds large amplitude vibrations in the
streamwise direction. Due to a finite time required for
the jet entrainment process to effect an inversion, this type
of vibration was presumed to occur for Of/fnd) >-0(3) only.

The concept of fluid-elastic oscillations due to the
effect of aerodynamic hysteresis was experimentally verified
by Connars [78] for a row of tubes normal to the direction
of flow. He showed that as the flow field is altered by the
displacement of a tube, the energy is extracted from the
flow by the tube and when during a cycle of vibration this
energy exceeds the energy dissipated by the damping, a fluid-
elastic vibration is established resulting in an oval motion.
Connars found two possible modes for three adjacent flexible
tubes. The centre tube moves downstream through a smaller
than normal gap and upstream through a larger than normal gap.
The side tubes move transversely to the flow direction. The

actual motions are ellipses in the streamwise and transverse
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directions, respectively. The first mode, a symmetric one,
is established if the side tubes produce the oval motions in
clockwise and anti-clockwise directions, being in symmetric
positions, respectively, relative to the central tube. The
second, asymmetric mode is established when there is a phase
shift of 180° between the two side tubes. The stability
threshold for these type of vibrations was in a velocity
parameter range in between those corresponding to vortex
shedding and jet switch type of instabilities. Connars
developed a semi-empirical model to predict the onset of
whirling of a tube row.

Neglecting added mass effects, Blevins [79] has
analytically modelled fluid-elastic forces acting on a tube in
a tube row transverse to the flow. The tubes were modelled
with different stiffnesses and damping normal and parallel
~t0 the free stream to simulate effects which arise in actual
heat exchangers. It was shown that critical velocity parameter
required for the onset of instability increased sharply with
the separation of natural frequency between the tubes. There
appears to be some doubt about the validity of this analysis
for tube bundles.

Added mass coefficients for vibrations of a row of
circular cylinders in a quiescent liquid have been computed
by Chen [80] using the potential flow theory. His results
also give natural frequencies of tube rows for various modes

of vibrating tubes. These results are valid only for small
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oscillations as the added mass may be affected by other
factors such as vibration frequency, vibration amplitude

and fluid viscosity. Chen [137] later extended the analysis
to an array of tubes. It should be noted that the analysis
of Chen does not contain cylinder velocity dependent terms

which may be very important to the phenomena being studied.

2.2.4 Flow Over Two Rows of Circular Cylinders

The flow set up by two rows of cylinders was investigated
for tandem and staggered arrangements of the cylinders by
Borges [85]. The Reynolds numbers of his tests corresponded
to the high subcritical range for a cylinder in isolation.
The results showed that the interference between the two rows
is restricted roughly to a spacing ratio 2/d < 4. Borges
observed some Reynolds numbers effects in his experiments and
also showed that if the rear row of cylinders is so placed
as to form a staggered arrangement the flow is much more
sensitive to variations in g/d than a tandem arrangement with
the same value of T/d. Generally speaking the effect of
reducing the distance between the rows is to increase the
dominant vortex shedding frequencies. Zdrovkovich [110]
found that in a fwo—row in-line arrangement,