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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 vibrations caused 

by the shell-side fluid flow . The present investiga t ion 

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 

Strauhal number. For the first time a fluidelastic stability 

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-induc e d vibrations. Mechanical wear , fatigue failure, 

* Numbers in brackets desi gnate references at the end of 
the thesis. 

** CANDU - CA NADA DEUTERIUM URANIUM 
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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 

opera t e 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 consider able 

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 

2(VG/fd) and a damping parameter (m 6/pd ) . 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 
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fluidelastic mode as discussed in the literature by Chen [39], 

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 Strauhal 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 row of tubes only, its 
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validity in predicting the onset of vibrations in a tube­

bundle is very questionable. The fluidelastic stabili t y 

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, t he 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 represent 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 primarily 
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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 cause cross­

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 

2 . 1 	 Basic Concepts of Fluid­
Structure Interaction 

Flow-induced vibration problems involve mutual 

interactions among inertial, fluid-dynamic and elastic 

fo rces. 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 tub e 

vibrations in nuclear heat-exchangers and steam generators 

[5], [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 

7 
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classify various hydroelastic phenomenon by their common flow­

instabili ty 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 J. 

Dynamic response problems are the forced vibrations 

induced by turbulence or pressure fluctuations in the flow or 

by fluid impact . Response of aircraf t 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
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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 happens 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 noi se 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 vibra tions are produced wh en the 

oscillations of the structure result in periodic fluid forces 

which in turn amplify the structure ' s motion . Th e se vibra­

tions are distinguished from those of the self-controlled 

typ e in tha t the periodic . forces disappear in the abs e nce of 

structural motion. Problems of dynamic aeroelasticity such 

as the "flutte r" of pl a t e s and shells fall into this cat eg ory 

[ 1 6 J . "Flutt e r" is a dynam i c f luid- e lastic inst ab ility in 

which a structure , when p e rturb e d, will oscillate with 

exponenti a ll y increasing ampl i tud e , unl e ss limit e d by some 

non -linear co n s tr a int. Othe r exampl e s a re s e l f - excit e d vi b r a ­

tions of ve rtic al-li f t ga t es , o s c i l la tions of ga t e sea ls a nd 

hydro e l as ti c v i brati on of swin g check v a l ves , e tc . [ 3 ] . 

In b 1 u ff bo dy vibrations , wh e n th e body s hape i s s uch 

that a small tr a n sve r s e o r t or s ion a l motion of th e body c a uses 

the s hear l aye r s to li e s uffi c iently asymme tri ca lly with r es ­

pect to th e down s tr eam body s ur fa c es , a press ure l oad ing i s 

c r ea t e d on th e bo dy which f orces it in the d irec t io n of it s 

initi a l s ma l l mot i on, and gallopi ng ins t abil ity r es ult s . 

With a mult i- c omp onent bl uff s tru c tur e , s u c h as a tr an sm i ss i on 

li ne condu c t or bun d l e , th e wake of a n up s tr eam e l eme nt may 

impinge on a down s t ream e l emen t to c r ea t e p r ess u re loadi ngs 

on i t, a nd wake ga llo pin g res u l t s [ 1 3] , [ 14] . A s tr anded 

conductor may also gal l op i n a flow app r oaching a t a smal l 
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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 trarisverse 

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) mechani cal vibra­

tions; (3) fluid mechanics; and (4) mathematical stability 

theory . The formulation of the equations of fluidelasticity 

may be viewed as consisting of the de termination of the so 

called s tructural 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 und erstood . In fluidelasticity, stability 

problems often receive primary at tention. The sol ution of the 

response problem consists of determining particular integrals 

of the equation of motion. Ordinary algebraic methods suffice 

when structural deformation a nd motions can be assumed to be 

harmonic. Laplace transformations and solution by indicial 
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admittances are needed for tna nsient 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, 

f urthermore, if the angle of attack is within a certain limited 

r ange . 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 using 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 theories 

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 . Indee d, 

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 emp loyment of experimental me thods is essential. 

The n ee ded experimen t a l information is usually in 

the form of stability thresho lds , fluid-dynamic coefficients, 

correction coefficients, pressure distributions, velocity 

profiles, noise spectrums, f low-visuali za tion, vortex-shedding 

f requenci es , ampli tude - frequency -phase of oscillations and 

intensity-scale-spectrum of turbul ence, 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 un ders tood. The modeler must know, for example, what 

kind of prototype r esponses are really important and what 

kinds can be neglected, for otherwise modelling may be 

imposs ible. Baker et al. [18] showed by giving a few examples, 

the nature of the compl exities and difficulties involved in 

modelling the dynamic interaction between a flexible structure 

and a liquid. They state that the modell ing problems of the 

flow-induced vibrations of heat-exchangers and nuclear 

reactors are particularly complicated and have to this day 

defied compl ete analysis and accurate modellin g . This results 

in full-scale prototypes being vibration tested, and costly 

changes, if needed, must then be made on the a lr eady 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 practioal considerations 

which can limit one's ability to build and test such models . 

Some such factors are: cost, 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 . 

2 . 2 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 vo rtex-shedding and 

turbulence. 

When a fluid flows past a cylindrical obstacle, th e 

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 f if­

teenth century by Leonardo da Vinci [21] . The vortices appear 

alternately on each side of th e 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 Strauhal 


published a f ormul a 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: 

f d 
s s 

-v 

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 geometrical pattern. This 

was the first theoretical investigation of th e subject, and 

it is so important that the vortex wake now is generally 

referred to as th e 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 .l (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 .l (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 . l(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 . l(d). At a Reynolds 

number of about 300, and continuing up to approximately 

53 x 10 , the vortex street is fully turbulent. In the Reynolds 

5 6number range 3 x 10 to 3.5 x 10 , the laminar boundary 

laye r on the cylinder has undergone turbulent tr ansit ion, 

the wake is narrower a nd disor ganized, and no vortex street 

is apparent, as shown in Fig . 2.l(e). As the Reynolds number 

6is increased beyond 3 .5 x 10 , the turbulent vortex street 

forms [21] a nd the wake is thinner, as shown in Figure 2 .l (f) . 

A number of excel l ent papers on vortex street development 

have been written [22]-[29] . 

The turbul ent vortex stree t r egio n corresponding to 

5Reynolds numbers range of 300-3xl0 is th e most important 

region f rom a practical standpoint . The Strauhal number is 

constan t at about 0 . 2 for this range of Reynolds numbers. 

Fig . 2 .2 (a) shows the variation of Strauhal number (S) wi th 

Reyno ld s 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] . In effect, the 

motion becomes self-controlled as the tub e vibration causes 

the shedding to continue 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 mo/ pd 2 (m is the mass of the cylinder per 

unit length, o is the logarithmic decrement of damping, p 

is the fluid density, and dis the cylinder diamet~r). In 

Fig. 2.2(b) the shaded area is the region of synchronization. 

The ordinate v/f d is a reduced velocity (f is the natural n i1 

frequency of the flexibly mounted cylinder). Outside th e 

shaded area, the cylinder experiences an alternating lift 

force at the vortex-shedding frequency for a stationary 

cylinder . With increasing mo/pd 2 the velocity range over 

2which synchronization persists decreases, and , for mo/pd > 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 : 

C l p v 2 d L sin (2nf t)L 2 s . 

where alternating lift forceFL 

alternating lift force coefficientCL 


1 2 

p v dynamic fluid pressure2 


L cylinder l ength 


t time 

The variation of the alternating lift 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 lift coefficient 

is therefore usually 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 

a s acting in phase is called the correlation length. The 

l ift coefficients measured in tests on a relatively s hort 

cylinder having a physical l e ng th less than or equal to the 

correlation length, L , ar e call e d local lift coefficients . c 
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Knowing the local value, Ci, the effective li f t coefficient, 

CL' to use for calculating the for ce on a cylinder of length 

L where L>>L is given by Keefe [37) as: c 

nr:­
c = c ./ ~ 

L i L 

In obtaining, r ep or ting , and using experimental lift coeffici­

ents, proper allowance must be made fo r the span-wise 

correl a tion 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) and lift (CL) are available in the 

lit e r ature . 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) revi ewed the experi ­

mentally determined data on drag forces, and plotted the 

values of the drag coefficient s over a wide range of Reynolds 

numbers . Chen [39) has compiled available data on mean 

oscillatory lift coefficients . Most of the measurements are 

4 -06lin th e Rey nold s number range 10 < R < . The sca tt er of 

the data is large, and the data a re far less consistent than 

the drag coefficient data; values vary from 0 . 1-1 . 5 . Since 
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the excitation in the lift direction is 5 to 10 times higher 

than the excitation in the drag direction (because of the 

greater force coefficient), the lift direction is of primary 

importance . However, in water flows, the excitation in the 

drag direction may be significant . 

The effective lift coeff icient for a vibrating cylinder 

is greater than that for a stationary one . Weaver (32] 

suggests that the value of for a vibrating cylinder canc1 

be up to 1 . 5 times that for the stationary case . The reason 

for the increase ha s been v ariously attribut e d to increased 

circulation due to shifting separation points ( 20 ], increased 

eddy strength arising fiom the increased wake width (3 2] and 

increased span wise corre lation of the shedding force s. Wake 

f l ow phenomenon a nd coefficients of lift and drag of an 

oscillating cylinder have also been studied by other author s 

( 40 ] - ( 46] . 

Analy ti ca lly th e problem is very complicat ed due to 

th e periodic separa t ed flow a round an oscillating boundary. 

A " wake -o scillator" model was initially s uggested by Bishop 

and Hassan (43] and later developed by Hartlen and Currie [47] 

and refined by Landl (48 ] and Currie e t al . ( 49 ]. A model 

based on th e Karman vor t ex stree t for determining the drag 

force exerted hy the vortex on th e cylinder has been suggested 

by Chen (SO] . Iwan and Blevins (51] have recently developed 

a quasi - steady model for vortex induced oscillation of 

structu r es . A numbe r of mathematical models to describe the 
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galloping of long bluff cylinders have also been developed 

[ 52] . 

When a cylinder body is immeried in a stream of 

fluid in a channel of fini t e breadth, t he pr esence of walls 

influence the flow around t he body . This means that its 

vortex shedding frequency and drag differs from that which 

ls experienced in an infinite stream . A " Bl ockage correction" 

ls usually applied to account for this effect . This corr e ction 

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 downstr eam 

from a bluff cy linder can be greatly affected when a splitter 

plate i s placed downstream of a circul a r cylinder in cros s­

flow . At Reynol ds numb ers a t which a re gular vortex street 

ls shed from th e plain cylinder, the vortex shedding may 

be a lt e r e d or eve n suppressed and the drag · force experienced 

by th e cylinder may be affec ted . A suitably selected length 

of a spli tt er plate can reduce th e drag markedly [55] . 

An inc r ease in upstream turbulence can result in the 

amplification of the vor t ex shedding motion and a l so produces 

improvements in heat transfe r . The effec t of f r ee s tr eam 

tu rbulen c e on vortex s hedding ha s been s tudied by Pe tr ie [ 56] 

and Surry [57]. 

A practical problem is to determine the effec t of non­

un iform up s tr eam flow on vortex s hedding from a ci rcu lar 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 a recent interest in studying the 

unsteady wake characteristics of non-circular cylinders, e . g., 

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

[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 

fl uctuating pressure in the turbulent boundary layer and the 

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

been analysed by Pa~dous s is [6 3) , Reavis [64), Burgreen et al . 

[ 65) and Basile et al. [66). ~uclear fuel elements are most 

vulnerable to this typ e of vibration . 

A circular cylinder can also be set into vibrations 

by th e turbulent pressure fluctua tions occurring in its wake 

or carried to it from an upstream disturbance [67]. The 

energies associated with velocity or pressure fluctuations in 

t urbulen t 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 

fo rces 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 ~f 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 

numb e r of authors [68]-[72] . 

Spivak [6 8] 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 (a t zero gap) . 

The picture is complicated by vortices gene rated within the 

gap . At spacings less than one half diameter, a low gap­

f requency is found . Between one half and one diameter a 

high gap-frequency is present, decreasing to th e 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 the cylinders. At 

lar ge r 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 lift 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 diame ter, 

and for mass ratios (mass ratio = mass per unit length of 

pipe, including th e fluid inside/mass per unit length of the 

environmental fluid which the pipe displaces) near one, the 

apparen t vortex shedding frequencies for two parallel , fl exible 

cy linders near a ground plane could exceed five times the 

vortex shedding frequency for one isolated cylinder. 

The analysis of the vibration modes and responses 

o f a group of cylinders in a fluid is di ffic ult because of 

t he difficulty in accounting for the coupling effect of the 

s urrounding 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 recently 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 . 7-9.5xl0 3 . 

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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f or G/D < 1.4 and two distinct vortex shedding frequencies 

were reported to have been recorded in th e wake . 

Streamwis e vibrations with no transvere component 

were apparentl y 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 chang e 

in dra g force which feeds large amplitude vibrations in the 

streamwise dir ec tion . Due to a f inite time requir ed for 

the jet entrainmen t process to effect an inversion, this t ype 

of vibration was presumed to occur for 01 /fnd) > 0 (3) only . 

The concept of ·f luid- e l as tic oscillations due to th e 

effect of aerodynamic hys t e r esis was exp e rim entally verified 

by Connars [ 78 ] fo r a ro w of tub es normal to the dir ecti on 

of flow . He s howed tha t as th e flow fie ld is al t ered by th e 

disp l a cement of a tube , th e ener gy is extrac t ed f rom th e 

f low by the tube and when during a cycle of vibration this 

energy exceeds the energy dissipated by the damping, a fluid­

e lastic vibration is established r esulting i n an oval motion . 

Connars found two possible modes fo r thr ee adjacent flexible 

t ubes . The centre tube moves downstream through a smaller 

t han normal gap and upstream thr ough a larger than normal gap . 

The side tubes move transversely to the flow direc ti on . The 

a c tual motions are ellipses in the streamwise and transverse 
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directions, respectively . The firs t 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. 

~eglecting added mass effects, Blevins [79] has 

analytically modelled f lu id -elastic forces acting on a tu be in 

a tube row transverse to the flow . The tubes were modelled 

with different stiffnesses and damping normal and parallel 

r to th ~ 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 sha rply with 

the separation of natural frequency between th e tubes. There 

appears to be some doubt abou t 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 ~ /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 ~/ d than a tandem arrangement with 

the same value of T/d. Generally speaking the effect of 

reducing the distance between tl1e rows is to increase the 

dominant vortex shedding frequencies. Zdrovkovich [110] 

found that in a two-row in-line arrangement, the front row 

tubes were more stable and developed large vibrations only 

when the tubes be gan banging in the second row. The 

second-row tubes were more unstable and large amplitude 

vibrations became sufficient to cause tube contact in the trans­
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verse direction. This type of response probably results from 

the second row tubes being directly in the unsteady wake 

of the first row tubes. 

2 . 2 . 5 Flow Over a Tube-Bank 

The dynamic response behaviour of a group of circular 

cylinders in cross flow is influenced by their mutual inter­

actions with the surrounding fluid. Interaction with the 

fluid causes coupling motions of a group of cylinders . The 

problem is very difficult to model analytically or experi­

mentally as compared to the case of flow over a single 

circular cylinder or over a single row of circular cylinders. 

Surveys of flow induced vibrations of tube arrays 

in cross flow have been carried out by Nelms and Segaser [5], 

Shin and Wambsgnass [81] and recently by Savkar [82] . A 

technical report on tube vibrations in industrial shell and 

tube heat exchangers has also been issued recently by Heat 

Transfer Research, Inc. in California [83]. All of these 

surveys have reported that operating heat exchangers experi­

ence damage due to excessive flow induced vibration and the 

existing design techniques do not satisfactorily evaluate the 

potential for flow induced vibrations. 

Banks of heat exchanger elements can be considered 

i n two general classes, in-line and staggered and tube 

v i brations have been reported in both types. The four most 

common types of tube patterns are shown in Figure 2.3 . 

Baird [86] reported a severe case of pulsations in the super­
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heater-economiser duct of the Etiwanda Steam Station. This 

pulsation was so severe that the duct walls were permanently 

distorted outwardly. Halliday [87] reported a case of 

vibration in the boiler uptake immediately above the 

economiser; this problem developed in the dockside trials of 

a rather large ship . The acoustic mode of vibration was the 

first transverse mode in the duct, in which the tubes were 

in an in-line pattern . Stallbrass [88] reported an intense 

noise during early calibration runs of the high speed icing 

wind tunnel in the low temperature laboratory of N. R. C. The 

problem was analysed and use of baffles on the centre line 

of the tubes was proposed which later effected a cure. 

Chen [89] has also studied the noise problem and 

suggested the insertion of detuning baffles into the tube 

bank . These baffles are placed near the antinodes of the 

stationary velocity waves of the transverse gas column 

vibrations otherwise expected in the unmodified heat exchanger. 

These baffles make the natural frequencies in the transverse 

direction of the heat exchanger along its length as different 

as possible so that no coupling with the vortex shedding 

occurs . 

For closely pitched staggered arrangements the fitting 

o f detuning baffles is often impossible, and so an alternate 

s olution is needed. One such solution suggested by Walker 

a nd Reising [90] was the complete removal of several judiciously 

p laced tubes in order to prevent the build up of "in-phase" 
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oscillations. The effect of this would be to reduce the 

sound intensity level and reduce the possibility of coupling . 

In their investigation they found that the best position 

for tube removal was longitudinally in the centre of the test 

bank and in the transverse direction, at the positions which 

would be the pressure nodes of the standing waves. It was 

suggested that the omission of every third tube from the 

positions where pressure nodes would exist will be sufficient 

to completely eliminate the excessive vibrations . Zdravkovich 

[108] has suggested the use of irregular longitudinal pitch 

to suppress the coupling with the acoustic standing waves. 

Where none of the above methods are possible, then 

other steps to protect structural parts from excessive 

vibrations must be taken, by adjusting the - natural frequency 

of the system, by increasing the mass or by incorporating 

damping devices in the supports . 

The first systematic measurements of the vortex 

shedding frequencies in a simulated tube bank heat exchanger 

were apparently made by Grotz and Arnold [91] . They found 

that the Strauhal number in which velocity is taken as the 

mean velocity through the minimum area when the oscillation 

starts, varied from 0.093 to 0.45, depending on T/<l and i/ d 

However, not much confidence can be placed in the results, 

considering their claimed inaccuracy of as much as 30 % in the 

experimental data . They presented an important condition 

for the generation of coupled acoustic-aerodynamic oscillations: 

the ratio of wavelength of noise gene rated to the width of the 
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free passage for the wave has to be less than 120. Kays and 

Loeschner [92) observed a high frequency oscillation in a 

pin-fin heat exchanger, which started.at a Reynolds number 

of about 1000 and continued to about 3000, but with the 

frequency increasing in steps and the amplitude generally 

decreasing. Using the Grotz and Arnold criteria, they found 

that only the second and higher modes could be driven. 

There are few data on the effects of fins on tubes 

in a tube bundle . Cherrett [93) supplied one data point for 

T/d = 1 . 812, £/d = 1 . 75, fin-to-tube diameter ratio of 

1 . 563, with 10 . 66 fins per unit of diameter, but the frequency 

was not measured and has to be computed from the assumed acoustic 

mode . The resulting value of Strauhal number was 0 . 473 . It 

appears possible that, while the effect of th e transverse 

spacing does not change with th e presence of fins , the effect 

of longitudinal spacing do e s. The aerodynamic stability of a 

cross-flow type heat exchanger witl1 a dense array of staggered 

rows of high finned tubes was examined by Dye and Abrahams [94). 

They showed, by flow visualization techniques, that the 

finned tubes would shed vortices; and , by wind tunnel tests on 

a full scale model of a section of the heat exchanger, that 

two velocity dependent flow fluctua tion s were produced by the 

heat exchanger. 

Hill and Armstrong [95) made some contribution to our 

understanding of the fluid dynamics of the vortex shedding 

mode associated with staggered tube arrays. In a study of a 

three-row tub e array at various longitudinal spacings, £/d , 

http:started.at
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but of a fixed transverse spacing, T/d, of 2 . 36, they noted 

that the mechanism did not seem to be the same as for in-line 

arrays. They rejected the idea of acoustic resonance due to 

vortex shedding through the array and rather attributed the 

possible cause to successive compressions and rarefaction of 

the air as it flows through the tube bank . A highest Strauhal 

number of 0.61 was recorded . 

A theory of the mechanism of the formation of Karman 

vortices in in-line tube banks has been developed by Chen [96] . 

His simplified model assumes the tube columns and tube rows 

to be infinite in both directions and he makes a questionable 

assumption that the exis tenc e of the tubes does not prevent 

the influence of the vortices on each other . There are certain 

inconsistencies in his logic and the resultant arguments do 

not seem to give enough information . 

Chen [89] has also developed empirical correlations 

for in-line and staggered tube banks . These are plots of 

t he Strauhal number versus the tube spacing transverse to the 

f low direction with the longitudinal tub e spacing as a para­

meter. The Strauhal number is based on the average velocity 

between adjacent tubes on a centre line normal to the direction 

of the flow and not upon the maxi1num velocity value that may 

exist in the bundle. As it is difficult to measure the 

velocity of flow accurately the accuracy of these correlations, 

i n predicting the value of the Strauhal number is reported to 

be as good as 10 percent . These correlations show that the 
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Strauhal number or vortex shedding frequency is strongly 

dependent upon the tube pattern. Moreover', the shedding 

frequencies in the tube banks may be much greater tha n that 

for a single tube, for Strauhal number values as high as 

0.7 are indicated in the figures . The correlations also show 

that the Strauhal number is independent of the Reynolds 

numbers range tested and that higher frequencies are encountered 

in banks with finned tubes than with bare tubes . However, 

very few data are available for closely packed tube arrays 

which are of special interest to the heat exchanger designers . 

The data obtained by Chen [89] to develop Strauhal 

number correlations was taken for Reynolds number values 

4 up to 6.0 x 10 on tubes having an outside diameter of approxi­

mately 38 mm . The data of Grotz and Arnold [91] was taken 

with tube diameters of 1.6 mm . , 7 . 9 mm . and 9 . 5 mm. and at a 

comparable value of the Reynolds numbers as the supper limit 

of th e investigation . Drawing an analogy with th e vortex 

shedding from a single tube, it is not surprising that th e 

Strauhal number on simulated tube bank exchangers is independent 

of the Reynolds numher in this range, for the Reynolds number 

values are subcritical . If the analogy between the vortex 

shedding from a single tube and a tube bank holds at higher 

Reynolds number values, then transition and transcritical 

regions could be found to exist for tube banks . However, these 

regions are not likely to be encountered in practical situations . 

Chen's correlation does not provide sufficient 

information regarding the possibillty of flow induced vibrations 
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throughout the tube bank . Along the length, the transverse 

baffling is such that the mean flow direction changes from 

being; in the baffle windows , esssentially parallel with the 

tube axis to making, between the baffles, an acute angle 

with the tube axis . Enough data is apparently not available 

on the vortex shedding in tube bundles when the mean flow meets 

the tube axis at an acute angle. Since vortex shedding is 

initiated by boundary layer separation, it is clear that as 

the angle between the tube axis and the mean flow direction 

approaches zero, so that boundary layer separation can not 

occur, vortex shedding must cease and with it the possibility 

f or this kind of resonant vibration . The limitin!'. value of 

t he angle where this occurs has not been established . 

An assessment of lift forces in tube bundles has 

been provided in another paper by Chen [97] . Here he attempts 

t o derive the trend of the fluctuating and the Strauhalc1 

number in tube banks at higher Reynolds numbers from the 

c ourse of the steady pressure drag coefficient at the 

corresponding Reynolds number range . Furthermore, some 

measurem ents of the vortex lift forces in tube bundles are 

also given. 01this basis it is shown that at normal spacings 

(~/XL= 2 . 4/2.8) (~ = T/cl, XL= i /dj, strong and practically 

sinusoidal vortices are shed . Small sp;icings (~/XL = 1. 2/1.4) 

ar e associated with weak vortices and a broad frequency band 

turbulence, whereas mixed spacings (~/XL = 1 . 2/2 . 8) shed 

st r on ger vortices coupl ed by a broad frequency band turbulence . 

The se vortices at mixed spacings possessed second harmonic and 
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the tubes, therefore, were predicted to be excited to vibrate 

in resonance either at the critical flow velocity or at its 

half value. 

In still another paper Chen [142] reports the effects 

of staggered tube bundles and inside baffles on measured values 

of CD, and S . Five cases designated by the irregular ratioc1 

r = 0% (= in-line), 20, 30, 40% and 50% (= regularly staggered) 

are considered. It was observed that for regularly staggered 

tube bundles (r = 50%) without inside baffles, the resonance 

peaks increase the pressure drop a great deal, especially for 

vibration in second mode . He showed that the increase in CD 

in the case of staggered tubes after insertion of baffles is 

not only due to the narrowing effect on the flow passage by 

the boundary layer formed on the baffles' sµrfaces, but is also 

due to the modification of the flow path. A fall of the 

Strauhal number due to a rise in the pressure drop coefficient 

due to the inside baffles was also observed . From his results 

it is obvious that the lift coefficient for the regularly 

staggered tube bundle is much higher than that for the in-line 

bundle . Chen has further shown that at lower Reynolds numbers 

(low subritical range), for both in-line and staggered tube 

bundles, CD falls and S rises with an increasing R. These 

results are in line with the observations from the single 

c ircular cylinder experiments . 

Chen's [89] vortex shedding frequency measurements 

were conducted in a five row deep stationary tube bundle. The 

effect of an increase in tube rows in an array on shedding of 
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vortices has still not been studied and also the effect of 

t ube vibrations on flow field characteristics is unknown . 

Fitz-Hugh [98] has compiled all the available data 

on vortex shedding through tube arrays. He has arranged the 

da ta so as to show constant Strauhal number maps for staggered 

and in-line tube arrays. A Strauhal number as high as 1.18 

has been shown to exist in narrowly spaced staggered tube 

arrays. His design relationships are based on frequency 

criterion only . Wallis [99] conducted some excellent flow 

visualization studies of water flow through a wide range of 

3tube-bundle geometries for Reynolds numbers up to 2.7 x 10

He has shown the existence of vortices behind tubes in widely-

s paced tube arrays . For narrowly-spaced tube bundles the flow 

field was seen to consist of streamwise "flow-lanes" through 

t h e gap between tubes and a "dead-water" r egio n behind each tube. 

In discussing the physical phenomenon associated with 

the vibrations in a tube bank, Owen [100] has pointed out 

t ha t there are two possible causes for the vibration. Either 

they are fluidelastic in nature, resulting from the int erac tion 

be twee n the motion of the tub es and the flow of fluid throu gh 

the gaps between th e tub es , or the tub es are ri gid enough for 

th ei r movement to be aerodynamically innocuous, and the vibra­

tions arise from th e buffeting forces imposed on th e tubes by 

the unst eadiness of th e flow . This latter t ype of exc itation 

ca n be either random or periodic in nature, depending on 

wh e ther the buffeting force arises from turbul ence or periodic 

vo r tex shedding . Owen has made a fai rl y complete theoretical 
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approach to the problem and his arguments hold for both in-line 

and staggered tube arrays. He disregards any theory of a 

superposed regular pattern , but rather states that "deep within 

a tube bank the cumulative growth of random irregularities in 

the labyrinthlike, high Reynolds number flow must lead to a 

s tate of almost complete incoherence'' . From this one would 

expect the tubes to vibrate randomly . Owen further concludes 

t hat "a tube is aerodynamically selective and responds by 

means of a force principally to that group of eddies whose 

dimensions are comparable with the tube diameter . As a consequence, 

t he force frequency spectrum at any section of the tube is a 

g ood deal narrower than that of the turbulent energy, especially 

when the latter is presented in its one-dimensional form". 

He considers turbulent energy being produced at rows of tubes 

and being dissipated between rows, and from the assumption of 

energy equilibrium, derives a relationship between various 

geometric and flow parameters. However, his criterion has still 

not been verified experimentally . 

Tube vibrations at flow velocities considerably 

higher than those predicted by vortex shedding relationships 

have been reported to have occurred in a number of industrial 

heat exchangers [101]-[107] . These vibrations are usually 

at very large amplitudes and unlike vortex shedding response 

the tube amplitude keeps on building up with an increase in 

flow rate till it is limited by some form of system non-linearity. 

Large amplitude vibrations are of a self-excited type and are 

usually designated "fluidelastic" oscillations. The mechanism 
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causing such vibrations is far from being completely under­

s tood and the technological development in the field is at 

a rudimentary stage . 

Zdravkovich [109] has attributed the cause of large 

amplitude self-excited vibrations to a flow pattern switch 

i n front of the rearward tube in a staggered arrangement . 

Southworth and Zdravkovich [110] have also studied the response 

o f one-, two- and three-row in-line arrangements for a range 

of ~ and x
1 

. Two distinct vibrational responses seem to have 

been recorded. The first one, at low values of reduced velocity 

c orresponded to the coincidence of the fundamental natural 

frequency of the tube with the vortex shedding frequency. It 

was characterized by a narrow resonance peak with vibrations 

in the transverse direction . The second vibrational response 

occurred at higher reduced velocities, depending on the tube 

arrangement and the position of the tube in the bank . It was 

characterized by a continuous build up of amplitudes in the 

transverse and streamwise directions up to a limit imposed by 

the gap between adjacent tubes. This fluidelastic response 

always occurred at the fundamental natural frequency of the 

tube . No e ffect of damping on the fluidelastic stability 

threshold was evaluated. 

Effect of upstream turbulence on the vibrational 

response o f tube arrays has been studied by Ratham [111] and 

Southworth and Zdravkovich [1121. Southworth and Zdravkovich 

observed a large reduction in the maximum amplitudes due to 

the introduction of grid turbulence. 
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More recently Gorman [113] has reported his experi ­

mental vibration tests on a series of tube bundles in a water 

t unnel . He found that the main excitation mechanisms are 

t u rbulence, some vortex shedding and hydroelastic instability. 

However, all his tests were conducted for a single value of 

damping, corresponding to a damping parameter of approximately 

0 . 22 . 

In summary, it can be said that the possible mechanisms 

c ausing tube vibrations in an array appear to be vortex shedding, 

t u rbulence and fluidelasticity. However, it is still not 

c e rtain as to which one of these is the most dominant mechanism 

f o r a tube vibrating deep inside a tube bundle . Although 

t he available data of various authors has been compiled and 

p l otted by Shin and Wambsgnass [ 81] , there is considerable 

s catter and there is not sufficient data for any given array 

t o show any definite tr end . 'o systema tic investigation has 

be en carried out so fa r to derive a fluidelastic stability 

boundary of an array . Current design against fluidelastic 

i ns tability is based on a Connars [78] or Blevins [79] type 

e quation: 

where K has been determined exnerimcntally and depends on 

a r ray geometry. Typically, K is determined by a single experi­

ment on the specific array . However, there appears little 

ev idence to validate for tube banks the analysis on which the 
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equation is based and, in particular, to verify that the 

exponent in such an equation should be 1/2 . 



CHAPTER 3 

DIMENSIONAL ANALYSIS 

In the present investigation model tests are being 

rised to investigate the causes of flow-induced vibrations 

deep inside a tube bundle. Understanding of the appropriate 

similitude relationships is necessary for planning the model 

tests and for interpreting the results in terms of the pro­

totype behaviour. 

Four dependent variables and fourteen independent 

variables are involved in the general tube vibration in an 

array : 

Dependent Variables: 

1. 	 Vibration amplitude : y 

2 . 	 Vibration frequency : f 

3. 	 Fluid force acting on 

the tub e : F 

4 . 	 Frequency of periodic 

fluid phenomenon : f s 

I ndependent Variables: 

1. Characteristic len gth: D 

2 . Transverse Sp~cing : T Geometry 

3 . Longit udinal Spacing : Q, 
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4 . 	 Mass of tube: m 

Mechanicals . 	 Spring rate of tube: k System 

6 . 	 Mechanical damping 


of tube: c 
n 

7. 	 Velocity of fluid-


flow: v 


8 . 	 Density of fluid: p Fluid 
System 

9 . 	 Viscosity of fluid: µ 

10. 	 Speed of sound in 


fluid: a 


11. 	 Externally app li ed 


force: F 
e 

12. 	 Frequency of exter-

Externalnally 	applied force: f e System 

13. 	 Boundary displacement: Yb 

14 . Frequency of boundary 


displacement: 
 f b 

In the above tabulation, to simplify the dimensional 

analysis , the tubes are assumed to have a linear spring rat e 

and viscous damping (damping proportional to vibration velocity) . 

One degree of freedom is treated and it is assumed that th e 

spring and damping characteristics of the tubes are the same 

in a ll planes of motion. 

If the tubes in the array are assumed to vibrate at 

th e ir fundamental natur a l frequency only, then the response 

prob l em is reduced to one of determining the dynamic def l ec tions 
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of the tubes . 

The dependent variable of most interest is the dis-

p lacement y . Neglecting external forces and forced boundary 

displacements, the independent variables are D, T, i , fn, en, 

v , p , µ (fn =natural frequency in quiescent fluid and en 

damping constant for the structure in quiescent fluid). 

Neither the spring rate nor the mass of the cylinder is now 

an independent variable since the tube is assumed to vibrate 

at the natural frequency only, and c is the mechanical 
n 

i mp edence at that frequency. An incompressible fluid flow is 

a ss umed so that the effects of Mach number do not appear. 

Following the methods of Langhaar [114], the number of 

independen t dimensionless groups appropriate to the above set 

o f variables would be given by subtracting the rank of the 

d i mensional matrix (three in this case; Force, leng th and Time) 

from the numb er of independent variables in the set (eight) . 

Ac cordingly, a dimensional analysis of the above quantities 

produces the following set of five dimensionless gro ups: 

y 
[ 

pVD v 
c 

n T i 

IT <P µ ' fD '~ ' IT ' IT 1 


n pvO 

A more convenient form can be obtained, by notin g that : 

c n
--2 
pvD 

wh e re c 2 M W (critical damping)c o n 

1 virtual mass of the tube 
0 

Mass of the tube + mass of the fluid 
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inside the tube +the added apparent fluid mass. 

= 21f f . 
n 

Substituting : 

c c 
n n 

(2M w) ~ -:::-ZD = cc o n pVDpV 

where cS logarithmic decrement in still fluid.Also 

c M cS w 	Dhence n 0 [---2!_], 1--2 ~ v 1fpVD 

M cS f D 

= ~ [2. ___!!____] , 


pD.J v 


f D 
nSi nce is already one of the similitude parameters, we v c M cS 

n 0 c a n replace 	 --2 by , and we have 
pVD pD3 

M cSr. [p vD v o x_ X ] 

D cp µ ' fnD ' pD3 ' 

1

T' 
1 

L 


where ~ = T /D and XL = £/ D; 

or in t erms of virtual mass per unit length, 

M cSr. [p vD v o x_ X ]
D cp µ ' 	 fnD ' ~ ' --r' LJ 

This expression gives the scaling law and the similarity 

requirements for tube arrays. If geome trical similarity is 
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assumed between the prototype and model, for a given tube 

array the above expression reduces to: 

M cS 

y_ ¢ [ pVD v _o_] 

D µ ' fnD ' pD2 

The various dimensionless groups are easily recognized as: 

Reynolds number: 

vReduced velocity : f D(or velocity para­ n 

meter) 


M cS 


Reduced damping = 
0 


(or damping para­ ~ 

meter) 

Replacing the dependent variable y by F, and solving 

the resulting equations gives the alternate dimensionless 

F group which is also a function of the same three 
pV 2D2 

d i mensionless numbers viz . : Reynolds number, velocity para­

me ter and damping parameter. 

Beavers and Plunkett [115] have enumerated the 

difficulties encountered in modelling an actual heat exchanger 

from the standpoint of flow induced vibrations. It is usually 

difficult to match both reduced velocity and Reynolds number 

simultaneously . To get around to some of these difficulties 

in the present investigation, a special tube was designed 

using discrete devices for its damping and stiffness controls, 

so that these two parameters could be varied over a wide range 

of values without actually changing the length, mass or material 

of the tube. Although the damping parameter range in which 
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the present model study was conducted corresponded to two-phase 

shell-side flow in prototypes, economics dictated the use of 

a wind tunnel only. The remaining par~meters were adjusted 

a ccordingly to obtain the desired range of reduced damping. 



CHAPTER 4 


EXPERIMENTAL EQUIPMENT 

As it is desired to develop an experimental facility 

where both vortex -shedding and fluidelastic tube vibrations 

can be initiated in the same tube array, the rig must be 

designed so as to realise very low values of the velocity and· 

damping parameters . Also, as the vortex shedding and fluid-

elastic boundaries are not known yet, the parameter ranges 

must be carefully chosen so that the objective can be met . 

After careful consideration it was concluded that the desired 

r e sult could be obtained with a rig in which the following 

p a rameter ranges could be achieved: 

2Damping parameter : 2 to 50 (rn 8/pd ) 

Velocity parameter: 

These parameters cover a region marked "R" in the 

s tability diagram shown in Figure 1 . 1 . 

From an economics and convenience standpoint it was 

decided to build a wind-tunnel, though the above damping 

parameter ran ge usually corresponds to two-phase shell-side 

flow in prototype heat exchangers. It was also decided to 

develop a special movable tube-model where the ef f ective damp­

ing and natural frequency of vibration could be varied over 

a wide ran ge of values by using some form of discrete devices 
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wi thout changing the diameter, length or mass of the tube . 

The development of such a tube-model is described later in 

t h is chapter. 

4.1 Design of the Wind-Tunnel 

A low-speed wind-tunnel shown in Figure 4.1 was 

sp ecifica lly designed and constructed for this study . The 

general design procedures for wind-tunnels have been described 

i n references [116)-(118] . 

The contraction section of the wind-tunnel is made of 

3.2 mm . (1/8 in.) birch plywood mounted on oak bulkheads. The 

l ength of the section is approximately 1.14 m. (3 ft . 9 in . ) 

a nd contraction takes place from 1 . 45 m. (4 ft . 9 in.) square 

a t inlet to 0 .31 m (12 in.) square at the exit (a contraction 

r a tio of about 22:1) . The use of a contraction section upstream 

o f the working section considerably reduces spatial irregular­

i t ies in the velocity distribution and also results in low 

t u rbulence levels at the working section . A number of papers 

a r e available for the design of wind-tunnel contractions [119]­

[1 24] . The wall contours are designed so as to be free from 

a dverse pressure gradients, since this might cause boundary 

l ayer separation . In the present design, one of the contracting 

c ones developed by Smith and Wang [119] based on electric 

a na logy has been used. Theoretically the velocity distribution 

a t the exit is predicted to be uniform within 1% for the 

s e lected wall shape . 

The skeleton o f the working section is a box type 
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structure made up of four perspex plates (13 mm . and 19 mm . 

thickness) bolted together . The front and back plates are 

easily removable . The nominal internal dimensions of the 

working section are 0.31 m (12 in . ) square x 0.76 m. (2 ft . 

6 in . ) long . The complete design of the working section is 

described later in this chapter . 

The diffuser section which is 2 . 59 m. (8 ft . 6 in . ) 

l ong is constructed by welding 12 gauge mild steel sheet . 

A square - to-round transition is constructed at the front of 

the diffuser. The included angle for the main body of the 

d iffuser is 6° . Cruciform splitters are installed at the 

end of the diffuser which afforded an increase in the included 

angle to 10 0 . The principal action of a diffuser is to 

decelerate the flow. Diffuser efficiency depends on wall 

angle, inlet and outlet velocity profiles . A knowledge of 

flow processes in general including flow separation, vortex 

formation, production and decay of turbulence, energy levels, 

etc . , are all extremely important in predicting diffuser 

performance . The main design criterion of a diffuser is an 

efficient conversion of kinetic energy to pressure energy . 

The present diffuser design was based on the information 

supplied in a report by Wade and Fowler [125]. 

The fan and motor assembly was installed at the end 

of the wind-tunnel as shown in Figure 4.1. A 0.61 m (24 in.) 

3vaneaxial fan having a maximum r~ting of 3.8 m /sec . (8230 C.F.M.) 

at 0 . 038 m. (1.5 in.) static pressure was used. A D. C. motor 
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was employed to run t he fan . The power requirements for the 

wind-tunnel and the detailed specifications of fan and motor 

are given in Appendix A. Speed control was obtained by 

employing a D. C. motor speed control arrangement also des­

cribed in Appendix A. Over the operating range of 0 - 2500 R.P.M . 

t h e motor speed could be kept constant within ~ 2 R . P.M . at 

l ower speeds and within ! 5 R.P.M . at high speeds~ Two differ­

e n t sizes of pulleys were used at the motor shaft to obtain 

t h e desired range of fan speeds. 

A flexible sleeve is fitted between the diffuser 

and fan unit to prevent any fan vibration from reaching the main 

s t ructure . 

4 . 2 Performance of the Wind-Tunnel 

The contraction section, working section, diffuser, 

fan and motor assembly were installed on frames as shown in 

Figure 4 . 17(a) such tha t the middle of th e working section was 

at the eye level height . The turbulence intensity and velocity 

distribution upstream of the tube bundle were r ecorde d . The 

average upstream turbulence intensity over the range of operat­

ing speeds was only about 0 . 2 %. The normalized velocity dis­

tribution at an upstream location (with th e tube bundle inside 

the working section) in the working section is shown in Figure 

4.2. It is seen tha t the velocity distribution is uniform 

within 1 % over the middle 80 % of th e a r ea . At the middle of 

the walls t he bounda ry layer thic kness is abou t 1 . 27 cm . (1/2 in.) 

at an upstream velocity of 2 .8 3 m/sec. (9 . 28 ft . /sec . ) . 
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As expected, non-uniform velocity distribution occurs at the 

c o rners . With the tube bundle in position the tunnel was 

r u n to a maximum upstream velocity of 4 . 6 m. /sec . (15 ft./sec . ) . 

Th e noise and vibration levels of the tunnel were negligible . 

4 . 3 The Development of a Movable Tube 

As mentioned earlier it is desired t o obtain damping 

2 
p a rameter (m o/pd ) values low 2 and velocity parameteras as 

(VG/fnd) values as low as 3 . A preliminary analysis conducted 

a t Ontario Hydro [135] showed that by using rubber, Teflon or 

P . V. C . tubing the lowest damping parameter that could be 

o b tained was only 8. In addition, in order to obtain the 

d e sired range of f and o values we would have to change dia­
n 

me ter, length and materia l of the tube every time . Also there 

were problems of decreasing fn and increasing o with time, 

associated with materials having low elastic modulus. Accordingly 

it was decided to construct a tube-model in which : 

a) 	 the tube itself is effectively rigid, but elastically 

mounted . 

b) 	 the elastic constraint is linear (i . e . , restoring 

action proportional to tube displaceme nt) and can 

be varied over a rang e o f values . 

c) 	 the damping is viscous (i . e., dissipative action 

proportional to cylinder velocity), a nd can be 

readily controll e d and v a ried . 

Two tube-mod e ls we r e developed and ar e d es cribed 

be l ow: 
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4 . 3 . 1 Tube-Model Using Compression Coil Springs 

A tube-model was conceived in which an aluminum 

tube 30 . 48 cm . (12 in . ) long, 2 . 54 cm . (1 in . ) O. D. and 1 . 6 mm . 

(1/16 in . ) wall thickness was used . The tube had capped ends 

and ex t ension pins were screwed on a t its t op and bottom 

as shown in Figure 4 . 3 . The tube shown in this figure is , 

however, not an aluminum tube but an acryl i c tube with a brass 

plug in the middle of it . .This design of t ube was developed 

ea rlier in order to separate the rocking mode and trans­

l a tional mode natural frequencies as far as possible but was 

l a ter rejected due to the unacceptable weight of the tube. 

The tube was suspended by a string attached to the 

top wall of the assembly (not shown in Figure 4.3). The 

damping control was exercised by using a small cup and paddle 

a s sembly on the working section walls at the top and bottom 

o f the tube. Various kinds of fluids such as water and 

d i fferent grades of motor oils could be poured in to the 

c ups . The amount of these fluids in the cups could also be 

varied and a wide range of damping values were realised . Also 

the cups could be left empty and a low value of damping could 

be obtained . 

Four compression coil springs, mounted as shown in 

Figure 4 . 3 along four mutually perpendicular directions, pro­

vided the necessary restoring force. The maximum directional 

variation in effective stiffness of the tube was expected to 

be not more than 5%. Using only three coil springs instead 

wo u ld have produced a directional variation as large as 24 %. 
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Springs of different gauge sizes could be used to obtain a 

wide range of effective tube spring rates . A linear restor­

ing force was obtained for up to 1 . 3 mm. (0 . 050 in . ) of tube 

deflection along two mutually perpendicular directions where 

the coil springs had been installed . 

A DISA proximity transducer (Model 51Dll) was used 

to record free oscillations of the tube . The detailed speci­

fications of the probe are provided in Appendix D. The probe 

was installed at the centre of the tube as shown in Figure 

4 . 10 . No rocking mode was observed. However, the output 

of the probe occasionally showed a beating form of tube 

oscillations. the beats were first thought to be due to the 

c oupling of natural frequency of the tube with that of the frame 

but a computer analysis of the problem (given in Appendix B) 

showed that the beat response is due to the slightly different 

spring rates of the tube along two mutually perpendicular 

directions. 

Using five different sets of coil springs, natural 

fr e quencies of the tube within the range 22-59 Hz could be 

+ 50 ob t ained. The accuracy was within - 5 . 1 (the scatter is 

probably because of chafing at the spring seats). "NJ t very 

low or consistent values of damping could be obtained with this 

mo del. The spread in values was very large (approximately 

+ - 20% at low values of damping) and the minimum damping parameter 

that could be realised was only 12. Also it was very expensive 

to produce this model. For these reasons the performance of 

the tube-model was considered very unsatisfactory and a new 
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tube-model was developed as described below . 

4 . 3.2 . Piano-Wire Tube-Model 

The feasibility of using a light aluminum tube sprung 

on a piano-wire was examined analytically (details in 

Appendix C) and it was found that there was a good possibillity 

of obtaining a damping parameter down to approximately three . 

Al so by eliminating compression coil-springs the large scatter 

in damping values and directional variation in the tube 

stiffness of the previous model should be eliminated . The 

t ension in the piano-wire could be used to regulate the natural 

frequency of the tube. Wire material damping and windage will 

give the necessary low damping values required whereas high 

damping values could be obtained from various fluids using an 

arrangement similar to the previous tube-model. 

A schematic of the new model developed is shown in 

Fi gure 4.4. An aluminum tube 30 . 48 cm. (12 in.) long, 

2. 54 cm . (1 in.) O.D . and 0.38 mm. (0 . 015 in . ) wall thickness 

wa s mounted on a 1 . 04 mm . (0 . 041 in.) diameter piano-wire. 

Th e free length of the wire was 60 . 96 cm. (24 in . ) and it 

passed through two 15 . 9 mm. (5/8 in .) steel plates at each end. 

The bottom of the wire passed through a concentric hole in a 

6 . 4 mm . (1/4 in.) brass screw and was bent at the end . The 

mov ement of brass screw was regulated by a wing nut. At the 

top end the wire passed through a similar brass screw and a 

15. 9 mm. (5/8 in.) diameter compression coil spring was installed 

as s hown in Figure 4 . 4. The tension in the piano-wire could 
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b e controlled by regulating the compression coil - spring by 

a wing nut installed at the top . Two damping cup-and-paddle 

assemblies similar to the previous model were also mounted 

at the top and bottom walls of the working section. 

This tube-model gave excellent performance character-

i s tics . The tension in the piano -wire could be varied in order 

t o obtain effective translational natural frequencies of the 

tube in the range from 22 to 40 Hz . The directional variation 

i n the natural frequency was not more than -
+ 

0 . 2% . In the 

f o llowing discussion, the damping of the tube without any oil 

i n the damping cups will be designated 'AIR' damping and will 

be called 'OIL' damping when oil is used in the cups . Both 

of these damping values will in fact include material damping 

of the piano-wire and end damping . The 'AIR' damping of the 

tub e was found to vary with the tuned natural frequency of 

the tube as shown in Figure 4.5 . The increase in natural 

fr equency of the tube from 22 to 40 Hz. resulted in a decrease 

in logarithmic decrement of damping . by a factor of about two . 

Th e value of 6 decreased from 0 . 003 at 22.5 Hz. to 0 . 0017 at 

39.5 Hz . The uncertainty in computing ~ogarithmic decrement 

of damping due to directional variations and due to readout 

+ f . +errors varied from - 10 % at low requenc1es to - 6% at the 

higher end of the tuned natural frequencies . A capacitive 

dis p lacement transducer was used to record free vibrations o f 

the tube from which the tuned natural frequency and logarithmic 

dec r ement of damping were subsequently computed . The OIL da mp­
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ing was obtained by using two levels of SAE-10, 20 and 30 types 

of motor oils . The results have been shown in Figure 4 . 6 

along with the AIR damping values obtained earlier. Also 

i n cluded in Figure 4.6 are two performance curves for two levels 

o f water in damping cups. However , it was considered inappro­

p i rate to use water damping in actual tests due to the problems 

encountered with evaporation . The OIL damping was also found 

t o decrease with an increase in tuned natural frequency . The 

highest value of logarithmic decremen t of damping was seen to 

have decreased from 0.28 at 23 Hz. to 0.18 at 39.5 Hz . o 

directional variation in the data recorded for OIL damping 

was observed and damping was found to be linear . Typical 

amp litude decay traces recorded one each for AIR damping and 

OI L damping are shown in Figure 4 . 7 . With this design of the 

tub e - model the damping parameter of the tube could be varied 

fr om 0 . 35 to 56 . 

The tube-model was calibrated by hanging known weights 

at the middle of the tube and recording the tube deflection. 

The calibration curves so obtained have been shown in Figure 

4 . 8 . The tube was calibrated along four mutually perpendicular 

directions in the horizontal plane and similar results were 

obt a ined. The calibration indicates that the tube has a linear 

loa d -deflection characteristics for a maximum tube deflection 

+
of - 1 mm . This feature of the tube-model was later used to 

obta in the coefficient of lift of a vibrating tube deep inside 

the tube-bundle. The tube could be deflected to a maximum peak 

amplitude of 6 mm . (7/32 in.) before the damping paddles would 
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s tart striking the walls of the damping cups. 

The rocking mode frequency of the tube - model was 

c omputed analytically and was expected to be about 1 . 5 times 

t hat of the rectilinear or fundamental natural frequency of 

t he tube. This frequency separation seems to have been 

a dequate as no rocking mode frequency was observed in tests. 

The tube-model based on the concept of a hollow tube 

s uspended on a piano-wire, therefore, enabled the natural 

f requencies of the tube to be varied easily and a far better 

c ontrol over both damping and natural frequency of the tube 

was obtained . ~D significant directional variation in effect-

i ve tube stiffness could be discerned and the large scatter 

i n damping values of the previous model was reduced to mini­

mum by eliminating the coil springs . Also much lower values 

of damping could be realised in this tube-model which enabled 

exploring the tube-bundle characteristics at the required low 

values of the damping parameter. 

The photographs of two tube-models developed are 

s hown in Figure 4.9. Due to its far superior performance 

characteristics, the piano-wire tube-model was adopted for 

conducting further studies described in this thesis. 

4 .4 The Test Array 

It was decided to conduct tests on a parallel-tri­

a ngular array (also called in-line array) having a pitch/ 

d iameter ratio e qual to 1 . 375. This particular array was 

s elected because of its frequent use in actual heat exchangers. 
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The conceived array had 27 rows of tubes with five tubes in 

each row as shown in Figure 4 .10. Half tubes were installed 

at the ends to reduce wind-tunnel wall effects . Only 19 

tubes in the middle of the tube-bundle were mounted flexibly . 

The design of each of these movable tubes was similar to 

the piano-wire tube-model described in the previous section . 

Not all the tubes in the array were made movable primarily 

from an economic standpoint . However, the ri gid tubes were 

made easily removable to allow determination of the effect 

of number of tubes in the array on stability behaviour and 

f low-field characteristics . 

A steel frame for mounting the 19 movable tubes was 

designed . The frame consisted of 16 mm. (5/8 in . ) steel 

plates and 64 x 64 x 5 mm . (2 1/2 x 2 1/2 x 3/16 in . ) square 

s teel tubing and was bolted together. The steel frame was 

installed around the middle of th e working section as shown 

by the photograph in Figure 4 .11. Two reinforcement steel 

p lates were installed in each of the two hollow box-type 

components of the steel frame . The designed value of 

deflection at the middle of the box due to maximum tension 

expected in all the piano-wires taken together was not more 

t ha n 0 . 015 mm. (0.0006 in . ) . The structure was thus very 

rigid and no change in the tuned natural frequencies of the 

t ubes would result from the tuning of subsequent tubes. A 

v i ew of the top of the test section with 19 movable tubes in 

p l ace is shown in Figure 4 . 12. The space between steel 

f r ame and working section (both at top and bottom) was enclosed 



f+---150 ~ 457----~ 150~ 

o_o_o_o_o_o__o_o 0-0-0-00 
fiOOOOOOOOOOOOO H25 000 00®@®0000 

AIR p 000 0 0@@@)@0~@00
1 P22IFLOW = ·o·o·o·o@®CD@®0000 CD 

I 00000@0®@00000 ~ 
~WO 00@®@00000 

35mm(l~ 11 ) QGE) Q QQQQQQQQQQ 

EQUIL.TR1ANGLE 00 0 0 0 O_O_O 0 0 00 0 


DIMENSIONS IN MM. 

TUBES MARKED 1-19 ARE MOVABLE TUBES {REST ARE FIXED) 

P1 , P2 - LOCATIONS OF PITOT-PROBES 

H - LOCATION OF HOT-WIRE PROBE 

• - ADDITIONAL LOCATIONS FOR HOT-WIRE PROBE 

FIGURE 4 .10 ---J 

VI 



74 

FIGURE 4 . 11 




75 

FIGURE 4.12 




76 


by four 13 mm . (1/2 in . ) acrylic plates so as to form an 

e nclosure for the 19 piano-wires . This arrangement prevented 

t he leakage of air from the working section . 

The flow velocities at location ' H ' in the array as 

s hown in Figure 4 . 10 were recorded by a hot-wire probe and 

designated 'Gap-stream velocities' (VG) . The corresponding 

upstream velocities were also recorded with a pitot-static 

probe and designated 'upstream velocities' (VU) . The ratio 

of VG / VU was found to be a constant . equal to 3 . 73 . 

The translational natural frequency of a movable tube 

was obtained by releasing the tube after displacement from 

i ts static equilibrium position and viewing the frequency 

c ount on an electronic digital counter . A capacitance probe 

was used for displacement pick-up . The tension in the piano-

wire was adjusted in order to obtain a desired value of tuned 

f requency for the tube. The procedure was repeated for each 

o f the 19 movable tubes til they were all tuned to a natural 

f requency of 24 Hz . within about 
+ 
- 0 . 2% as shown in Table 4 . 1. 

The tuned frequencies were again checked after a period of 

a bout six months and the data recorded is also given in 

Table 4 . 1 . There was an average drop in natural frequencies 

o f about 0.2 Hz . (or about 1 %) over this time period. This 

d rop in frequencies was probably due to temporal relaxation 

o r creep in the piano-wires. The new spread in natural 
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TABLE 4 .1 

NATURAL FREQUE l\CIES OF MOVABLE TUBES 

1\a.tural frequencies 
Initially tuned after about six months 

Tube 1'b . natural frequency of initial tuning 

1 24.00 23 . 73 

2 23.99 23 . 79 

3 23 . 96 23 . 70 

4 24 . 00 23.66 

5 24 . 03 23 . 88 

6 23 . 97 23 .76 

7 23.98 23 . 75 

8 24 .0 2 24 . 00 

9 23 . 99 23 . 64 

10 24 . 04 23 . 84 

11 23 . 97 23 . 78 

12 24 . 03 23 . 80 

13 24.02 23 . 89 

14 24 . 04 23.64 

15 24 .00 23 . 81 

16 23.99 23 . 65 

17 24 . 02 23 . 87 

18 24 . 04 23 . 75 

19 24 . 01 23 . 78 

MEAN : 24 .01 
+ 0 . 03 
- 0. 0 5 

23. 78 +O . 29 
-0.1 4 

Standard Deviation : 0 . 025 0 .1 0 

(Average of 1 % r educ­
tion in frequencies) 
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frequencies was 23 . 86 + 0 . 22 and was considered to be 

acceptable . 

The logarithmic decrement of free vibration was 

measured by releasing the movable tube after displacement 

from its static equilibrium position and recording the sub­

sequent amplitude decay on a U. V. recorder . The number of 

free vibration cycles required for the amplitude to decrease 

frbm a particular amplitude to a selected lower amplitude were 

counted. The computed values for each of the 19 movable tubes 

are given in Table 4.2. A certain amount of impact damping 

was observed in many tubes due to inevitable manufacturing 

tolerances among clearance holes drilled in the steel plates 

for the piano-wires. The problem was corrected by pouring 

aluminum filler in the grooves in the steel plates around the 

wires as shown in Figure 4.13. The logarithmic decrement of 

damping was determined again for each tube and is also given 

in Table 4 . 2. The average value of damping was consequently 

r educed by a factor of two . However, a large variation in 

+ ~the damping values of al l the tubes is apparent (0 . 009 - O.OOJ). 

It is to be noticed that the damping her e is extremely small 

and the variation is undoubtedly due to variable end conditions 

which could not be precisely controlled . It should be not ed 

that these are AIR damping values only and in later tests 

when th e damping was controlled by oil in the damping cups, 

th e damping values of all the movable tubes could be set to 

2 !),within about + The AIR damping of movable tubes was0 • 

measured again after the rig had been operating for 7-8 
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TABLE 4.2 

AIR DAMPING OF MOVABLE TUBES 

Damping before Damping after Damping after 
applying Alwn- applying Alwn- about eight 

Tube No . inwn filler inwn filler months 

1 0.013 0.009 0. 015 

2 0.016 0. 010 0. 015 

3 0. 021 0.010 0. 014 

4 0. 018 O.Oll 0. 016 

5 0. 014 0. 007 0. 010 

6 0 . 016 0.012 0.020 

7 0. 021 0. 012 0.018 

8 0.017 0.009 0 . 019 

9 0.020 O.Oll 0. 017 

10 0.018 0.006 0. 008 

ll 0. 018 0.006 0. 020 

12 0.021 0. 006 0.009 

13 0 . 021 O.Oll 0 . 016 

14 0 . 018 0.007 O.Oll 

15 0 . 015 0. 012 0.020 

16 0.020 0.007 0 .009 

17 0. Oll 0. 006 0.008 

18 0.021 0. 007 0. 011 

19 0.014 0. 012 0. 018 

+0.003 + ­MEAN : 0. 018 0. 009-0 . 00.) 0 . 014+0 . 006 -0.007 

Standard Deviation : 0. 003 0. 002 0. 004 

http:0.009-0.00
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months and the data so obtained is given in Table 4.2. The 

average value of damping is seen to have increased by about 

50%, probably due to wear in the aluminum filled wire 

c learance holes. However, the spread in damping values among 

t he tubes stays rather large. 

The average weight of a movable tube was 48 .25 gms . 

a nd the weights of all the tubes were within 
+ 

0.50 gm. 

(~ 1 %) of this value. 

4.5 Instrumentation 

The free vibrations of a single tube assembly were 

recorded by using a DISA proximity transducer (DISA TYPE 51Dll). 

A schematic of the complete instrumentation is shown in 

Figure 4.14. 

In the main experiments on the tube-bundle, upstream 

flow velocity was measured by using a pi tot-static probe 

and a Betz manometer. The gap-stream velocity was recorded 

by a 90° miniature hot wire probe using a DISA constant­

· temperature anemometer and the output was displayed on a 

digital voltmeter . The signal for computing flow - field 

velocity power -sp ectra was also obtained from the same 

combination of hot-wire probe and constant-temperature 

anemometer and then processed in a Hewlett Packard rourier 

analyser (~!odel 5475A) . Two Wayne-Kerr capacitive probes 

(Type MCl used in conjunction with vibration meter B731B) 

were employed to observe tube displacements on an oscilloscope 

and the si gnals were also recorded on a U. V. recorder . The 
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probes were installed at 90° to each other and 45° to the 

direction of flow as shown in Figure 4 . 15 . The output of 

a capacitive probe when recorded on Kodak linegraph paper 

was used to compute the natural frequency and logarithmic 

decrement of damping of movable tubes . An ordinary tacho ­

meter was used to record the R.P . M. of the fan motor. The 

instrumentation system has been shown schematically in 

Figure 4.16 . 

Detailed description and specifications of all the 

instruments and probes is given in Appendix D and the 

calibration curves for the transducers and hot-wire probes 

have been included in Appendix E. 

Two photographs showing various instruments in the 

gene r al work area of wind-tunnel have been included in 

Figure 4 . 17. In Figure 4 . 18 is shown a photograph of a 

pitot-static probe, a Wayne-Kerr capacitive probe and a DISA 

90° miniature hot wire probe . 
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CHAPTER 5 

EXPERIMENTAL RESULTS 

As described in the previous chapter, the experiments 

we re conducted on a par a 11 e 1 - tr i ang u 1 a r ( in - 1 ine ) tub e array 

having p/d = 1.375. The array was 27 rows deep with 5 tubes 

in each row. As shown in figure 5.1, half tubes were 

installed along the sides of the test section to minimise 

wall effects . Nineteen tubes in the array (as shown in 

figure 5.1) were movable and their stiffness and damping 

could be controlled independently. The movable tubes were 

specially designed to give a linear response for up to + - 1 mm. 

+(- 0 . 04 in . ) of tube deflection. Nine rows of stationary 

tubes in the front of the tube-array were designed to be 

removable in order to study the effect of tube-bundle size 

on flow characteristics . 

The test plans were modified slightly during the cours e 

of the investigation due to a minor equipment failure. The 

original intent was to instrument tube no. 1 (figure 5 .1 ) to 

record typical tube response data. However, after a few 

days of running the equipment , it was noticed that the mounting 

blocks for the vibration pick-up probes for tube no. 1 had 

become loose. An attempt was made to fix them but unfortunat e ly, 

due to very limited access room available on top of the movable 

tubes, the situation could not be corrected. It was decided 

88 
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to instrument tube no . 5 instead , to obtain representative 

response data . 

As the flow rate in the wind-tunnel was increased the 

tubes responded to vortex-shedding, turbulent buffetting 

and fluidelastic effects respectively. Discussion of the 

tube response has therefore been considered under these 

headings below . 

lo gari thmic decrement of 0 . 009 0 . 003 (air and material 

5 . 1 Vortex - Shedding Response 

The tests were conducted with all the movable tubes 

tuned to a natural frequency of 24 + - 0 . 04 Hz . and an overall 
+ 
-

damping only) . Nine rows upstre am of the movable tube-bundl e 

were removed leaving an array of 18 rows only . The movable 

tube no. 8 was thus directly fa cing the upstr eam flow . The 

wind-tunnel fan was started and run at a very low speed. 

The gap-stream velocity at the location marked 'H ' in 

figu r e 5 . 1 was measured with a 90° hot-wir e probe and was 

recorded to be VG = 0 . 53 m. /sec . The corr espondi ng Reynolds 

number based on outside diam e t e r of tube is R = 900 . The 

output signal f rom the hot- wire probe was fed into a Hewlett 

Packard Fourie r analyser and a velocity power- spect rum 

was computed. The power spectrum is show n as the top trace 

in figure 5 . 2 . As is evident, the velocity f luctuations in 

the flow-field are concentrated a t tw o discrete frequencies, 

18 and 35 llz. The existence of two discrete frequencies i n 

the flow appears to be due to regular vortex-shedding through 
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the tube-bank. The resolution of frequency record obtained 

from the Fourier analyser is 0 . 5 Hz., therefore, it is most 

likely that the higher frequency is equal to 2 x the lower 

frequency . Walker and Reising [90] and Dye and Abrahams [94] 

have also found two vortex-shedding frequencies in their 

investigations of flow over tube bundles . 

The larger peak which occurs at 18 Hz corresponds to 

a Strauhal number (SG) of 0.86 based on minimum-gap velocity 

and outside diameter of the tube . If the Strauhal number is 

based on the velocity between two adjacemtubes in the same 

row or on the upstream flow velocity the figures will be 

ST = 1.83 and SU = 3.16 respectively . 

A hi gh value of Strauhal number is usually anticipated 

for a closely packed array . However, no data exists in th e 

literature on Strauhal number values for the array te s ts in 

the present experiments (p/d = 1 . 375, XT = 2 . 38, x = 0.688,1 

L = longitudinal di s tance between rows). Thus a direct 

comparison has to be ruled out . Using Fitz-Hugh's [ 98] maps 

the expected Strauhal number ST for the present array would 

be of the order of 1.0 (the maps are r ep roduced in fig ure 

5 .3a). Tl1is value is about 45 % lower than the actual Strauhal 

number fo und in the present expe riment s . Chen's [89] data 

on Strauhal numbers ha s been reproduced in figure 5 . 3b . 

Although no data point exists in thi s plot for the present 

array, a n ex trapolation of the curves indicate a Strauhal 

number of ST = 0 .8 2 . This value is again much lower than that 

act~ally observed (about 55% lower). Gorma n [113] has r ecently 
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conducted tests in a water-tunnel and did not observe any 

vortex-shedding response for in-line arrays at p/d = 1.33. 

However , he did observe a vortex-shedding response of an 

inlet tube only in an in-line tube-bundle for p/d = l .S 7. 

The corresponding Strauhal number was SU = 1.19. This value 

is about 62% lower than that obtained in the present experi­

ments . 

The large difference between Gorman's and the present 

results can be attributed to (a) the larger pitch ratio of 

Gorman's tube-bundle and (b) a possible Reynolds number 

e ffect . Gorman conducted his tests at Ru= 1.3 x 10 4 whereas 

t he Strauhal number in the present experiments was recorded 

a t Ru = 24S only. The variation of Strauhal numbers for tube­

bundles over this Reynolds number range is not known yet . 

Howe ver, Funakawa [6] recorded a decrease in Stroul1al number 

wi th an increase in Reynolds number in the subcritical range 

4(RU= 1.0 - 4 . 0 x 10 ) . More data on Strauhal numbers in 

cl osely-packed arrays established at comparable Reynolds 

numbe rs is needed to improve our understanding of vortex-

sh edding relationships in th e tube banks . 

As the movabl e tubes were all tuned to a natural fre­

que ncy of 24 Hz, no coupling existed between the tubes and 

the flow fluctuations at 18 and 3S Hz. Consequentl y no 

tub e response was seen on the oscilloscope screen as shown 

in picture no. 1 of figures S.4 and S . S. 

With an increase in flow velocity to VG = 0 . 69 m. /sec . 

(RG = 1171) the shape of the velocity power-spectrum changed 

to t hat shown in the middle trace of figure S.2. A concentration 
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of flow energy at 24 Hz on top of a narrow-band turbulence 

sprectrum is evident. The Strauhal number at 24 Hz and based 

on minimum-gap velocity is SG = 0 . 89 .. The peak in the 

narrow-band spectrum (11 Hz) corresponds to SG = 0 . 41. 

The movable tubes being tuned to 24 Hz, now r esponded 

to flow-fluctuations at 24 Hz . The response as seen on the 

oscilloscope is shown in picture no . 2 of figures 5 . 4 and 5.5. 

The monitored tube which oscillated at its natural frequency 

of 24 Hz was seen to vibrate primarily in the transverse 

direction, occasionally drifting within ! 45° to this direction. 

The amplitude of vibration stayed constant at about + - 0 . 08 mm. 

c! 0.003 in.). 

As the movable tubes had been specially designed to 

give a linear response up to ! 1 mm., this feature can be 

used to determine the coefficient of lift for the tube. The 

computation procedure has been described in Appendix F. The 

coefficient of lift based on th e velocity between two adjacent 

tubes in a transverse row is CL= 0 . 41. 

No data is available in the literature for the lift-

coefficient at vortex-shedding resonance for the present array . 

The closest comparison that can be made is with a data point 

given by Chen [142] for a staggered tube-bundle of XT = 1 . 46, 

x2L = 2 . 84 and at RT= 790 . He obtained CL= 0.63. This 

compares well with the present value (CL = 0.41) keeping in 

mind that in arrays with smaller longitudinal spacing the 

boundary layer on the cylinder separates further downstream 

than in arrays with larger lon gitudinal pitches, thus resulting 
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in a greater drag and lower CL . The effec t of the dif fe r enc e 

in XT is probably compensated for by using the velocity 

between two adj a cent tubes in the transverse row while 

computing CL in each case. In still another paper Chen [97] 

4has obt ained CL = 0 . 436 at RT= 1.55 x 10 in a staggered 

tube-array . However, he has not given the geome try of th e 

array for which the data was computed . Both these data 

points of Chen we re obtained at resonant conditions. Batham 

[111] has obtained CL on a closely pitched in-line array 

(p/d = 1 . 25) by integrating the pressure distribution around 

a s t a t ionary tube. He derived CL= 0 . 19 . Presumably thi s 

va lue is lower first because CL in in-line arrays is expected 

to be smaller tha n in staggered arr ays and second , because 

resonant conditions result in an improved ~panwise correlation 

of forces and CL is expected to be higher . Ferguson and 

Parkinson [33] have shown for a single cylinder th a t there is 

a thr ee -fold increase in the coefficient of lift when the 

cylinder is in resonance and interacts wit h its flow - field . 

The wind -tunnel speed was fur th e r increased to 

1 . 22 m. /sec . (RG = 2 .1 x 10 
3 

) . A velocity power-spectrum 

at the same loc a tion (location 'H' in the tub e bundle , 

f igure 5.1) in th e tub e -bundle was r eco rded and is shown as 

the bottom trace in f igure 5 . 2 . It is evide nt from this 

spectrum that th e excess energy of the regular vortex-sl1edding 

over the energy associated with the random turbulence in the 

tube-bundl e has completely disappeared . The flow-field 

ve locity f luctuations are concentrated within a narrow band 
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of frequencies. Only a very small amplitude random response 

of the tube was observed at this Reynolds number as shown 

in picture no. 3 of figures S.4 and S.S . 

The above results indicate that discrete periodicity 

due to vortex-shedding in the tube-bundle exists up to 

Reynolds numbers of the order of 10 3 (based on the minimum­

gap velocity) only. As the Reynolds number is increased 

the discrete periodicity in the flow-field breaks down and 

gives way to a narrow-band turbulence spectrum . It was next 

decided to determine the effect of tube-bundle size on the 

vortex-shedding phenomenon and the following experiments we re 

conduct e d. 

Two rows of fixed tub es we r e install e d upstre am of the 

tub e -bundle (making it lS rows upstream of the hot-wire probe 

location). Th e wind-tunnel fan was run a ga in and the a ir 

flow was set a t app ro x im a tely VG = 0.S3 m./s ec. A velocity 

powe r-sp e ctrum was computed at location 'H' in the tub e -bundl e 

and is s hown in figure S.6 . It is seen from th is spectrum 

that most of th e f low e ne r gy is conc entr a t ed at 1 7 Hz which 

corresponds to a Strauhal numb e r o f 0 . 81 (based on minimum- gap 

velocity) . The second harmon ic at 33 Hz is not very stro ng . 

Al so , no appreciab l e tub e r esponse was see n on th e oscilloscope 

a t thi s flow ve locit y . Wit h a f urth e r increase in flow 

ve lo ci t y to VG = 0 . 69 m. /sec ., a l a r ge peak a t 24 Hz was seen 

in th e spectr um as show n in figure S. 6 . This peak occu r red 

a t a Strauhal number of SG = 0 . 89 . The movable tu bes being 

t un~d a t 24 Hz r esponded in resonance to th is vor t ex - shedding 
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frequency . The amplitude of vibration was very small 
+

(- 0 . 08 mm .) and the instrumented tube responded primarily 

in the transverse direction to the flow . A further increase 

in flow velocity to VG = 1.1 0 m. /sec . resulted in the dis­

appearance of any predominant freq u ency in the velocity 

power-spectrum and no regular tube response was recorded. 

In order to determine whether the peak at 24 Hz was 

due to the tubes' motion at their natural frequency or due 

to periodicity in the flow , a simple t es t was carried out . 

The motion of all the movable tubes was physically blocked 

f rom outside the wind-tunnel by using ac r ylic strips and a 

velocity power-spectrum as shown in figure 5 . 7 was obtained 

a t VG = 0 . 63 m. /sec . A peak at 24 Hz is evident . However , 

this peak is not as large as when the movable tubes were free 

to vibrate, thus indicating that very small tube oscillations 

amplify an existing concentration of energy in the flow-

field when frequencies coincide . Hence , t he strength of 

periodicity in the flow is extremely sensitive to tub e motions 

as was found by Batham [111]. 

An increase in th e number of upstre am rows to 16 

(counted f rom the point where the hot-wire probe was installed, 

s ee figure 5 . 1) resulted in a set of frequency spectra as 

s hown in figure 5 . 8 . Two large peaks at 16 and 19 Hz instead 

of a single peak recorded at comparable flow velocities in 

previous records are appare nt. This double peak is probably 

due to the unsteady nature of the vortex-shedding frequency 

oc curring in the tube-bundle . Because of the time required 
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for sampling, the numerical Fourier transform of the signal 

leads to discrete peaks when the frequency is shifting slowly 

about some mean value . The energy content at the second 

harmonic around 35 Hz seen in previous records appears to 

have been reduced to a negligible amount . A dominant peak 

at 24 Hz for a flow velocity of VG = 0 . 72 m. /sec . is again 

apparent and a corresponding regular tube response was also 

observed on the oscilloscope screen . 

An in t eresting result was obtained when the number of 

upstream rows was further increased by one . At 17 rows 

upstream of the position where the hot-wire probe was located, 

a series of frequency spectra as shown in figure 5 . 9 were 

recorded . at VG = 0.68 m. /sec . the large peak at 24 Hz 

seen so far has completely disappeared. No regular response 

of the movable tube on the oscilloscope screen was seen either. 

At this time there were 11 rows of tubes in the array upstream 

of the instrumented tube. A further increase in the number 

of upstream rows by two and four as shown in figures 5.10 

and 5.11 respectively did not result in further changes in 

the velocity power spectra and no regular vibration of the 

instrument e d tube was observed . 

This result indicates that the discrete vortex-shedding 

which occurred at 24 Ilz breaks down as the numb er of rows of 

tubes upstr eam of the instrumented tub e is increased beyond t en . 

However, the l a r ge peak at the lower flow velocity (VG= 0.53 

m./sec . ) s till exists even fo r the full array t es ted (figure 

5 . 11). Thus , it appears th a t discrete vortex-shedding occurs 
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3at very low Reynolds numb e rs (R < 10 ) throughout the tube-

bank of the type being tested but the tube response is a 

function of the number of tubes in the bank . In particular, 

the increase in turbul enc e deepe r inside the tub e -b a nk could 

have the effect of reducing th e correlation len gth and hence 

preventing th e tube from responding predominantl y at its 

natural frequency. One might speculate that resonance could 

have been obtained had the tubes been tuned ~t about 16-18 Hz 

where the peak occurred in the velocity power-sp e ctrum . By 

the time the velocity had bee n increased such th a t the peak 

at SG ~ 0 . 83 coincided wi th 24 Hz, the discret e vorticity 

ha d largely g iven way to narrow band turbul e nc e . Any discrete 

vorticity remaining is probably was he d out by the increase 

of turbulence int ensity occurr i ng with increased nu mber of tube 

rows. It should be noted that even whe n the number of tub e 

rows was small, the resonant tube ampli tudes were extremely 

smal l. 

Veloci t y power -sp ec tr a for the numb er of r ows up stream 

of th e hot-wire probe from 13 to 21 were recorded and 

corresponding Strauha l numbers were comput ed . Tl1c compiled 

data is given in table 5 . 1. The average value of Strauhal 

number as recorded in thi s tabl e is SG ~ 0.83 . Due to 

difficulty in precise l y measurin g the very low veloci t ies 

i nvolved, th e Strauhal numbers could be estimated to an 

accuracy of ! 0 .1 (~ 12 %) only . The coefficient of lift 

described ea rli er in this section could also be estimated 

+ + ­within an acc uracy of - 32 % (C = 0 . 41 - 0 .1 ~) only . This1 
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TABL E 5.1 

Number of IAvera ge Velocity 
Rows Up- in the Minimum-
stream of Gap VG = (m. I sec.) 
Hot-Wire 
Probe 

Peak Fr e quency 
in the Frequ­
ency Spectrum 
f = (Hz.) 

Comput e d 
Strauha l 
Number 
SG =fd/VG 

0.53 

13 0.69 

1. 2 2 

0.5 3 

14 0.6 9 

1. 22 

0.53 

15 0.69 

1.10 

1 5 0 . 53 
Wi th a ll 0 . 63 th e mov -
able tub es 1.1 0 
blocked 

0 . 53 

1 6 0 . 72 

1.1 0 

0 . 53 

1 7 0. 68 

1. 10 

0 . 53 

18 0. 64 

1. 10 

0 . 44 

19 0 . 63 

1. 10 

0 . 53 

20 0 . 63 

1. 10 

O. S3 
21 0 . 68 

I 1. 2 2 

I 
I 
I 

I 
I 

I 

18 

11,24 

13 

1 7 

11, 24 

11. 5 

17 

13.5, 24 

11 

16, 19 

13, 24 

11. 5 

1 6 , 19 

1 2 ' 24 

11. 5 

1 6 , 18 

1 2 

11. 5 

16 

1 2 

1 2 . 5 

14 . 5 

10 

10 

1 5 . 5 

1 2 

11 

16 

14 

1 2 ! 

0. 86 

0. 41, 0. 89 

0. 26 

0 . 81 

0. 41, 0 . 89 

0.2 4 

0. 81 

0 . 5 ' 0 . 89 

0 . 25 

0. 7 6 ' 0 . 90 

0 . 5 3 ' 0 . 97 

0 . 26 

0 . 7 6 ' 0 . 90 

0. 43 ' 0 . 85 

0 . 26 

0 . 76 ' 086 

0 . 45 

0 . 26 

0 . 76 
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0 . 2 8 

0 . 83 

0 . 41 

0 . 23 
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0 . 49 
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seemingly large variation in data is primarily due to (a) 

uncertainty in the measurement of very small tube amplitudes 

involved (amplitudes of the order of 0 . 16 mm . could be 
+

measured within a precision of - 15 % only) and (b) uncertainty 

in the measurement of very small flow velocities (velocities 

of the order of 0.7 m. /sec . could be measured within a 

precision of + - 10 % only) . 

The effect of tube rows in an array on its velocity 

power-spectra has never been studied before . The study of 

Chen [89] on Strouhal numbers in tube-bundles was conducted 

for a five row deep tube-bundle only and vortex-shedding 

measurements were recorded after the third row to tubes . 

4Chen covered a Reynolds number range of 1 . 5 - 6 x 10 (based 

on velocity between two adjacent tubes in a tr ansverse 

row). Dye and Abrahams' [94 ] experiments on vortex-shedding 

f requencies were conducted in a four row deep staggered tube 

model. Funakawa [6] recorded vortex-shedding respons e for 

a five row deep tube array only . He test ed arrays having 

large longi tudinal spacings and observed vortex-shedding 

response for Reynolds numbers up to approximately 9 x 10~ 

(based on upstream flow velocity). As is apparent, the 

stu<lies of all these autl1ors were restricted to a maximum 

o f five rows of tubes in the tuhe-bundle. This may explain 

why vortex-shedding has been noted for s uch high Reynolds 

numbers . 

Batham [111] and Heinecke [132] have noted that periodic 

vor~ex-shedding is unlikely to occur for arrays with p/d < 2 . 
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However, the present experiments have clearly shown that 

vortex-shedding can be induced even in an array for p/d = 

1 . 375 but at low Reynolds numbers only . 

Thus from the results of the present experiments and 

the information available to date from the literature it can 

be conjectured that vortex- shedding exists even in a narrowly 

spaced tube-bundle and the existence of regular periodicity 

due to vortex shedding ls a function of both Reynolds number 

and the number of rows of tubes in the array. Vortex-shedding 

seems to have become more coherent at low values of the 

Reynolds number. As the Reynolds number or the number of 

tube rows in the array is incre ased , turbulence increases 

and the periodicity in the flow-field breaks down. Therefore, 

deep inside the tube-bundle studied th~ assumption of re gular 
·---- - ­

vortex - shedding is not a working hypothesis at R > 10 3 

and Chen's [89] correlations are not valid. Chen [89] has 

also observed that the excess energy of vortex-shedding over 

the broad turbulence spectrum will diminish to a neg ligi ble 

amount when R = 6 x 10 4 (based on velocity betwwen two adjacent 

tubes ln a transve r se row) . I!owever, this observation was 

for a five row deep tube-bundle only and is not valid ln 

ge neral. The exact numb er of tube rows and th e upper limit 

on Reynolds numb e r beyond which no concentration of energy 

at Strauhal frequency ls available in a particular tube-bundle 

l S expected to depend on the longitudinal and transver se 

t ube spacings in the array. 

As see n in the present experimen t s the Strauh a l fre ­

quency occurs at such low velocities that the van Karman 



112 


vortex effect is expected to be of a negligible fac t or in 

promoting large amplitude tube vibrations . The dynamic 

pressure at these flows is too small to result in any notice­

able vibratory · build up , particularly if sufficient tube 

damping exists . 

In summary, it can be stated that in the present tub e ­

bundle of XT = 2.38, XL 0.688 and p/d = 1.375, discrete 

periodicity in the flow has been observed up . to a Re ynolds 

number of 1.2 x 10 3 and for a maximum ·of 10 rows in the array . 

Strauhal number based on minimum - gap velocity is 0 . 83 
+ 
- 0 .1 . 

3The coefficient of li f t at RG = 1 . 2 x 10 as th e tube responded 

to vort ex - shedd ing freauency is CL = 0 . 41 + - 0.13 (based on the 

ve lac i t y be twee n two adj a c e nt tub es in a transv ers e row) . 

However , as th e Reynolds numbe r is incr eased , the well-def ined 

periodicity in th e flow break s down and th e f l ow-field 

exhibits a narrow band velocity power -sp ec trum. A f urther 

increase in Reyno lds number bro adens the f r equency band . The 

effect of i ncreasing th e numb e r of roNs of tub es in th e array 

also result s in discre t e periodicty due to vortex - shedding 

givin g way to a narroN-band turbul ence spect ru m. While the 

first few rows of tub es in a tube - bundle may be excited by 

vortex-shedding , the amp litudes are likely to be insignificant 

a t l eas t for tubes i n a gas floN . 

5.2 	 flow - Field Characteris ti cs at 
Higher Reynolds Numbers 

As the r a t e of air flow in th e wind-tunnel was increased 

beyond th e point at which vortex-shedding response was observed , 
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the flow-field velocity fluctuations became narrow band 

random fluctuations . 

A typical hot-wire probe output signal recorded at 

location 'H ' in the array (figure 5 . 1) is shown in figure 

5 . 12 . The top trace was recorded at VG= 4 . 57 m./sec . 

(R = 7.8 x 10 3) and indicates a random signal. The bottom 

trace was recorded at a higher flow velocity, VG= 7 . 32 m. /sec . 

(R = 1.25 x 10 4 ). The output signal is again a random signal, 

however, the maximum level of the fluctuations appears to have 

reduced and the frequency band broadened at the higher Reynolds 

number . 

5. 2. 1 Effect of Number of Samples and Probe­
Orientation on Frequency Spectrum 

The above signal was analysed using a Fourier Analyser 

and a velocity power-spectrum as shown in figure 5.13 was 

comput ed . It is apparent from this record that most of th e 

velocity fluc tuations in the flow-field are concentrated wit hin 

a small band of frequencies . The spectrum exhibits a well 

defined peak at about 32.5 Hz. This spectrum was computed by 

t aking an average of 50 records of the signal . In order to 

determine the effect of number of records on th e shape of the 

frequency spectrum two more spec tr a we r e computed, one an 

average of 500 records and the second a n average of 1000 records. 

The results arc shown in figure 5.14. It is seen that the 

effect of an increase in the number of samples is to smooth 

out the frequency-spectrum slightly . However, the peak in 
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the spectrum still occurs at the same frequency . As the 

frequency corresponding to the highest peak in the spectrum 

is of most interest in the present analysis it was decided 

to use an average of only 50 records of signals for computing 

the frequency spectra . This resulted in (a) a savings in the 

computation time required and (b) a considerable reduction 

in the length of time the wind-tunnel had to be run to acquire 

the desired data . 

The hot-wire probe was installed in the middle of the 

gap between two tubes and on the line joining the centres of 

these tubes as shown in figure 5.1 by the location marked 'H '. 

The effect of rotation of the probe about this mean position 

on the velocity power spectra was determined by rotating the 

probe + - 15 0 to the mean position . The three frequency spectra 

so obtained are shown in figure 5.15. The peak in the thr ee 

spectra is seen to occur at the same frequency thus indicating 

a relative insensitivity of location of the peak in the 

spectrum to small variations in probe orientation. 

5 . 2 . 2 	 Turbulence Intensities in 
the Tube-Bundle 

The turbul ence intensities were measured in the f ull 

t ube-bundle by installing a hot-wire probe after 2 , 4 , 6 and 

20 upstream rows respectively . The data recorded a t a Reynolds 

4 number of 1 . 41 x 10 (based on minimum-gap velocity) is 

g ive n below: 
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Location of :erobe Turbulence instensity (average) 

Upstream of tube-bundle 0.14% 

After 2 upstream rows 0 . 76% 

After 4 upstr eam rows 2.4% 

After 6 upstream rows 2 . 5 % 

After 20 upstream ros 2 . 5 % 

The turbulence intensity after 20 upstream rows 

decreased to about 2 . 27% at R = 1.72 x 10 4 and was recorded 

to have increased to about 3 . 26% at R = 0 . 68 x 10 4 . The 

turbulence intensity appears to increase with a decrease in 

Reynolds number . The turbulence intensities could be measured 

to within a precision of + - 10% only . 

The turbulence intensity in the present array seems 

to have attained a constant value after about four upstream 

rows. Batham [111] has measured mean pressure drops across 

successive tube rows and also observed that the pressure 

drop had attained an approximate constant value after the 

4th row in case of uniform incident stream in a closely packed 

in-line array . It appears then, that at least four upstream 

rows of tubes are required for modelling phenomena deep inside 

a tube-bank . 

A perforated sheet metal plate (3 mm. diameter holes, 

5 mm . equilateral triangular pattern) was next installed 

upstream of the tube-bundle so as to increase the upstream 

turbulence intensity from 0 . 14 % to 0 . 66 %. Velocity power-

spectra before and after installing the screen were computed 
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and are shown in Figure 5 . 16 . No significant dif fe rence in 

the two spectra is apparent . The peaks occur at very nearly 

the same frequencies . The turbulence int ensity after 20 

upstre am rows was also not affected by the introduction o f 

the upstream screen . Batham [111] a lso observed no effect 

of the incident turbulence on the excitation of the closely 

pitched array. However, he noticed that the hi gh int ensity 

turbulenc e would lead to the suppression of vortex-shedd i n g 

in widely pitched tube banks, especially from the first few 

rows. This supports the obs e rvations made above regarding 

the effe ct of number o f tube rows on vort ex -shedding r espon se . 

Zd r akovich [1 12] observed tha t t he difference between th e 

response of th e tube wi th and wi thout th e ups tr eam grid 

decreased as XL was decreased (for t he present array , XL 

0.688 which i s very sma ll). 

5 . 2 . 3 The Na tur e of th e Flow Field 

Wallis [99] has conduc t ed flow-vis ualisation s tud ies 

throu gh a series of tube bund l es . The highes t wate r flow 

velocity reach ed was 5 cm . /sec . (ups tr eam) which corresponds 

3to a Reynolds number of 2.7 x 10 . Some of th e photographs 

taken by him are shown in figure 5 . 17. It is noticed that 

in a staggered tube ar ran geme nt where XT > 2 and in in-line 

arrangements of tubes, the main s tream flows with continuous 

high speed in f lo1v lanes and retains a definite r egularity 

as distinct from th e eddying motion in the spaces behind the 

tubes . The number of eddies present in the "dead-wate r" r egions 

is to some ex t ent determined by the longitudinal pitch. With 
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longer longitudinal pitch the eddies are less rigidly held 

at the back of the tubes and are carried more freely down­

stream. For staggered arrays where XT < 2, the "dead-water" 

regions are constricted and no longer extend from one tube 

to the tube directly behind it. In the extreme case with 

close pitching the "dead-water" region appears only as a 

very small triangular prism attached to the downstream side 

of each tube. 

In the staggered array presently being tested, XT =2 . 3_8, 

and therefore, it is expected that the flow-field will consist 

of flow lanes and so called "dead-water" regions behind each 

tube in the sense described by Wallis. Few eddies are 

expected in the "dead-water" region as the longi tudinal pitch 

is very small (X1 = 0.688). Velocity power-spectra at loca­

tions marked 1, 2 and 3 in the flow-field as shown in figure 

5 . 18 were recorded. It is noticed that th e flow fluctuations 

at location-3 are far more intense than at locations-1 or 2. 

In fact, the spectrum at location-3 had to be replotted using 

a reduc ed scale as shown in the bottom trace. The peak in 

the thr ee spectra occurred a t essentially th e same freque nc y . 

The flow fluc tuation s a t location-2 are not as large as at 

locati on-3 thus indicating that th e "d ead -wat er " region is 

probably restricted to a very small ar ea attached to th e back 

of each tube and docs not extend to the tube directly behind it . 

This qualitative te s t has indicated the possible existence 

of so called " flow lanes" and "d ead -water " regions in the f low 

field . This test was run at VG ~ 4.27 m./sec. which corresponds 

to a Reynolds number of 7 . 3 x 10 3 . With an increase in 
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4Reynolds number to 1 . 2 x 10 the flow-field remained unchanged . 

The nature of the flow-field was still unchanged even when 

the upstream turbulence intensity was increased from 0 . 14 % 

to 0.66% by installing an upstream screen . 

5 . 2 . 4 The Peak in the Frequency-Spectra 

It is observed from the velocity power spectra recorded 

s6 far that although the flow-field is highly turbulent, a 

relatively large amount of energy is concentrated on a narrow 

frequency band. Therefore, it is possible to nondimensionalize 

the frequency spectrum using the diameter of the tube and the 

peak frequency, i.e . , to use Strouhal numb e r as a base rather 

than frequency . The result (shown in figure 5.19) is to 

collapse the various power-spectra so that their peaks coincide 

a t a value a round 0.21. This is nearly the same value as the 

Strouhal number fo r an isolated cylinder over most of the sub-

critical range . To f urther establish this fact a series of 

frequency spectra were computed for a range of flow velocities 

and sizes of tube-bundles as shown in figures 5.20-5 . 2 5 . 

The significance of a peak at 24 Hz observed in the bottom 

t race of figures 5.20-5.24 has been explained later in this 

chapter . The Strouhal numbers based on th e frequency 

cor respondin g to the peak in the spec tr a were computed and the 

results are compiled in table 5.2. The average Strouhal number 
+0 . 04 

is 0.21 and the rest of the data lies within -o . 03 · No 

significant variation in the sl1apes of the power-spectra is 

a pparent as the s i ze of the tube-bundle is varied . A possible 

http:5.20-5.24
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TABLE 5.2 

Number of 
Upstream 
Rows 

Average Velocity 
in th e Minimum -
Gap VG = (m ./ sec . ) 

Peak Frequency 
in the Frequ­
ency Spectrum 
f = (Hz.) 

Computed 
Strauhal 
Number 
SG=fd/VG 

2 .3 2 19 0 . 21 

13 4 . 64 40 0 . 22 

7.91 (24) 65 0 . 21 

2 . 3 2 1 8 0 . 20 

14 4 .53 36 0 . 20 

7 . 63 (24) 70 0 . 23 

2 . 32 20 0 . 2 2 

15 4 .5 3 37 0 . 21 

7 . 35 ( 24 ) 57 0 . 20 

I 2 . 3 2 21 0 . 2 3 

16 4 . 53 35 0 . 2 0 

7 . 35 (24) 63 0 . 22 

2 . 41 23 .5 0 . 2 5 

17 4 . 4 0 32 0 .1 9 

I 7 . 7 7 

2 . 3 2 

( 24) 65 

22 

0 . 21 

0 . 24 

18 4.40 32 . 5 0 . 19 

7. 77 ( 24 ) 70 0. 22 

2 . 32 2 2 0 . 24 

19 4 .53 35 0 . 20 

7 . 7 7 (24) 65 0 . 21 

i 

I 
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I 
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cause of a constant Strauhal number equal to 0 . 21 could be 

that the peak in the turbulence spectrum is originated from 

the separating shear layers from the surface of the tube and 

whose frequency of separation is equal to the vortex-shedding 

frequency from a single circular cylinder based on the minimum-

gap velocity through the array . However, this argument has 

still to be verified and it remains a surprise that the peaks 

in the spectra occur at the Strauhal number for a single 

circular cylinder . The Reynolds number range for these 

experiments was 1.8 x 10 3 to 2 x 10 4 based on mean velocity 

through the minimum gap. 

The frequency at the peak of the frequency spectra 

obtained f rom the present experiments is predicted fairly well 

(about 10% lower , see tabl e 5.3) by Owen's [1 00 ] expression 

developed from theoretical formulations. Owen's model is based 

on a completely turbul ent flow inside the tub e -bundle and he 

balanced the rate of dissipation of turbulent energy and the 

rat e at which the work is done on the gas by tl1 e mean pressure 

gradient. The following relationship r es ult ed : 

T ~) 2c (1 ­d T 

where C is a constant to be derived experimentally . As 

the frequency a t th e peak in the freque ncy- spectra obtained 

from the present experiments can be predicted equally well by 

a simple Strauhal number relationship, it should be preferred 

over Owen's relatively complex relationship. 

Putnam's [128] empirical relationship predicts the 



TABLE 5.3 


Peak 
frequency 
from 

Gap Velocity present 
0 experi­z VG = (m . /sec .) men t s 

Cf) 

f = (Hz.) -

CJ 
z 

1 0 . 53 H 18Q
Q 

~~6 
~ Cf) H 
:J I lJ 

2 0. 69 -­ >< 2 24~ P-1 
~ 
g_ 

3 1.10 11 

4 2. 32 c.:; 20 
z 
H 
E-< 
U-l 
w... 
w... 

5 4. 53 :J 35i:Q z 
0 

~G 
~2 

6 7. 35 :J 
60 
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Comparison with the peak frequency 
as predicted by the relationship of: 

Hill & Owen Putnam 
Armstrong ti .~-3. 05 (1-4) 2 f (~-d)-=O. l2 (2~- £) 
f=V I £ T T 

u 
+ 0.28 

fH = (H z .) f 
0 

= (Hz.) fp = (Hz.) 

8 4 4 

10 5 5 

17 8 7 

36 17 15 

71 33 30 

115 54 48 

Walker & 
Reising 

VG 
f = -

4 £ 

f = (Hz.)w 
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10 

16 

33 

65 
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present data to within about 20% (see table 5.3). However, 

his relationship is also more complicated than a simple 

Strauhal number relationship. In his map of Strauhal number 

as a function of spacing for staggered tube arrays most of 

the data is derived from Hill and Armstrong's [95] experiments, 

which are discussed below. 

Hill and Armstrong's [95] relationship (see table 5.3) 

although simple in form, predicts about double the frequencies 

actually obtained in the present experiments. This relation­

ship is based on the argument of successive compression and 

e xpansion of the gas as it flows through the tube-bank. Their 

data is reproduced in table 5.4 and has been recomputed to 

derive Strauhal number values (SG) based on minimum-gap velocity . 

They used a three row staggered tube arrangement in which the 

d istance between the first two rows was fix~d and the position 

o f the third row was varied so as to obtain a range of longi­

t udinal pitches. It is seen that their data indicates a large 

v ariation in Strauhal number values. The last three points 

s how a wider discrepancy from the first six points. The 

possible cause for this could be that as the third row of 

t ubes is removed from the first two rows in this three-row 

s taggered arrangement, the conditions of a typical tube-bundle 

n o longer exist. .In addition, Fitzpatrick and Donaldson [144] 

h ave recently shown that the results obtained from only a few 

r ows of tubes may not be applicable to a deep tube-bundle. Stall­

b rass [88] has observed that in his experiments when four rows of 

cylinders were used, a highly turbulent flow existed behind 
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TABLE 5.4 

Hill &Armstrong's Data 

The test array was a three-row staggered array in 
which the distance between the first two rows was 
fixed( £ = 1.125 in., XL= 1.33) and the distance 
between the second and third row (= L1 ) was varied. 

Transverse pitch ratio = XT = T/d = 2/0.846 = 2.36 

t 
I 

Strauhal Number Recomputed Strauhal 
XL as given by Hill Number using mini-LlS. No. 1 I &Armstrong mum-gap velocityinches = L1 /d = 

I 
sT = SG 

1 0.81 0.96 0.61 0.46 

1. 002 0.93 0.50 0.44 

3 1. 09 1. 29 0.45 0.48 

4 1. 2 0 1. 42 0.37 0.42 

5 1. 2 8 1. 51 0.39 0.44 

6 1. 30 1. 54 0.34 0.40 

7 1. 58 1. 8 7 0.28 0. 32 

1. 628 1. 9 2 0.28 0.32 

9 1. 95 2.31 0.26 0.30 
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the 2nd and subsequent rows only . The present experiments 

have indicated that at least four rows of tubes are required 

to establish conditions typical of those deep inside a tube-

bank. 

Walker and Reising's [90] correlation also predicts 

double the frequencies obtained in the present experiments 

(table 5.3) . The authors have claimed a precision of only 

~ 30% for their relationship . Their correlation had been 

derived from the available field data. 

Heinecke [132] has obtained a single frequenc y spectrum 

for a staggered tube-bundle of XT = 1 . 86 and = 1.5 at ax21 
4Reynolds number of 4.1 x 10 . If velocity through the minimum-

gap is used as the reference, the peak in the spectrum can be 

predicted by a Strauhal number equal to 0.23. He computes a 

value of 0 .5 which is probably based on the velocity between 

two adjacent tub es in a row. 

Stallbrass [88] conducted tests on a finned tube staggered 

array for XT 2.2 and = 5 . 6. He recorded acousticx21 
4 resonance at R = 2.64 x 10 (based on minimum-gap velocity). 

The present author computed th e Strauhal numb e r from this data 

and found SG = 0 . 21 . Stallbrass showed that for his experiments, 

Hill and Armstrong's relationship gave good predictions 

whereas Owen and Putnam ' s formulae predict too low a frequency . 

This is contrary to observations with the present data using 

minimum-gap velocity for reference and is a n indication of 

the l ack of confidence one has in the curre ntly available 

predictive methods. 
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Based on the relationship ft = V the frequenciesu' 

recorded by Stallbrass and Hill and Armstrong are predicted 

correctly. However, this relationship predicts about twice 

· the frequency values recorded in the present experiments. 

The possible cause for this wide discrepancy could be (a) the 

21 

longitudinal pitch x
21 

. For stallbrass ' s array x
21 

= 5.6 

and for Hill and Armstrong ' s experiment, minimum x21 = 2 . 3 . 

The present experiments were conducted at x = 1.375. There­

fore, it is likely that the relationship fL = V ceases to be 
u 

valid for small values of x
1 

. (b) the hypothesis on which the 

above relationship is based is not very sound . This appears 

to be a more likel y cause . Hill and Armstrong have suggested 

that acoustic coupling is with the frequency of alternating 

compression and rarefaction of the gas as it flows throu gh the 

tube-bank. They rejected the idea of coupling due to vort ex-

shedding by runnin g a test on a single row of tubes and by 

observing no acoustic r esonance. However, Connars [78] a nd 

Keefe [37] have recorded noise due to acoustic coupling at the 

vortex-shedding frequency even when there was only one circular 

cylinder in the wind-tunnel. This suggests a probable anomaly 

in th e experime nts conducted by Hill and Armstrong for one 

row of tubes and furt he r indicates tl1at the na tur e of flow 

fluctuations th at cause acoustic coupling in a tube-bundle is 

not completely unders tood ye t. 

The above analysis clearl y indicates that the relation­

ship of a constant Strauhal number equal to 0.21 (approximately) 

based on minimum-gap flow ve locity can be used to correctly 
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predict nearly all of the available experimental data on 

staggered tube arrays . 

Grotz and Arnold [91] have measured vortex-shedding 

frequencies (based on acoustic coupling) through 20 different 

in - line tube-bundles . The data has been reproduced in table 

S. S. This data is expected to be of limited precision only 

as the authors have claimed a maximum error of as much as 

30 %. They have not computed t he Strauhal numbers for their 

arrays . If the Strauhal numbers are computed from their 

data it is seen that (table S. S) most of t he values seem to be 

falling around 0 . 2 (keeping in view the claimed accuracy of the 

data). Some of the data points are close to double this value , 

indicating the possibility of a 2nd acoustic mode being 

excited . A close scrutiny of the remaining points which do 

not fall either around 0 . 2 or around 0 . 4 suggests the possibility 

of some gross error in the measurement of velocity or frequency 

values. Although not enough data on in-line tub e arrays are 

available, it appears that the dominant frequency in such 

arrays can also be predicted by a constant Strauhal number 

equal to abou t 0 . 2 . 

In summary, the present data and most of the data 

avai labl e in the open literature for both s taggered and in-line 

tube-bank s may be collapsed to a Strauhal numb er of abou t 

0.21 if the computation is based on minimum-gap velocity and 

tube diameter . It is peculiar that so much of the previous 

Strauhal numbers reported were computed usin g mean flow vel­

ocities other than minimum-gap velocity . The latter is the 
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GROTZ &ARNOLD 'S DATA 
IN-LINE ARRAYS 
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Abbreviations 

C.W. (x) : Compare with S.No .x 
C.B.: Could be 

s . 
No . 

d 
in. 

Q, 

in . 
T 
in. 

vT 
ft . / 
sec . 

Remarks 
on 
VT 

Computed 
Frequency

*f 14 == 

(Hz) 

Observed 
Frequency 

f == G 
(Hz) 

Remarks 
on 
f G 

Computed 
Strauhal 
Number 

**s == 
G 

1 .065 .196 . 238 30.1 1340 1040 0.19 

2 . 25 . 313 .375 90 . 0 11 50 1900 C.B. 0.45 
2nd Merle 

3 . 315 . 468 . 468 97 . 9 820 1330 C.B. 0. 42 
2nd Maie 

4 . 375 .936 . 468 .163 c.w . (6) 415 688 0.13 
C.B. 
Lower 

5 . 315 .468 .563 87.1 984 1330 0.48 

6 .375 . 936 .563 131 560 704 0.1 7 

7 . 375 . 75 .563 103 .5 554 670 0 . 20 

8 .375 . 75 . 75 78 .4 627 685 0. 27 

9 . 375 . 936 .563 123 527 605 0 .16 

10 . 312 . 468 .563 57.5 C.W. (5) 656 687 0 . 31 
C.B. 
Higher 

11 . 312 . 936 . 563 183 c.w. (6) 
C. B. 
Lower 

1046 650 f us-G 
ually 

>fH 

0. 09 

12 . 312 . 468 . 468 53.8 c.w. (5) 460 694 0. 34 
C.B. 
Higher 

13 . 312 . 936 . 468 123 . C. B. 526 680 0.1 4 

14 . 312 . 936 . 936 98 
Lower 

833 690 0.18 

15 . 375 . 936 . 468 185 c.w. (6) 472 688 0.12 
C.B. 
Lower 

16 . 315 . 936 . 936 90 765 687 0 . 24 

17 . 312 . 75 . 563 94 670 678 0. 19 

18 . 312 . 75 . 75 84 786 688 0 . 21 

19 . 375 . 563 . 936 81 1033 677 0. 26 

20 . 315 . 945 . 936 117 c.w . (16) 985 679 0.16 
C. B. 
Lower 

* Using Hill &Armstrong ' s relationship fl-I == Vi Q, 
f dS - G.Recornputer Strauhal number by the present author ~ V:::­G -
T ** 
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only one which appears to be physically meaningful in terms 

of the flow separation occurring at each tube. It is remark­

able that this agrees so closely with the value for a single 

cylinder. It should be recalled that this holds true only 

for sufficiently high Reynolds numbers deep inside a tube-bank. 

While there is significant evidence to support the concept of 

a universal Strauhal number for tube-banks, more data is 

required, particularly for in-line arrays, to fully support 

this relationship. 

5.3 Tube-Response at Higher Reynolds Numbers 

In the full array as the flow velocity was increased, 

the instrumented tube (tube no . 5, figure 5.1) responded to 

turbul ence in the flow-field . Two capacitance probes as 

described in Chapter 4 were installed perpendicular to each 

other at the top of the instrumented tube. The outputs from 

these probes were fed into an oscilloscope to observe the tube 

motion . The movable tub es were tuned to 24 
+ 
- 0.04 Hz and th e 

logarithmic decrement of damping f or the instrumented tubes 

was 0 . 007. 

5 . 3 . 1 Effect of Flow-Field on Tube Response 

A typical tube re spo nse as seen on the oscilloscope 

screen was photograp hed at a numb e r of flow velocities and has 

been reproduced in figure 5.26 . Up to abo ut 3 . 2 m. /sec . the 

tube re spo n se was very small and random in character . Th e 

random response of tl1e tub e is shown on a time scale in 
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figure 5 . 27. The output was also recorded on a U.V . recorder 

from which the maximum amplitude of the tube occurring in 

a time period of 30 secs . was computed . The maximum amplitude 

rather than R.M . S . amplitude was computed because, from a 

tube-d amage standpoint, peaks are more important than R. M.S . 

value of the amplitudes . 

The maximum amplitudes have been plotted against 

minimum-gap velocities in figure 5 . 28 . Portion AB of the 

response curve is due to forced random response of the tube. 

In this region the peak to peak maximum amplitude is seen to 

be directly proportional to the minimum-gap velocity. However, 

Zdrakovich [112] has found that the maximum amplitude response 

due to turbulence in his experiments was proportional to 

the square of the flow velocity . The present results suggest 

less correlation of forces along the length of the tube in 

the present array than that tested by Zdrakovich , which is 

not surprising considering that Zdrakovich conducted his tests 

on only one-, two- and three-row in-line arrangements . 

As t he flow velocity was further increased the tub e 

responded at larger amplitudes . The random respon se o f the 

tube seen so far s hift e d to r eg ular oscillations of th e tube 

at its n a tural frequency . Elliptical orbital patterns were 

observed on th e oscilloscope as shown in fig ur e 5.26 . The 

motion of the tub e was predominantly in th e tr a n sve r se 

dir ec tion to the flow , s hi f ting to within ~ 45° of this 

direction and occasional l y drifting to th e strcamwise direction . 

The ampli tud e of tube vibration was not constant . The 
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capacitive probe signal varied between levels of maximum 

amplitude and null points with time as shown in figure 5.29. 

This amplitude modulation is undoubtedly due to turbulence 

and coupling effects from adjacent tubes. With still further 

increase in flow velocity the maximum tube amplitude kept 

on building up rapidly till the piano-wire started to hit the 

capacitive probes. Unlike Chen's [89] vortex-shedding 

resonance response of tubes inside a tube - bundle, the tubes 

in the present experiments continued to vibrate at their 

natural frequency as the flow velocity was increased past some 

critical threshold value . The large amplitude vibrations 

being observed are thought to be due to fluidelastic instability. 

Fluidelastic response is characterized by a critical flow 

ve locity , below which the oscillations are small and random 

i n natur e and above which the amplitudes increase significantly 

and the tube frequency and mode shape become regular . The 

tube response is similar to that observed by Connars [7 8] 

except for the mode shapes which appear to be primarily in 

t he transverse direction rather than alterna ting tubes vibrat­

i ng in streamwise and tr a nsverse orbital patterns . 

As the tube amplitude is irregular, the significant 

va lue is considered to be the maximum amplitude in a 30 

s e cond recording , as explained above . This maximum amplitude 

was seen to occur quite frequently during this time period . 

The output of two capacitive probes was r ecorded on a U.V. 

re corder and is shown in figure 5.29. The square of the maxi­

mum amplitude was given by the sum of the squares of amplitudes 
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from the recording of two channels where the maximum amplitude 

was seen to have occurred. The maximum amplitude (peak to 

peak) was then plotted against the gap velocity as shown by 

the curve BC in figure 5 . 28 . A distinct change of slope is 

seen around point B. The gap velocity at which the slope 

of the amplitude response diagram changes is defined as the 

fluidelastic 'stability threshold' for the tube . As it is 

difficult to determine precisely where the change of slope 

occurs, a certain band of gap velocities as shown in figure 

5.28 has been designated as the region of the stability 

threshold and is an indication of uncertainty involved in 

determining precisely the critical flow velocity. Many 

other investiga tors [81] have experienced the same problem 

in precisely locating the stability threshold. In the present 

experiments, it appears that using the criterion of change 

of tube response from random to r egular motion, is a better 

indicator of fluidelastic instability than a change in the 

slope of the amplitude-response curve of the tube, especially 

for higher damping. 

At th e gap velocity corresponding to point 'C' in 

figure 5.28 the amplitude of the tube kept on increasing 

without any further increase in th e flow velocity. This 

amplitude build-up was limited by the contact with the 

capacitive probes as shown in the last picture of figure 5.26. 

Such behaviour was not observed by Zdrakovich [110] who 

studied the tube responses i n up to three rows of in-line 

movable tubes. However, a very high rate of amplitude build - up 
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was recorded by Connars [78] . The higher level of response 

in the present experiments may be attributed to fluid coupling 

with the surrounding tubes which are vibrating at the s a me 

frequency. In addition, damping is probably an important 

factor in amplitude build-up as is seen later in this chapter . 

The response of another tube in the bundle (tube no . 2, 

see figure 5.1) was similarly recorded and is plotted in 

figure 5.30 as the maximum peak to peak amplitude vs . gas 

velocity. The lo garithmic decrement of damping of tube n~ 2 

is 0.015 which is about double that recorded for tube no . 5. 

The basic character of the amplitude - response curve remains 

the same, i.e . , a turbulence response followed by a lar ge 

amplitude self-excited response of the tube . In th e fluid­

elastic region the tub e vibrated a t its natural frequency. 

However, the shape of the response curve is different from 

that obtained for tub e no . 5 and the stability threshold occurs 

a t higher gap velocities. This indicates that the precise 

shape of the amplitude-response curve depends on the damping 

o f the tub e a 1 though a 11 th e mov ab 1 e tub e s f i n :1 J 1y exh i b i t 

large amplitude vibrations . 

Some hysteresis in self-excited vibrations was noticed. 

The vibrations always start ed at a h ig her flow velocity when 

the velocity was increasing and ceased at a lower flow velocity 

when the flow velocity was being reduced. This is typical of 

f luidelastic phenomena where flow periodicity is caused by the 

motio n of th e structure . 

Figure 8 shaped lissajous figures were occasionally 
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observed on the oscilloscope screen, thus indicating a fre­

quency in the drag direction equal to twic e the lift fre­

quency. An amplitude power-spectrum was computed from the 

output of the capacitive probe and is shown in figure 5 . 31. 

A sharp peak at the natural frequency of t he monitored tube 

(32 Hz) and another sharp but smaller peak at double the 

natural frequency of the tube is seen. This result points 

to the possibility that as the tube begins to vibrate at large 

amplitudes it starts shedding vortices at its own natural 

frequency . However, this argument has still to be verified. 

The sharp peaks of the amplitude power-spectrum also indicates 

the excellent linear characteristics of the designed movable 

tube as well as the absence of any rocking mode . 

5 . 3 .2 Flow-Pield Velocity Power-Spectrum 

A velocity power -s pectrum similar to the ones describ ed 

in section 5.2 was computed at location 'H' in the tube array 

(see figure 5.1), when the movable tubes wer e vibrating at 

large amplitudes . The power spectrum so obtained is sl1own 

in figure 5 . 32 . Initiation of tube vibration did not chan ge 

the basic shape of the frequency spectrum except tha t a large 

peak at the natural frequency of the movable tub es (24 Hz) has 

appeared . The peak at 24 Hz in the bottom trace s of figures 

5 . 20-5.24 referred to in sec tion 5 . 2 . 4 are all due to fluid­

elastic tub e vibration. No such peak occurred at the same flow 

velocity when the movable tubes were not vibrating (being eitl1er 

heavily damped or prevented from moving) as shown in figure 
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5.25. The l a rge peak a t 24 Hz is therefore caus ed by th e tube 

vibration and is probably due to the capacity of th e vorticity 

fields to be exci t ed and amplified over rather broad fre­

quency bands, in the sense described by Morkovin [29) . 

5. 3.3 Relative Mode Shapes of the Movable -Tub es 

A movie film was taken of th e vibrating movable tubes 

a t 200 frames/sec. The fi lm was shot when the tubes were 

vibrating at l a r ge amplitudes in th e fluidelastic region. The 

film was projected a t s low speed in order to observe in de t ail 

the motion of the tubes and their r elative mode shapes . .From 

this film it was observed that t he predominant direction of 

motion appears to be transverse to the flow . Groups of tubes 

vibrate in unison such that their amplitudes increase and 

decrease simult aneously. It appears th a t coupling between 

adjacent tub es causes an increase in vibration amplitude up 

to some threshold value whereupon the coupling is destroyed 

and the amplitude r apid ly decreases . The outside tubes had 

lower amplitudes compared to tho se in the core of the bundle . 

This is likely due to the adjacent tub es being fixed and 

therefore, being unable to couple dynamically with the movable 

tubes. No unique relative mode shapes of the tubes could be 

di scerned . Any two adjacent tubes seemed to be vibrating 

alternatively in-phase and out-of-phase and randomly revert­

ing from one phase to another . 



156 

5 . 3.4 Effect of Surrounding Tube Motion 

The effect of surrounding tube motion on the tube 

response was studied next . The amplitude-response of the 

monitored tube was recorded when the surrounding tubes were 

free to vibrate . The motion of the surrounding movable 

tubes was then physically blocked from outside the test 

section (using acrylic strips) . The amplitude-response of 

the monitored tube was recorded again . For comparison the 

two responses so obtained have been plotted together in 

figure 5 . 33. It is significant that the monitored tube 

vibrated at large amplitudes due to fluidelastic instability 

even when all its s urrounding tubes did not move . However, 

the comparison shows that adjacent tube motion has a strong 

influence on the amplitude-response of the monitored tub e . 

In the fluidelastic region much smaller tub e amp litudes have 

been record ed when th e sur rounding tubes were b locked (the 

tube oscillations we re sti ll predominantly tr ansverse to tl1e 

direction of flow). No significant difference in turbulence 

respon se is evident. The stability thresholds in the two 

cases appear to be very close to eac h other, thu s suggesting 

that from a stability threshold s t andpoint , onl y one movable 

tube in th e bundle is required. On the oscilloscope screen 

it 1vas observed that in the flui<lelas tic r egio n the monitored 

tube oscillated more frequently about its predominantly trans­

verse mode when the surrounding tubes were vibratin g tl1an when 

their motion had been blocked. Ileinecke (132] ob se rved that 

with small lon gitudinal spacing the boundary l aye r separates 
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further downstream than in arrays with greater longitudinal . 

pitches . Thus a variation in longitudinal spacing results 

in variations of the separation point on the tube . The 

vibration of the surrounding tubes leads to more rapid 

variation in longitudinal pitch, which probably explains 

why the monitored tube oscillated more frequently about its 

predominantly transverse mode when the surrounding tubes were 

also vibrating . 

5 . 3 . 5 Discussion 

It is observed from the present experiments that as 

the flow velocity increases, the amplitude-response due to 

turbulence i ncreases until sufficient energy is available 

f or the tub es to become self-excited . The flow-field r andom 

t urbulence has a peak which is probably due to the f r eq uency 

of vortex-shedding varying over the narrow range about 

SG: 0 . 21 . The frequency in the turbulence coinciding with 

the natural frequency of th e tube is amplified by the tube's 

motion. This amplification is probably due to both fluid 

c oupling with th e surrounding tubes and a better correlation 

o f forces along the length of the tube usually associated with 

l a rge amplitude oscillations. 

The peak in the turbul ence spectrum which occurs at 

S = 0 . 21 (as show n in section 5.2 . 4) , is useful for predict­G 
ing only the acoustic resonance in the tube-bank . Contrary 

to Owen's [100] hypothesis, a ma tch between th e frequency 

at the peak in the turbulence spectrum and the natural frequency 
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of the tube is not n~cessary in order to initiate the mech­

anical vibrations of the tube . The tubes in the present 

experiments started to vibrate at large amplitudes only 

after the peak in the velocity power-spectrum was si gnificantly 

higher than the natural frequency of the tube. No periodic 

tube response was observed when the velocity power-spectrum 

peak coincided with the tube natural frequency . The effect 

of scale of turbulence on the tube response has not been 

studied here . 

The present experiments have also shown that the tubes 

deep inside a tube-bundle are susceptible to large-amplitude 

flow-induced vibrations, contrary to the assumption of Roberts 

[7 7) who stated that th e failures in the tube-bundl es were 

observed to be confined to the rear rows of tub es only . His 

model for a single row of tubes was based on a jet-switch 

mec ha nism. The movable tubes in the present array vibrated 

at large amp litudes predominantly in the transverse direction, 

whic h is again contrary to Roberts' observation. He found that 

the vibratory motion in the practical situat ion is primarily 

in th e free-stream direction and subsequently based his 

mathema tical model on the assumption that tub e vibration is 

under the influence of time-varying drag force , which gives 

rise to and maintains the vibration. 

I n summary , the present expe riments have clearly 

shown that the response of a tube deep inside a tube-bundle 

c an be divided into two distinct regions (1) Turbulence 

r e sponse and (2) Fluidelastic response. The amplitude­
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response of the tube is qualitatively similar to the tube 

responses observed by Connars [78], Zdrakovich [110] and 

Gorman [1 13]. 

5.4 	 Fluidelastic Stability Boundary 
for the Array 

As described in Chapter 1, the fluidelastic stability 

boundary for the array may be plotted in the form of velocity 

parameter against damping parameter. The location of this 

boundary is expected to be a function of tube pitch and 

geometry of the array . Conn;{rs [78] coined the concept of 

a fluidelastic boundary for the tube array . Howeve r, his 

experiments were conducted on a single row of tubes only. 

In order to realise a range of damping values in the 

present experiments, discrete damping devices of the type 

described in Chapter 4 were used to vary the damping of the 

tubes. The device consis ted essentially of a small cup and 

paddle assembly installed one each at the top and bottom of 

the movable tub es . The damping could be varied by pouring 

different grades of motor oils in varying quantities into 

th e damping cups . The damping control was found ·to be 

excellent . 

The movable tubes were fixed at 24 ~ 0.04 Hz, while 

t heir damping values were tuned at 6 = 0.04, 0.07, 0 .10 and 

0.15 respectively . 

The procedure for tuning a tube to a certain desired 

value of damping was as follows : 
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(1) 	 From the per f ormance results of the single tube 

assembly described in Chapter 4, the t ype of oil 

required (SAE 10, 20 or 30) tq obtain the desired 

value of damping was selected. The approximate level 

of this oil in the cups was also noted. 

(2) 	 The selected oil in the desired quantity was then 

poured into the top and bottom cups of the movable 

tube. 

(3) 	 The tube was instrumented to record its motion on a 

U.V. r ecorder. 

(4) 	 A amp litude-decay tr ac e was obtained by plucking and 

r e l easing th e tub e from it s static equi librium position. 

(5) 	 The logarithmic decrement of damping was c ompu t ed from 

this damping trace over 5-1 0 cycles . 

(6) 	 Oil was then added or taken out f rom the damp ing cups 

depending on whethe r th e c omput ed value of logarithmic 

decrement was lower or hi ghe r than the desired value of 

damping . A new amplitude -decay trace was th e n recorded 

and another value of damping was similarly computed . 

This procedure was repeated until th e desired value of 

damping had bee n obtained . 

(7) 	 St eps (1)-(6) were repeated for each of the 19 movable 

tubes until they had all been tuned to the desired 

value of damping . 

(8) 	 Steps (1)-(7) were repeated for each desired value 

of damping . 
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The lo ga rithmic decrement of damping for each of the 

19 movable tubes as they were tuned to a nominal value of 

0.04, ·o .07, 0.10 and 0.15 respectively is given in table 5 . 6 . 

Care was taken to keep the spread in the damping very small 

and the data indicates that excellent control could be obtained . 

5 . 4 . 1 Tube Response at Higher Values of Damping 

The amplitude-response of the monitored tube was recorded 

for various values of damping by following the procedure 

described in section 5.3 . 1. 

The amplitude response of the monitored tube when th e 

movable tub es were tuned to a damping of 8 = 0.04 is shown in 

figure 5 . 34 . The response in region AB is due to turbulence 

in the flow , random oscillations being seen on the oscillo­

s cope scree n . In the region BC the tube responded at its natural 

f requency only, the motion ha¥ing changed from r andom to 

pe riodic . The transition region from turbul e nce response to 

f luide lastic response is fairly small and defines the stability 

thr eshold for the array . The damping of the movable tubes 

wa s now incr eased to 8 = 0.07 and an amplitude-response of the 

monitored tube was similarly plotted as shown in figure 5.35. 

The basic character of the tube response r emains the same, 

v i z . , turbulence response re g ion followed by the fluidelastic 

re g ion. The transition re g ion is wider than when the tub es 

were tuned at 8 = 0 . 04 . 

The logarithmic decrement of dampin g of the tubes was 
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TABLE 5 . 6 

TUNED OIL-DAMPING OF MOVABLE TUBES 

Tube No . Se t -1 Se t -2 Se t -3 Set-4 

1 	 0 . 040 0 . 07 1 0 . 105 0 . 156 

2 	 0 . 042 0 . 071 0 . 103 0 . 154 

3 	 0 . 042 0 . 069 0 . 103 0 . 150 

4 	 0 . 041 0 . 072 0 . 105 0 . 150 

5 	 0.040 0 . 07 1 0 . 098 0 . 151 

6 	 0 . 040 0 . 070 0 . 103 0 . 153 

7 	 0 . 040 0 . 072 0.098 0 . 156 

8 	 0 . 040 0. 0 7 2 0 . 100 0 . 155 

9 	 0 . 041 0 . 070 0 . 102 0.156 

10 	 0 . 039 0 . 069 0 . 097 0 . 152 

11 	 0 . 042 0.071 0 . 101 0 . 155 

12 	 0 . 041 0 . 071 0 . 101 0 . 150 

13 	 0 . 040 0 . 069 0 . 098 0.154 

14 	 0 . 040 0 . 070 0 . 097 0 . 150 

15 	 0 . 039 0 . 071 0 . 102 0.156 

16 	 0 . 040 0 . 071 0.101 0. 151 

17 	 0 . 041 0 . 072 0 . 105 0 . 151 

18 	 0 . 041 0.070 0 . 105 0 . 15 0 

19 	 0 . 041 0 . 072 0.100 0 . 1 50 


+0. 00 1 
 0 071 +0. 001Mean 0 . 041 	 0 . 101 : 0 . 004 0 . 153:0 . 003 · -0 . 002 . -0.002 
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next increased to 0.10. The amplitude-response of the 

instrumented tube was computed and has been plotted in figure 

5.36. The two regions due to turbulence response and fluid­

elastic response are again separated by a change in the 

slope of the curve defining the 'stability threshold'. 

The response of the tube in the fluidelastic region was at the 

natural frequency of the tube and a typical response recorded 

on a U. V. recorder is shown in figure 5.37. As before, it is 

noticed that the amplitude of the tube vibration does not 

stay constant. However, the response is different from that 

recorded for very low values of damping (o = 0.01, see 

figure 5.29) in that the modulation frequency appears to 

increase with increased damping. 

The movable tubes were finally tuned to a damping 

of o = 0 .1 5 and the amplitude -r esponse is shown in figure 

5.38 . Here the transition from turbulence to fluidelastic 

response is very gradual resulting in greater uncertainty 

in properly locating the ' stability threshold'. Even on the 

oscilloscope screen when the wind-tunnel was operating at 

gap velocities corresponding to 'stability threshold' region 

in figure 5.38, the tube response shifted indiscriminately 

from exhibiting random response to a periodic response at 

the natural frequency of the tube. The response at higher 

flow velocities was similar to that obtained for o = 0 .1 0 

except that the amplitude modulation occurred at a higher 

frequency. The hi ghest flow velocity reached was 13 m. /s e c. 

which corre sponded to a Re ynolds number of 2.21 x 10 4 . The 
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oscillations of the tube in th~ fluidelastic region were 

predominantely in the transverse direction and drifted fre­

quently within ~ 45° to this direction . 

The amplitude responses recorded for various values 

of damping have been plotted together in figure 5.39 . Curves 

A and D are for damping values obtained without any oil in 

the damping cups and curve B has been described later in this 

section . The upper and lower limits of the range for 

stability threshold for each value of damping have been 

joined together by straight lines to give a ' transition 

region' shown in figure 5.39. The transition appears to be 

occurring at flow velocities for which the peak to peak tube 

amplitude reaches between 0 . 14-0.25 mm . , depending on the 

damping in the tube. Apparently, the peak amplitude at which 

i nstability occurs decreases slightly as damping increases. 

It is noticed as well th a t the critical flow velocity for 

fluidelastic instability increases with an increas e in damping 

and becomes progressively more difficult to determine precisely. 

5 . 4 . 2 The Stability Boundary 

The critical flow velocities (VG) were non-dime nsion a l­

ized to reduced velocity a nd plotted against the damping 

parameter as shown in figure 5.40 . The data point 'C' was 

ob t ained by recomputing the amplitude-response of the monitored 

tube , after th e experimental ri g had bee n operating for abou t 

six months and the damping of the tub e was noticed to have 

increased f rom o = 0 . 007 to o = 0 . 01 . The Reynolds numbers 
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corresponding to various critical flow velocities have also 

been tabulated in figure 5 . 40 . 

A least square straight line fit through the points 

A and C-H was computed and is drawn as shown . Point 'A' 

was obtained at Re;= 0.74 x 10 4 whereas point 'H' was recorded 

4at RG = 1 . 55 x 10 Although both of these points lie within 

the subcritical range for a single cylinder, it was suspected 

that there might be some Reynolds number effect for the 

tube-bundle in this range . A simple test as described below 

was conducted to resolve this question. 

The tuned natural frequency of the movable tubes was 

increased from 24 Hz to 32 Hz and the oil was completely 

removed from the damping cups. The increase in frequency 

re sult ed in a decrease of computed logarithmic decrement of 

the monitored tube from 0 . 01 to 0 . 008 . A test was then 

run to determine the response and the results for the monitored 

tube are plotted in figure 5.41 . Distinct regions due to 

turbul ence response and fluidelastic response are apparent. 

The tube response has been replotted as curve 'B' in figure 

5.39 refered to earlier in this section . The critical 

velocity has been plotted as point 'B' in the stability diagram 

of figure 5.40. The effect of increasing the natural fre­

quency from 24 to 32 Hz was to increase the critical velocit y 

from a Reynolds number of 0 . 83 x 10 4 to 1.10 x 10 4 (about 33 %) . 

However, within th e limits of experimental uncertainty the 

corresponding reduc ed velocities fall on th e same straight 

line. This suggests that no significant Reynolds numb e r effec ts 
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can be discerned within the range of values tested . Batham 

[111) conducted tests on an in-line array of stationary 

tubes for p/d = 1 . 25 and observed no Reynolds number effects 

on mean and fluctuating pressure coefficients in the range 

4 52.8 x 10 to 10 . 

The least-square fit to a straight line drawn in 

figure 5 . 40 is designated the 'stability boundary' for the 

array tested in the present experiments . The boundary can be 

defined by 

Cmo )0.217 . 1 (1)2pd 

(Experimental points fall within:~ : of this line . ) 

In the region below the ' stability boundary' the tube 

responds randomly at small amplitudes to turbulence in the 

flow. Above this boundary large amplitude vibrations of the 

tub e occur at its natural frequency due to a fluidelastic 

mechanism and the whole array becomes unstable. The two 

parameter ranges for which this ' stability bound:iry' has 

been obtained are : 

Damping parameter 1.4 to 30 

Velocity parameter 1.1 to 15.5 

In the relation ship (1) ' for a particular heat-exchange r 

m, p , d and f would normall y be constants , th e refor e , there 

s hould be a direct relation between VG and o. For the present 

0 21 0 21 a r ray it is obviously VG a ·a · [V = 44 . 4 a · for f = 24 Hz] . 
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Dumpleton [76] in his experiments obtained VG a 0°· 33 . 

However, the geometry of his array is not known and also the 

number and range of data points used to derive this relation­

ship is not known. 

5 . 4.3 Discussion 

The available information on critical flow velocities 

for tube arrays has been compiled by Shin and Wambsgnass [81] 

in the form of a stability diagram and is reproduced in 

figure 5.42. Connars' [78] stability threshold for a single 

row of tubes is given by a 0 . 5 power law, i . e . , 

Cmo )o . 5 9 . 9 2
pd 

There are only fo ur points in th e data of figure 5.42 which 

can be possibly used for comparison with the present data. 

Three points are from Pettigrew marked 'P2' and one point 

is from Gorman marked 'G' for a parallel-triangular configura­

tion (p/d value employed by Pet ti grew and Gorman are slightly 

differe nt from the present array) . These fo ur points a lon g 

with th e present data have been replotted in ano ther stability 

diagram shown in figure 5.43 in order to avoid confusion. 

Three additional points from Hartlen [135] which were not 

included in Shin and Wambsgnass's stabili t y diagram and two 

more data points from Gorman [113] obtained from his recent 

paper have also been included in figure 5.43. The dashed 

line for K = 3 . 3 is the threshold line suggested by Gorman . 



1 ODO ---,. 

100 

~l~c: 
M 
C'J 
u 

C'J 

E 
0: 
M 
r) 
A. 

>-. 
u .... 
u 
0 

M 
C'J 
>­
M 

<"<l , 0 u.... .., .... 
u 
~ 

f 0p/d n (Hz) 0 
c CO NNORS , . 41 11 . 0 - 40 0.008 • f :16 
G GORMA N & MIRZA 1 . )) )8 0 . 11 z 
Pl PETTIGREW 1. 5 JO 0. 156 
PZ PETTIGREW 1. s 1 7 0 . 168 

Hl Halle & 
Lawrence 1.37 15,27 -vO.l 

!12 Ilalle,et aL 1.37 3. 7 - 9 0.094 
• 6 .. a+ Ll QUIO FLOW 

a ~ Q <) T\10 PHASE 
00.!l.t>OO /dR 

.;. ~ti b INSTABILITY NOT 

REACHED 


Y 
<) .@ Finned U-Tubes 

0 S I NGLE ROW 
l:t. t!O RHAL TRIANGULAR 

t> PARALLEL TRIA NGULAR 
 H2 C® 0 
0 NO RMAL SQ UARE 
O ~ OTAHD SQUARE co~ x • Air-Liquid Mixture Ratio 

0 

/ 
/. to.~"'\. 

y;.o'I-'>) /~\\s'\ 
..,_r:...r::iY:. / 

.,. q .'l ~~"' }/_... 

. b·b// p7~-:i~'I-/ x . .,,.., 
/ P2 P..~ ­Pl <UO 


P2 / Pl 

llo­ / Pl 


P2 ·I~ .___, __ ~ 
x =.10% 

~{('~1/ 6 • P1/ .pr- S::>=0.2\. \.. --~- -- Vortex 
/ a;Hl \ l'- ~ . 

Sheddings 
' s =_o.s 

FIGURE 5.4 2 
Liquid Two-Pha se l!ixture ---- Air 

m o ---'-~~~~~ 

o. 1 1.oDamping Pa r ameter, p0d;z 10 100 1000 ...... 
-.....] 

-.....] 

Sw bility Diagram for Tube Arrays. 



IOOOr--------~-------------------------------------------

I-EXPERIMENTAL 0-PRESENT EXPERIMENTS ,AIR FLOW 

UNCERTAINTY 8-HARTLEN (REF.135),AIR FLOW 

8- PETTIGREW (REF. 81 ),LIQUID FLOW 

~-PETTIGREW (REF. 81 ),TWO-PHASE FLOW 

@-GORMAN (REF.81&113) />(!)' ....."O 

VG <. LIQUID FLOW v 

0:: 100 
 - =K(~ )o.5 .,,,.,.,.,,,.,., 
w fd pd2 \ / / // /1­ / /w 
~ 
<t: UNSTABLE :\ _,, _,, ~!>-~'\ _,, _,,
0:: ~~!>-~~ / I \:,0~ / /

O\.... / .....~' /~ 
C?> ' / ,f -:. :, . /C 

,,.<:?). / " />­ ,f" / A/.... 
"/ ~u 

//0 
,,.,,..,,,.,.,_J 10 w ..,,,.,., / =7. I ( mb o. 21> 

/ / 
/ pd2) 

/ 
,,,.,,,. 

/
e t / 

/e / - /VORTEX-SHEDDING RESPONSE,,,.,,,. 
,,,.,,,. y (UP TO 10 UPSTREAM ROWS) FIGURE 5.43 

,___________________________..._____________.______________. '-' 
-..) 

1.0 10 b . 100 1000 
DAMPING PARAMETER ;d2 

0.1 
00 



179 

Gorman's tests were conducted in a water-tunnel at damping 

moparameter (--2) values from 0 . 20-0 . 39 only . The following 
pd 

observations are warranted from figure 5 . 43 . 

(1) 	 Gorman's points where stability threshold had been 

reached lie about 36-51% below the line obtained by 

extrapolating the present stability boundary . 

(2) 	 Pettigrew's point at mo 0 . 49 for liquid flow is
pd2 ­

13% above the extrapolated stability boun9-ary . 

The uncertainty in Pettigrew ' s point is not known . 

mo(3) Pettigrew ' s point at -- = 2 . 3 for two-phase flow 
pd2 

(x = 10 %) is only 4% above the present stability line. 

h . d . f P . mo( 4) Th e t ir point o ett1grew at ---:-z 4.7 which is 
pd 

again for two-phase flow (x = 20 %) is 46 % above the 

stability line . 

mo 
(5) 	 The two data points of Hartlen at ----:; 50 and 166 

pd-
are predicted within 10 % of the present stability 

boundary extrapolated . However, Hartlen obtained 

this data in simple laboratory experiments to obtain 

design information and has stated that it may not be 

very 	precise. 


mo
(6) The third data point of Hartlen at -- = 28 . 6 for2pd 
which better accuracy has been claimed, lies 33 % above 

th e present stability line . This difference could be 

du e to the f act that Hartl e n observed the onset of 

in s tability in the array only visually and hence the 

boundary will be unconservative. 
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While there is some scatter in the above data its 

agreement with the present results is very encouraging . The 

scatter may be attributed to the slight ly different geometries 

tested as well as the different data collection procedures. 

The important point is that the present results are corroborated 

by experiments with tube-banks of different geometric scales 

and different shell side fluids . The implications of these 

results are extremely significant . The slope of the stability 

threshold is much less than that indicated by Connars (for 

a single row to tubes) and commonly used for tube-banks as 

it previously represented the only available data obtained 

for a ran ge of reduc e d damping . 

Th e present d a ta h a s al s o bee n replott e d on a fluid-

elastic stability dia gram sugge st e d by Chen [131] a nd is 

shown in fi gure 5.44. Th e ordin a te of this di ag r am i s 
R VR 

~ = ~~ r a th e r th a n the velocity par ameter (R = Reynolds
XT 

number, VR = Reduced Ve locity, XT = Transverse pitch = T/d). 

Chen has pr edict e d that th e data s hould fall a round a line 

g iven by : 

whe re th e val ue o f C s ugges t e d by Chen i s 0 . 35 x 10 6 . 

Th e pr ese nt da t a g ives a con s t a nt of C = 0. 009 0 . 013 x 10 6 

on ly , whi c h is a ve r y poor ag r eement with Ch en' s va lue . 

How e ve r, the pr esent da t a does fa ll on th e l ine : 

1 04 Cmo )0 . 45 + 20 %with i n 2 - 15 % pd 
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mo -0.45 4which gives a constant C' = 2 ) = 10~(~- . 
pd 

Hartlen's data points have also been replotted in 

figure 5.44 and it is seen that their agreement with the 

present data becomes worse when plot t ed u sing the two 

dimensionless parameters suggested by Chen. It appears that 

in Chen ' s suggested stability diagram the effect of including 

Reynolds number is exaggerated out of proportion and it is 

difficult to realistically compare data from different experi­

menters (Pettigrew 's data when plo tted on this diagram goes 

completely off th e scale). 

No data ex ists in the literature from a systematic 

investigation of a stability boundary for any closely packed 

tube-bundle. The present investigation is the firs t attempt 

to vary the damping of tubes deep inside a tub e-bundle over 

~ wide range of values in order to obtain th e f luidelastic 

stability boundary for the array . As this stability bound ary 

i s expected to be a function of geome try of the array , 

further experiments along the same lines are required to generate 

a family of threshold boundaries for various geometries of 

tube-bundles . 

5 . 5 Coefficient of Lift in the Fluidclastic Region 

The movable tubes were designed to give a linear res­

ponse for up to ! 1 mm . of tube deflection . This feature can 

be used to compute the coefficient of lift as described in 

Appendix F . This method of determining th e lift forces gives 

a 'gross effect ' only and gets around the tedious problem of 
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es t imating the temporal and spatial distribu t ion of forces 

along the length and around t he circumference of the tube . 

The lif t- coefficients so obtained are shown in figure 

5 . 45 . It is seen t ha t the coefficient of lift varies between 

0 . 01-0 . 045. This value is much lower t han the coefficient 

of lif t obtained for t he vortex - shedding response of the 

t ube (section 5 . 1). It shows the misleading effect of 

normalizing lift forces with velocity head . For the same 

forces , the lift coefficien t for fl u idelastic osci l lations 

will be much less than for vortex - shedding because of the 

much hi ghe r flow velocities . 

The lift-coefficient is seen to be a function of 

amplitude of vibration and Reynolds number . The range of 

Reynolds numbers cover ed is from 0 . 7 x 10 4 to 2 . 2 x 10 4 

(based on minimum-gap velocity) for which th e corresponding 

CL has increased by a factor of about four . As expected, 

the lift coefficient increases with an increase in vibration 

amplitude . The arrows at the end of the two vertical dashed 

lines indicate the self-excited build up of amplitude o f tub e 

vibration without any further increase in the f low velocity . 

No data is available in the lit era ture on CL values 

obtained in th e fluidelastic region for any tube a rr ay . For 

a single row o f movable tub es in the range~= 0 . 8-1 . 4 x 1 05 

and for y/d = 0 . 265, Connars [ 78) obtained CL= 0 . 09-0 . 10. 

This Reynolds number range is hi ghe r than th at obtained in 

the present expe riment s and CL has been obtained a t much 

higher y/d . Also as only one row of tubes was used th e 
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correlation of forces along the length of the tube is expected 

to be better than that in a closely-pitched array. 

4At higher Reynolds numbers of about 2 x 10 it is 

seen that c tends to reach a constant value, thus indicating
1 

that CD has become constant, which appears to be true as 

seen from figure 2.11 of Chen and Weber's paper [142] . 

In this figure they have shown that for staggered arrays CD 

de c re as e s on 1 y up to RT = 6 x 1 0 4 and thereafter it s t a y s 

constant till about Rr = 10 5 . This point is also substantiated 

by referring to figure 5 of Chen's paper [97] where it is 

shown that for a circular cylinder, in the high subcritical 

range of R = 5 x l0 3-6xl0 4 the separation angle of the boundary 

layer stays const ant at abou t 85° from the front stagnation 

point. 

For higher values of damping, the data appears to be 

converging to an upper bound for li f t coefficient of about 

0 . 043. The implication is that a f urther increase in the 

flow velocity produces no additiona l significant coupling 

effects or increased correlation of forces alon g the tubes. 

The pressure-drop across the present tube-bundle was 

obtained by usin g two pitot-probes installed one upstream and 

the second downstream of th e tube-bundle and the data obtained 

has been plotted against Reynolds number in figure 5 . 46 . It 

is seen that the rate of decrease in pressure-drop is more 

rapid at lower Reynolds numbers. Wallis [99] and Chen [142] 

observed a decrease in pressure-drop in their arrays till 

about R = 4 - 6 x 104 and thereafter the pressure - drop 
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attained a constant value . As the pressure-drop in the array 

is highly dependent on the geometry of the array, on the 

surface finish of the tubes and on the upstream flow condi­

tions, only a qualitative comparison with the work of these 

authors can be afforded . 

The effect of vibration of the movable tubes on 

pressure-drop was studied and it was found that the tube 

vibrations resulted in an increase in pressure-drop across 

the array as shown in figure 5 . 46 . The small difference is 

undoubtedly due to an additional expenditure of flow energy 

required for maintaining the vibrations of tubes in the 

array. It should be remembered here that only 19 tubes were 

vibrating in the array having a total of 135 tubes (about 1 4% 

movable tubes). 

5 . 6 	 Effect of Number of Upstream Rows on the 
Fluidelastic Stability Threshold 

The effect of tub e-bund le size on the critical velocity 

o f th e monitored tube was determined . The movable tub es were 

t uned a t 24 + - 0.04 Hz and the damping of the monitored tube 

was 6 = 0.007. The amplitude -re spo nse of th e tube was 

recorded for the full array (14 rows upstream of tube no. 5) 

by following the procedure described in section 5 . 3 . 1. The 

stabili t y threshold (critical velocity) was determined and 

plotted in figure 5.47. This procedure was repeat e d, removing 

one row of stationary tubes from the front of the r emaining 

t ube-bundle at a time, till the movable tube no. 8 (see 
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figure 5 . 1) was directly facing the upstream flow. The 

complete experiment was repeated three times and the results 

plotted in figure 5 . 46 . A smooth curve was drawn through 

the bands representing experimental uncertainty. 

A surprising result was obtained, in that the critical 

flow velocity was seen to vary with the size of the tube­

bundle. The stability threshold is highest when the number 

of tube-rows upstream of the monitored tube were equal to 

eight . The threshold was lowest for minimum number of 

upstream rows (equal to five) and tended to level off as the 

number of rows upstream of the monitored tube were made 

about 10. 

On the oscilloscope screen it was observed that the 

rate of amplitude build up of the tube appeared to be most 

rapid when there were no rows of stationary tubes upstre am 

of the movable-tub e bundle as compared to when the size of 

the upstream tube-bundle was bigger. A possible cause for 

this could be that when the movable-tubes bundle was dir ectly 

facing the upstream flow, there is a better spanwise correl a ­

tion of forces on the tubes and the turbulence intensity is 

certainl y lower . This observation indicates tha t th e sharp­

ness of th e stability tl1re sho ld is also a function of number 

of upstream rows (ln addition to that of damping as des­

cribed in previous se cti ons) . It is not unexp ec t ed then to 

find that Connars [78] working only on a single-row of tubes, 

obtained r ela tivel y sha rp thresholds. 

Figure 5 . 47 shows that there is an increase in critical 
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flow velocity by about 23% when the number of upstream rows 

is increased from 5 to 8 and there is a drop in the critical 

velocity of about 12% as the number of upstream rows is 

further increased from 8 to 14. The increase in critical 

velocity as the number of upstream rows increases from 5 to 

8 could be explained by the increase in the upstr eam turbulence 

intensity. This could delay the commencement of large 

amplitude vibrations to higher flow velocities and decrease the 

rate of amplitude build-up. The same observation has also 

been recorded by Zdrakovich [110]. The 12% drop in critical 

velocity with a further increase in the number of upstream 

rows could be explained by the flaw ' s becoming rather 

regularised having achieved a maximum turbul.ence level. Once 

the flow is established well inside the tube-bundle (before 

reaching the movable-tubes) no dramatic changes occur and the 

stability boundary does not appear to change furth e r. 

These results have several important implications for 

future design and experimentation . It appears that the first 

tubes to become unstable in a particular tube-bundle will be 

in the first few rows . That is, the tubes deep inside a tub e ­

bundle are not the critical ones . In addition, experiments 

on a tube-b undl e with only four or five rows of tubes should 

be adequate for es tabli shi ng the critical fluidelastic stability 

boundary for that array . It should also be noted th a t some 

d iscrepancy between data obtained by different researchers 

using different sized arrays is to be expected . 



CHAPTER 6 


SUMMARY AND CONCLUDING REMARKS 

The author's aim was to study cross-flow-induced 

vibrations of a model tube-array in the parameter range 

where both vortex-shedding and fluidelastic t ypes of 

instabilities were expected to occur. It was intended to 

determine whether vortex-shedding occurs deep inside a 

tube-bundle and what would be the effect of tube-bundle 

size on the vibration and flow-field characteristics of 

the tube-array. It was also desired to investigate the 

nature of the fluidelastic instability deep inside a tube­

array. 

The experiments were conducted in a .low- sueed wind­

tunnel having 305 x 305 mm. (12" x 12") working section . 

The tube-bundle was a parallel-triangular array of tubes 

having pitch/diameter= 1.375. The array was 27 rows deep 

with 5 tubes in each row. Tineteen identical tubes in the 

middle of the tube-array were movable and were specially 

designed so that their natural frequency and damping could 

be controlled precisely over a range of values. The remain­

ing tubes were fixed tubes and were designed such that they 

could be conveniently removed from outside the wind-tunnel, 

in order to facilitate studying the effect of tube-bundle 
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size on vibration and flow characteristics . The experiments 

were conducted over a Reynolds number range from 700 to 

2.2 x 10 4 (based on tube diameter and minimum-gap velocity). 

Discrete periodicity in the flow has been recorded 

up to a Reynolds number of about 10 3 . (While no response of 

the tubes was seen for a large number of rows, there still 

existed discrete vortex-shedding at low Reynolds numbers) . 

The Strauhal number based on minimum-gap stream velocity 

is 0 . 83. As the Reynolds number or the number of rows in the 

array is increased, this well-defined periodicity in the flow 

breaks down and the flow-field shows a narrow-band velocity 

power-spectrum. The coefficient of lift of a vibrating tube 

while in resonance with vortex-shedding frequency is 0.41. 

The respons e of a tube due to vortex-shedding would depend 

on Reynolds number and the number of upstream rows of tubes . 

However, the vortex-shedding response occurs at such low 

flow velocities (high Strauhal numb ers) that the von Karman 

vortex effect is believed to be a negligible factor in 

promoting damaging tube vibration at least when the fluid on 

the shell-side of the tubes is a gas . 

At higher Reynolds numbers (> 10 3), the frequency 

corresponding to the maximum level of energy in the velocity 

power-spectra obtained from the present tube-array can be 

predicted by a Strauhal number of 0 . 21 over the Reynolds 

number range tested. From th e flow-field velocity power­

spectra obtained for the array used in the present experiments 

and from the available data existing in the literature it is 



193 


seen that there is a strong possibility of predicting the 

dominant frequency of flow in any tube-bundle from a universal 

Strauhal number equal to 0.21 (based on the minimum-gap flow 

velocity). The peak frequency computed from the universal 

Strauhal number would be useful for predicting and avoiding 

the acoustic resonance only, because the mechanical vibrations 

of the tubes in the array occur even when their natural 

frequencies are mismatched to this peak frequency. 

Self-excited vibrations of the movable tubes were 

observed at their natural frequencies as the flow rate was 

increased beyond a certain critical flow velocity. The mode 

shape of vibration of the tube appeared to be predominantly 

in the transverse direction but the tube frequently oscillated 

within about ~ 45° to this direction. A fluidelastic stability 

boundary for the a rray has been derived and the periodic 

self-excited vibrations in the array can be predicted by the 

relationship: 

(formulated for a damping parameter range from 1.4 to 30) . 

It is believed th a t a tub e deep inside a tub e -array starts 

to vibrate when enough fluid-dynamic energy is available a t 

the tub e ' s natural frequency to overcome the damping of th e 

tube. Once a vibration of s ufficie nt amplitude is produced, 

th e tub e ' s motion amp lifi es and controls flow periodicity 

at the tube's natural freque nc y and the tub e amplitude 
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continues to increase until restricted by system non-linearity 

and damping. This type of vibration occurs at higher flow 

velocities than vortex-shedding and may lead to tube 

failure. 

For the first time a fluidelastic stability boundary 

as a function of damping parameter for the array has been 

determined experimentally. It is found that the slope of 

this boundary is significantly different from that derived 

by previous authors from theoretical considerations based 

on very simple geometrical configurations and which forms 

the foundation for current design practice. 

The results from the study of a number of tube-rows 

in a tube-bundle on its vibration characteristics (in the 

fluidelastic region) have several important implications for 

future design and experimentation . It appears that the 

first tubes to become unstable in a particular tube-bundle 

will be in the first few rows. That is, the tubes deep 

inside a tube-bundle are not the critical ones. In addition, 

experiments on a tube-bundle with only four or five rows of 

t ubes should be adequate for establishing the critical fluid­

e lastic stability boundary for that array. 

Althou gh the present research work has answered s ome 

very important questions and has improved our understandin g 

of the dynamic behaviour of tubes deep inside a tube-bundle, 

it has undoubtedl y raised a number of new questions. Some 

of the specific areas requiring future research in the area 

are enumerated below: 
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(a) The dimensionless damping parameter currently used 

for design is in fact a combination of two dimensionless 

parameters, viz . , mass ratio and logarithmic decrement of 

damping . Therefore, it is anticipated that the two para­

meters could behave independently of each other . If this 

is so the fluidelastic boundary which is obtained by varying 

the damping parameter would be different from that obtained 

by varying the mass ratio . 

(b) The fluidelastic stability boundary has been obtained 

for a single tube-bundle only . The stability boundary is 

expected to vary with the geometry of the array and it is 

desired to obtain these stability boundaries for a range of 

different tube patterns, especially for in-line arrays where 

the fluidelastic vibration threshold is expected to be much 

sharper. 

(c) In the present investigation the Reynolds numbers 

for which vort ex -shedding response was observed were above 

those for which discrete vortex-shedding occurred. It would 

be worthwhile to examine the response of the tubes with lower 

natural frequencies so that the r eg ion of discrete vortex­

shedding overlapped the tub e freque ncy . 

(d) The present re search has also indicated that vortex-

shedding response is a f unction of Reynolds number and th e 

numb e r of upstream tubes in the array . There is a need to 

obtain a nd correlate this information fo r different patterns 

of th e tube arrays. 

(e) In regard to turbulent buffeting within the tube banks , 
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additional experimental results are required to further 

evaluate the hypothesis of a universal Strauhal number for 

predicting the dominant frequency of the flow-field in any 

tube-bundle . 

(f) The quasi-steady model developed by Connars [78) 

assumes a mode shape different from that observed in the 

present experiments. It also requires the coupled motion of 

the adjacent tubes, which led Blevins [79) to the conclusion 

that detuning of adjacent tubes will eliminate the vibration 

problem. However, the present study indicates that coupling 

of adjacent tubes is not necessary . It would be very useful 

to investigate experimentally the effect of detuning adjacent 

tubes on the stability threshold and velocity power-spectra. 
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APPE NDIX A 

(1) Power Requirements for the Wind - Tunnel 

Apart from those associa t ed with the inefficiency 

of the driving unit, the losses which occur in a typical 

wind-tunnel are due to vorticity and eddying motion (arising 

from skin friction , flow separation, turbulence, etc.), due 

to blockage of model in the working section and in an open 

circuit tunnel, due to the rejection of kinetic energy at the 

diffuser exi t. The magnitude of the losses is estimated by 

summing th e loss es due to each component of the tunn e l . How-

eve r, in the prese nt wi nd-tunne l the power requirements wil l 

be governed mainly by the press ur e drop across th e tube-bundle 

in the working section. The power requirements o f the wind-

tunn e l s hown in f i gure 4 . 1 are comput ed as fo ll ows : 

(a) 	 Losses due to skin- fric t ion a t the walls : 

The lo cal co eff icient of fric tion is defined by the 

expression (Ref . Pankhurst [116]) . 

Frictional forcec = 

f 1/2 p V2 A' 


where A' = sur face a r ea of the solid boundar y which is 

subject to the fric ti onal fo rc e . 

For turbulent flow in a channel wi th smooth walls the 

f rictional coefficient is give n approximately by : 
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35Cf 0.0018 + 0 . 1526 R-0 . 

where 	 R Reynolds number based on the diameter of the 

channel. 

And considering the flow in a channel of x-sectional 

perimeter L, the loss of total head due to skin-friction 

is given by : 

v2l:I H 	 C l p L ds 
f 	 2 A 

where ds is an element of length in the direction of the flow 

and A the cross-sectional area, the integral being taken over 

the length of the channel . 

Using mean dimensions and flow-ve locities, the pressure 

drops due to skin-friction across various components of th e 

wind-tunnel were computed and are t abulated below: 
221. 	 at contraction 1. 5 N. /m . (0.0322 lbf./ ft . ) 

22 . 	 at working-section 11. 2 N. Im 2 (0 . 233 lbf. /ft . ) 

2 23. at 	diffuser 28.1 N. /m (0 . 587 lbf./ft .) 

Total 	l:IH due to skin-friction = 40.S N./m 2. (0 . 852 lbf./ft 2 .) 

(b) 	 Diffuser losses: 

Corresponding to a maximum design velocity of 18.3 

m. /sec. (60 ft ./ sec . ) at the working section , velocity at the 

exit of the diffuser is 4 . 6 m./sec. (15 ft . /sec .) . 

Theoretical 	gain of kinetic ene r gy in the diffuser 

1 2 1 7 
= 	2 P v1 - z P v2 
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2 	 2192 N. /m . (4 lbf./ft .) 

where vl velocity at the entrance to the diffuser 

and velocity at the exit of the diffuserv 2 

As the diffuser design is based on 90% eff i ciency, 

therefore, losses due to local separation of flow are: 

2 2 
= 0 . 1 x 192 = 19 . 2 N. /m . (0 . 4 lbf./ft . ). 

There is loss due to unrecovered kinetic energy flow­

ing out at the exit of the diffuser : 

2	 213 N./m . (0 . 267 lbf . /ft . ) 

(c) Pressure-drop across the array 

No design data for the pressure-drop across the ar r ay 

being t es t ed exists (P/d = 1.375, d = 0.0254 m. [ 1 in. ] 

parallel-triangle array, 27 rows deep, 5 tubes/row). An 

exact estimate for the pressure-drop is, therefore precluded . 

However, a very rough estimate can be obtained by using the 

performance data provided by Fraas and Ozisik [139] for a 

staggered tube-bundle of P/d = 1.50 containing 10 rows with 

9 tubes/row . He gives ll p/q = 0 . 6 where q = dynamic head 

and li p = pressure-drop across the array . 

Using 	a maximum flow velocity of 18.3 m. sec . (60 ft./sec.) 

2 2 q = 205 N. /m . (4 . 27 lbf./ft . ) 

therefore, 

7 2lip = 0 . 6 x 205 123 1 . ;m- . (2 . 56 lbf./ft . ) . 
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2 	 2For the present array let us take tip 192 N. /m . (4 lbf . /ft . ) . 

(d) Total pressure drop: 

The total pressure drop across the wind-tunnel is then 

the sum of all the pressure drops computed above viz : 

2 	 2tiH 40 . 8 + 19.2 + 13 + 192 = 265 N. /m . (5.52 lbf./ft . ) 

0 . 027 	 m. water (static pressure) ( = 1 . 07 in . ) . 

Therefore, the fan at the end of the wind-tunnel must 

be able to develop at least 0 . 025 m. (1 in.) static pressure . 

The actual power required will depend on the type of fan used. 

(ii) 	 Specifications of the fan 

A vaneaxial fan manufactured by Buffalo Forge Company, 

N. Y. and distributed by Canadian Blower and Forge Co . Ltd., 

Kitchener (Ontario), was used. The maximum ratings of the 

fan are as follows: 

Static pressure 0.076 m. (3 in.) water 


Horse power 7 . 32 


R.P . M. 	 2320 

3Free flow rate 4 . 6 m ./sec . (9640 C.f.M.) 

TJ1e "swirling" of air l eaving the fan blades produces 

no useful effect , it is actually responsible for a reduction 

in the fan efficiency . To correct the swirling motion of th e 

air l eav in g the blades and thus improve efficiency, the fan 

is installed with a set of s tationary vanes at the di schar ge 

side of th e wheel . These vanes straighten out the air le aving 

the wheel so that it travel s from the vanes in a true axial 
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di r ection . A vaneaxial fan i s a coined word adopted by the 

Na t ional Association of Fan Manufacturers of America t o 

designate an axial flow fan in a cylindrical drum type housing 

equipped with stationary directional vanes . 

(i i i) Specifications of the motor 

For running the fan a 250 vol t, DC shunt/compound 

wound motor was installed on top of t he fan . The motor had 

the fo llowing speed-contro l charac t eristics . 

(a) 	 10 H. P . , constant horsepower , over a speed range of 

3000/5000 R. P . M. obtained by shunt control . 

(b) 	 10/1.67 H. P., constant torque, over a speed range of 

3000/500 R.P . M. obtained by armature control 

(iv) Speed-control unit for the motor 

The Ward Leonard sys tem for speed control and the 

a s s o c i a t e d e q u i pmen t w a s de s i g n e d and man u'f 'a ctu r e d by Bepc o 

Canada Ltd., Toronto . 

The motor-generator set consisted of a 25 H. P . , A. C. 

driving motor and two 7 1/2 KW . D. C. ge nerators . The A.C . 

motor is connected to the line in the usu al manner and the 

ge nerato r of the motor genera tor set is connected to th e 

dynamometer in th e norm a l Ward Leonard connection for driving 

the dynamometer as a motor. 

The speed contro l is obtained by armature and sh unt 

control for two ranges of speeds . For hi ghe r speed range; 

3000/5000 R . P . ~I. the speed was varied by shunt control at a 
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constant horsepower of 10 H.P . Armature control was used to 

cover a speed range of 3000/500 R.P . M. Corresponding varia­

tion in horsepower was 10/1 . 67 H.P . at constant torque . To 

obtain very low speeds of motor an additional rheostat was 

installed in the armature circuit . 

Using this arrangement an excellent control over the 

speed range was obtained . At the higher end of the speed 

range the motor speed stayed constant to within 
+ 
- 5 R.P . M. 

. +
while at lower speeds the fluctuations were only - 2 R.P . M. 

A schematic of the control circuit is shown in figure 

A. l . Although two dynamometers are shown in the circuit only 

one of them was used as a motor on top of the vaneaxial fan . 
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APPE DIX B 

BEATING RESPONSE OF THE TUBE 

The output of the proximity transducer while being 

used to record the free oscillations of the first tube-model 

(where compression-coil springs were used to control the 

stiffness of the tub e) occasionally showed b~ating form 

of tube oscillations. The beats were , at first, thought 

to be due to the coupling of natural frequency of the tube 

with that of the frame but a computer analysis of the problem 

showed that the beat response is due to the slightly different 

spring rates of th e tube along two mutually perpendicular 

directions. 

Two uncoupled equations of motion for free vibrations 

(neglecting damping) a long two mutually perpendicular dir­

ections (having slightly different spring rates) were written 

and time-history of tub e motions was computed assuming a 

prescribed initial plucking position . The computer output 

when spring rates along two mutually perpendicular directions 

were different, showed that the tube oscillations are orbital 

and a vibration pick-up installed in x-direction will record 

a beating type of phenomenon . Anotl1e r programme was written 

to obtain x-component of the instantaneous positions of tube 

oscillations and the output has been shown in figure B. l 

against the time axis. f 1 and f 2 arc the natural frequencies 
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in directions x and y respectively . The listing of the 

computer programmes is given in figure B. 2 . 
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APPENDIX C 


IMPROVED PROTOTYPE TUBE-MODEL 


The feasibility of using a light aluminum tube 

sprung on a piano-wire was examined anaytically and it was 

found that there is a good possibility of obtaining a 

2dimensionless parameter (m8/pd ) down t o approximately three . 

Also by eliminating compression-coil springs the large scatter 

in damping values and directional variation in tube stiffness 

of the previous prototype tube-model is expected to be 

reduced . Tension in the piano-wire could be used to re gulate 

the natural frequency of the tube. Wire material damping 

and windage will provide the necessary low damping values 

required whereas hi gh damping values will be obt a ined from 

various fluids using an arrangement similar to the previous 

tube-model . 

The a na lytical model has been developed in the 

following pages (for us e in this appendix only, T = initial tension 

in the wire , 1 = length of wire as sl1own in figure C.l). 

Analytical Development 

Strain in piano-wire due to displacement ' x' is 

u2+x2)1/2 _1 
= 

1 

- 1 

219 



220 


I 
Cor r espondin g t ensi l e f orce i n th e 

I 
I TT

I 
wire is : I 

2 I 
T + A (E ~) I 

2 Q, 2 lfx 
an d th e res tor i n g f orce a cting on rt1I I 

I I 
mass ' m1 wil l be I l I 

I I 
2 I I 

x ] I Il2 [ (T+AE __l_) 
I I I2Q, 2 

2 2 !I 
"' 2 [ (T +AE ~) ~] "'2 [T +AE x ) ~] I I 

Q, Q,2 Q, 2 z;z 
: 1 • 

32Tx x l 1 I 
I 

+ AE 
Q, ~ II 

I 
I I 
I { 1

1 1 J... _JThe equation of motion of mass m

\thus becomes : \ 
\ 
\3 I 

mx 0 \+ 2T x + AE x 
~ 
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I 
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I 
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Tu..b~ 
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Q, I 
\ Tl
I 

This is a non-linear differential equa - \ 

tion . It can be considered linear for F 1 ~uRE c.1 

small deflections 'x ' and high initial tensile 
x3 

force 1 T 1 
• The linearised equation is (neglecting AE ~ 

Q, 3 

dcompare t o 2T -x 
Q, 

mx + 2T x 0 
Q, 

and fo r simple harmonic motion of mass 'm 1 
, the solution of 

this second order differential equation will lead to : 
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where f = Natural frequency of mass ' m' (and an implicit 

assumption in this formulation is that the mass of the wire 

is negligible as compared to the total central mass ' m' ). 

Thus for a fixed l ength of the wire and mass of the 

tube, the natural frequency of the system is directly pro­

portional to the square root of the tension in the wire . 

Feasibility evaluation 

It was decided to use a commerically available 0.001 m. 

(0.041 in.) diameter piano-wire weighing 0 . 0066 Kg . /m 

(0.0044 lb./ f t . ). The tensile strength of this wire is 2.28 

x 10 6 kN/m 2 (330, 750 p . s.i . ) . 

If th e same tube as of th e previous model is us ed , 

weighing 0.040 Kg . (0 . 089 lb . ) and use 0 . 15 m. (6 in.) 

length of piano-wire at each end of it, then the weight of 

the wire/total weight of tube = 

= 0.0066/(0 . 040 + 0 . 0066) = 0 . 0471 . 

This is a small value and thus satisfies the implicit 

assumption of the above analy tical development. 

Now 

f 

or T 

1 2 2 m. Q, (2 n ) f2 

1 0.040 2 2 x 0 15 x (2x3 .1 4) f2 9 . 81 . , 
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or T 0 . 014 f 2 Kgs . (1) 

the corresponding stress .in the wire would be : 

T 
a A 

f 20 . 014 
2i (0 . 001) 

or a = 157.3 f 2 kN/m 2 (2) 

2the strain in the wire , taking E 207 x 10 6 kN/m

(30 x 10 6 p . s . i . ) for steel, is : 

E: 	 = E
a 


f 2
157.3 


207xl0 6 


And for 0.15 m. (6 in . ) length of wire, the wire at each end 

of th e tube should be stretched by: 

o E: . L 

0 . 76 x 10- 6 f 2 x 0 . 15 m. 

0 . 11 x 10- 6 £ 2 m. (3) 

The ranges of the two dimensionless parameters in the 

stability diagram which are desired in the current research 

are : 
VG 

1) Velocity parameter 3 to 100f d 

2) Damping parameter mo 3 to so . 
pd2 
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For the given tube of 0 . 0254 m. (1 in . ) outside diameter 

and weighing 0 . 040 Kg . (0 . 089 lb . ) and air as the external 

flow medium, these parameters reduce to: 

1) fx0.0254 

2) 
mo 167 0 
pd2 

2. 56 

vPARAMETER 
39 GREGION TCOVERED 

0. 077 ......._______....... 

3 so 3 so 0. 018 0.3 
mo 167 0 
pd2 

Hence, there are only three parameters left to be controlled. 

1) VG = minimum-gap velocity 

In the wind-tunnel constructed for these experiments 

we can cover a range of gap velocities up to SO m./sec. 

2) f = r atural frequency of vibration of the tube. 

This is controlled by tension in the wire and li~ited 

by the tensile strength of the wire and the ava i lability of 

an adequate support . 

3) o = logarithmic decrement of damping . 

This depends primarily upon the wire material, support 
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conditions, aerodynamic damping and external fluid damping 

(if used). 

It is obvious that to scan the above region , V and 

f wil l be inter-related whereas 6 can be varied independently . 

These two sets of parameters are evaluated as follows: 

(a) Logarithmic decrement of damping : 

From Lazan ' s book [143] on '' Damping of Materials and 

Members in Structural Mechanics'', an approximate value of 

n (called loss factor) for stainless steel in bending is s 

10- 3 . 

Logarithmic decrement 6 is defined as n ns = 0 . 00314 . 

As there will be additional damping due to support 

conditions and contrioution due ·to aerodynamic damping, the 

total damping obtained from the actual tube will be more than 

0 . 00314 . However, the minimum 6 required is 0 . 018 and there­

fore , it is hoped that we will be able to obtain a value of 

total damping close to 6 = 0 . 018 . 

Higher damping values can be obtained by installing 

a cup and paddle arrangement similar to that used in the 

previous tube-model at each end of the tube and tken using 

different fluids in it . It was found that with this kind of 

arrangement we can realise 6 values as high as 0 . 44 . 

(b) Gap velocity and natural frequency of vibration of tube: 

As we will like to keep the tension in the wire as 

low as possible, the limitin g design case would be : 
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0 . 077 


If we take the minimum gap-veloc ity i n the wind - tunnel as 

3 m. /sec ., we must have f = 3/0.077 ~ 40 Hz . From (1) , 

(2) and (3) for f = 40 Hz . we have 

T 21. 9 Kg 

(J 2.s x 10s kN/m 2 

cS 0.0002 m. 

As these figures are safe , i t indicat es t ha t we can obtain 

a natural frequency of 40 Hz . from the given piano-wire 

by stretching it about 0.0002 m. 

Next, as the maximum gap-velocity available is SO m. / 

sec . , keeping the same tension in the wire we can traverse 
VG SO VG -r up to 40 = l . 2S or fd up to 48 . As the vortex-shedding 

VG 
threshold is expected to be somewhere between fd = l . 2S to 

VG 
S, this designed range of fd up to 48 is satisfactory . 

On the other end of the velocity parameter scale 
VG 

we need 2 . 56 and if we use a limiting upper gap ­-r 
velocity of SO m. /sec we require f = S0/2S6 = 19.2 Hz. and 

this can be obtained by stretching the wire by cS = 0 . 00004 m. 

for convenience if we keep f = 19 . 2 Hz . fixed and just vary 
VG 

VG, we can cover a range of fd from 6 . 26 to 100. As th e 

stab i lity threshold for fluidelastic mode of vibration 

is expected to move up with increasing values of the damping 

parameter, thi s lowest value of velocity parameter= 6 . 26 

should be sa tisfactory . 
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Thus it is seen that for a certain value of damping 

if we set a constant f = 40 Hz . then by varying the gap 

velocity between its limiting design ~alues we can cover a 

velocity parameter range from 3 to 48 . Also by setting f 

at 20 Hz . the corresponding velocity parameter range covered 

will be 6 to 100 . Similarly by setting f at various other 

values (depending on nhe damping value) a wide range of desired 

velocity parameters can be realised. 

Summary and Conclusions 

An analytical study of a light aluminum tube sprung 

on a piano-wire has proven that such a prototype tube-model 

is feasible and the desired ranges of the various parameters 

can be obtained. 

It is expected that this tube-model will give closer 

parameter control, improved directional ac curacy and will be 

cheaper to manufacture than the coil-spring model. 



APP ENDIX D 

SPECIFICATIONS OF THE 
I NSTRUME NTS EMPLOYED 

1 . 	 Vibr a tion Pick-up of Singl e Tube Assembl y 

(i) 	 Proximity - Vibration transducer 

DISA Type SlDll (C an measure up to + - 5 mm. 

deflections) . This transducer has a built-in 

t ank circuit so that it may be conne ct ed to the 

os c ill a t or dir ect ly . 

(ii ) Os ci l l a t or 


DISA Type 51E02 


( ii i) Reac t a nce conver t e r 

DISA Type Sl EOl 

Supplier: DISA El ek tron ik A/S , DK2730 Her l ev, 

De nma r k . 

2 . Yibration Pick- up o f a Movab l e Tube i n t he Array 

(i) 	 Capa c i ti ve probe 

Wayne Ke r r Type MCl (0 . 01 0" f u l l sca l e r ange) 

(ii) 	 Vibra t ion me t e r 


Wayne Ker r Type B731B 


(iii) 	 Way ne Kerr low-pass f i lter ; _'fodcl F731A, 

Supplie r: The Wayne Kerr Company , Ltd ., England . 
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3. 	 Flow Measurements 

(i) 	 Pitot - static probe 

Part No . PBC-18 - G-16-KL 

Supplier : United Elec t ric Controls (Cana da) 

Ltd . , Mississauga . 

(ii) 	 Betz ma nometer 

Suppli ed by : Thermovol t Instruments Ltd . , Toronto , 

S . No . 	 112 48 . 

(iii) 	 90° miniature hot -wire probe 


DISA Type 55 Pl 4 


(i v ) Hot -wire p robe support 


DI SA Typ e 55H 21 


(v) 	 Cons t a nt t empe r a tu re a n emome t e r 

DI SA Type 55A0 1 

Supp l ie r : DISA El e c k tron ik A/ S , DK 2730 Har l ev , 

De nmark . 

4 . 	 Osci llos c opes 

(i) 	 Model 1 20B ; Hew l ett &Packard, 

I t i s a ge ne r a l- purp ose os c i l l oscope whose band­

wid t h exte nds f r om D. C. to 450 kc . 

(ii) 	 Tek t ronix ; Type 564 , Storage Osc i llo s cope . 

Wi t h Type 3A72 Du al-trace amp l ifier a nd Type 

2B67 Time base . 

5 . Recorder 

(i) 	 Visicorder Os cillograph, 
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Model 2106, Honeywell test instruments Inc., 

Denver, Colorado. 

It is a direct writing 12~channel oscillograph 

that records at frequencies from D.C. to 13,000 

Hz . The oscillograph uses a high-pressure 

mercury vapor lamp that emits high intensity ultra­

violet light, which is reflected from miniature 

mirror galvanometers through a precision optical 

system into the recording paper. 

(ii) 	 Universal counter, 


Model 5325B, I-IeHlett Packard, 


Range: D. C. 0-20 MHz. 


A.C. 10 Hz . - 20 MHz. 

+Accuracy: - 1 count 

6. 	 Fourier Analysis 

A combination of the following Hewlett Packard units; 

(i) 	 Control unit: Model 5475A 

(ii) 	 Computer: Moel 2100A 

(iii) 	 Display unit: Model 5460A 

(iv) 	 X-Y recorder: Model 7635B 

(v) 	 Tape reader: Model 2748B 

7 . 	 Meters 

(i) 	 Electronic voltmeter 


Type 2409 , Bruel &Kjaer 


(ii) 	 Multimeter, 


Model 3470, Hewlett Packard 
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(iii) Hand-held Tachometer, 


Manfr. Hasler S.A . Berne, Switzerland. 




APPENDIX E 

INSTRUMENT CALIBRATION 

1. Calibration of Displacement Transducer 

Calibration of the proximity transducer (DISA 

Type SlDll) was done using an arrangement shown in figure E . l. 

The micrometer screw was turned in order to obtain a known 

variation of the gap between the aluminum plate and the 

electrode of the transducer. The corresponding output of 

the transducer system (in volts) was then recorded. The 

procedure was repeated for a range of gap widths and a complete 

calibration curve was drawn. Any nonlinearity in the 

calibration curve was corrected by adjusting the nonlinearity 

knob provided in the reactance converter (DISA type SlEOl). 

Transducer circuitbry was always balanced before starting 

the calibrations and also before any actua l measurements 

were conducted. The calibration curves for the two trans­

ducers used are given in figures E. 2 and E .3 . 

2. Calibration of Wayne-Kerr Transducer 

The Wayne-Kerr trans<lucer was calibrated by usin g 

joe-blocks (precision blocks) as shown in figure E . 4. The 

gap between the block and face of the transducer was set 

by using a feeler-gage. The output of the transducer 

system (in volts) was recorded and the procedure was repeated 
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by setting different gaps by feeler-gages. The calibration 

curve for the transducer has been plotted in figure E.5. 

It is seen that the transducers are linear for up to 

approximately 0 . 4 mm. (0.016 in . ) whereas the specification 

provided by the manufacturer is only 0 . 25 mm . (0.010 in.) 

3 . Calibration of the Movable - Tube 

As the Wayne-Kerr displacement transducer was 

installed outside the wind-tunnel, close to the top end of 

the piano wire (see figure E. 6), a calibration was conducted 

to establish a relationship between the deflection of the 

tube at the middle and that recorded by the Wayne-Kerr trans­

ducer. The arrangement is shown in figure E . ~ and the data 

obtained has been plotted in figure E.7. It is evident that 

there is a linear relationship for tube deflections up to 
. + + . .. approxima tely - 0 . 7 mm . (- 0.028 in.) 

4. Calibrations of the Hot-Wire Probes 

The hot-wire probes were calibrated in a known flow 

field of good accuracy . A carefully constructed calibration 

nozzle giving a low turbulence potential core some 20 mm . 

(0 . 8 in.) in diameter was available in the department (figure 

E. 8) . This nozzle has been very carefully checked for flow 

uniformity and turbulence level (Ref . 141). The nozzle 

uses a contour , s uitable for wind-tunnel contraction desi gn, 

the curvature being arranged to give a flat velocity profile 

at the exit . 
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A pitot-probe and the hot -wire probe (to be cali­

brated) were mounted side by side at the exit of the 

nozzle . The blower was run a t a constant speed and a 

steady air flow through the calibration nozzle was established . 

The outputs of hot-wir e probe and the pitot-probe were 

recorded from a con s tant temper a ture anemometer and a Betz 

manometer respectively . The flow velocity (m./sec . ) was 

plotted against the output of the hot -wire probe (volts) . 

The procedure wa s repeated fo r a range of blower speeds and 

a complete calibration curve as shown in figure E.9 was 

drawn . For clari t y th e data points at very low flow 

velocities have been replotted in figure E. 10 . It is to be 

noted that this is a t ypical calibration c urve . The calibra ­

tion curves were obtained for each of th e hot-wire probes 

us ed . The hot-wir e probe was calibrated before each set of 

experiments and th e calibration checked afterwards . 

The maximum range of interest for the flow rates 

is up to Vr; = 1 3 . 7 m . I sec . ( 4 5 ft. / s e c . ) on1y . The above 

data for thi s range ha s been replotted in fig ures E .1 1 and 

E . 12 . It is evident that most of the data points seem to 

be following a 0 . 55 law rather than King's law based on a 

velocity expo nent of 0 . 5 . 
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APPENDIX F 

COEFFICIENT OF LIFT OF THE TUBE 

The movable tubes have been designed so as to give 

a linear load-deflection curve for up to 
+ 
- 1 mm . of tube 

deflection. This novel feature of the tube was utilized 

to obtain an instantaneous value of lift-coefficient when 

the tube was vibrating at large amplitudes in the fluid-el a stic 

region . 

For a sinusoidal force input the equation of motion 

of the tube is : 

mx + ex + kx = F s in wt 	 (1 )
0 

where 	 m mass of th e tub e 

c absolut e damp ing of the tube 

k effective stiffne ss of the tube 

F s in wt = sinusoidal force input at fr e qu enc y w. 
0 

Th e steady - s t a t e s olution of e qu a tion (1) i s g i ve n 

by : 

x = 
F / k 

0 

F / k 
0 
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11 Natural frequency of the tube . 
m 

for w 

x 

wn (at resonance) 

F /k
0 

c w /kn 

F /co w n 
(2) 

Logarithmic 

damping, is 

decrement of damping , for 

given approximately by: 

small values of 

o = 2nE;' 

where E;' 

c c 

= damping factor= 

critical damping 

c/cc 

factor 2 m w 
n 

Therefore, 

or 

0 

c = 

2 

0 

c 
2 m w n 

m w n 
1T 

Substituting 

x 

in ( 2) : 

n F 
0 

or 

F 
0 

X o m 

1T 

2 
w 

n (3) 

Next , by definition , the coefficient of lift is given by: 

F 
0 
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Substituting for F from ( 3) : 
0 

2x 6 m w 
2 2 

n (4)CL 

7f d
P VG 

When the movable tube is tuned to a known value 

of natural frequency (w ) and damping ( 6 ) and is oscillating
n 

in steady state at a certain flow velocity (VG), expression 

(4) can be used to compute the instantaneous value of the 

lift-coefficient (CL) corresponding to any value of tube­

amplitude (X). 
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