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ABSTRACT 

This thes1s investigates and aims to uncover the cause of ovall ing 

oscillations of cylindrical shells in cross flow. 

Experiments were conducted with thin-walled cylindrical shells 

clamped at both ends and subjected to cross flow. The natural frequencies 

and modal damping of the system were measured. A systematic investigation 

of the wake characteristics of a rigid cylinder. in the presence of a 

splitter plate, confinned that the splitter plate is effective in 

suppressing periodic vortex shedding. but not in suppressing ovall ing 

oscillations. Experiments on a cylindrical shell with a glued-on ÏFlsert 

and another shell with a IIwake el iminator" in place have clearly 

deroons trated the importance of ~ake fl ow on the stabil ity of the system. 

A refined quasi-static aeroelastictheory was developed, to 

predfct the threshold for ovalling oscillations of a clamped-clamped shell 

in cross flow. It was found that the system may develop oscillatory 

instabil ities associated with negative aerodynamic damping. Consistently 

with experimental observations, the theory also shows the importance of 

pressure fluctuations in the wake. in predicting the threshold flow 

velocities for ovalling. 

lastly, utilizing measured pressure distributions of (static) 

defonned shell shapes and th~ phase relation between shell vibration and 

the 1nduced pressure, an ent1rely new analytical model was developed for 

pred1ct1ng the onset of oYlll1ng; 1t ws shawn that the s,Ystem 15 capable 

of extraçting energy fran the flow field. and a reasona.bly good prediction 

of the threshold flow veloctty for ova111ng ..as obta1ned. 

.. 



( S{)IlIMIRE 

Cette thêse analyse et vi se a trouver les causes du flottement 

des coque"s cylindriques soumises a un écoulement transversal. 

Des essais ont t'!tt'! conduits sur des coques cyl indriques mimes 

fixées aux extrémités, et sourn; ses a un écoulement transversal. les 

111 

fr~quences naturelles et l'amortissement modal du systême ont aussi até 

mesurés. Une étude systêmatique des charactéristiques du sillage d'un 

cylindre ri gi de .en présence d'une a il ette séparatri ce, a con fi nné que 

celle-ci est efficace pour la suppression du décrochement tourbillonnaire 

périodique, mais non a prévenir le flottement de la coque. Des essais sur 

une coque cylindrique mun'ie d'un pièce insérée collée ainsi que sur une 

autre munie d'un "suppresseur de sillage" ont clairement démontré 

l'importance de l'écoulement dans le sillage sur la stabil ité du systême. 

Un rnodê le théorique quasi-statique a~l loré a Hé développé pour 

prédire le seuil du flottement pour des coques fixes aux extrémités, 

sourni ses a un écoul ement transversal. On a ai ns ; constaté que des 

instabilités oscillatoires associées a un amortissement aêrodynamique 

nêgatif sont possibles. Conformément aux observations expérimentales, le 

mod~le théorique démontre aussi l'importance des fluctuations de pression 

dans le sillage quand a la prediction du seuil des vitesses de flottement. 

Finalement, en utilisant des distributions de pression expérimentales 

sur' des coques dffonnêes (statiquement) t ainsi que la relation de phase 

entre la vibration de la coque et 11 pression induite, un IIIOdêle analytfque 

entilrement nouveau a lU dêvelop~ pour prldire le seuil du flottement. 
0" 

11 fut d@Inontrf que le systlme peut extraire de l'energie de la zone 

d ' lcouleMent, et une prediction ratsonnabl .. nt bonne du seuil du flottement 

a It. obtenue. 
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J NMNCLATURE 

. Unless otherwise specified, the notation used 1s as fo11ows: 

, 

Shel1 radius 

Shell diameter 

Young's modulus for the shell material 

Ova 11 ing frequency of the shell without an insert in the 
(n,m)-mode 

1 
Ovalling frequency of the shell with an insert in the (n,m)-mode 

Vortex shedding frequency 

f(e) Nonnal1zed tangent1al surface pow velocity, (VelU) 1 r=a 

h wa11 th1ckness of the she11 

L 

m 

n 

(n,m) 

p 

u 

Uttar 

Length of the she 11 

Ax 1 a 1 mode nunber 

C1rcumferentfal mode number 

• 

Mode identification, for a mode with n c1rcumf1!rentfa1 ~aves 
and m axial half waves 

Pressure 

Ratio f n.nif vs for the shell wit~out an 1nsert 

Rat10 f~,Jf vs for the she1l with an 1nsert 

Mean approach flow veloc1ty 

Thresho1d flow velocity for the onset of ovan1ng of the 
shell (w1thout an 1nsert) for the mode occurrfng f1rst with 
tncreas f n9 f10w 

Threshold flow velocfty for the onset of ovall1ng of the 
she11 (w1th an 1nsert) for ~the mode occurring ffrst with 
tncreas 1 ng f10w 

Threshold flow veloc1t,r for the o"set of 1 particular lIOde of 
~.111ng of the shel1 (w1thout an insert) - but not necessarily 
the fint to OCcur w1th 1ncrRsing flow 

-



u,V.W 

~n,m 

~i 
n,m 

v 

p 

. \ 

ix J 

Thresho-ld flow velocity for the ooset of a par.ticular mode of 
ovalling of the shen (w1th an insert) - but not necessarily 
the first to occur with increasing flow. 

Displacements of the shell middle surface in the axial.· 
circumferentia 1 and radial di rections, respectfvely 

Tangential, radial and axial flow velocities 

Energy extracted from flu;d flow, per cycle 

Energy dissipated by structural damping, per cycl~ po , 

psi( l_v2 )/E 
<'II 

Modal logarithm;c decrement for dissipation in the shell 
without an insert, in the (n.m)-mode 

Modal 1 ogarithmi c decrement for diss 1pation 1n the "shell 
with an ;nsert, in the (n,m)-mode 

Poisson r S ratio 

Density of the fluid 

Density of the shell material 

Total veloc1ty potential of the fluid 

Velocity potential of the mean flow 

Perturbation veloc1ty potential 

" 

mth axial comparison function of the shell; 

\ 
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CHAPTER 1 

1 NT.RODUCT 1 ON -
• ~r 

1.1 Prel1minary Remarks 

Alter erection of thin metal chilllfley sucks in Moss Landing, 

Cal1fornia in the 1950's, ovalling oscillation {a relatively new phenomenon) 

was seen to develop in a steady wind of moderate velocity. Unlike the 

more common swaying oscillation of chimney stacks, "breathing" or "oval1ing" 

vibrations are characteri,zed by periodic defonnation of the cross-sectional 

shape of the stack. tf{e defonned shape at any cross-section may be 

described by its radial component which varies circumf~rentially 

proportionately to c9s ne, where e is the usua l (azimutha 1) angle and " 

i5 the circumferential wave number; i.e. t n is equal to the number of 

full sinusoidal waves around the circumference, so that the number of nodal 

points are twice n (see Figure 1.1). For example, beam-like swaying 

motion is characterized by n:1, whilst for n:2 t the second mode of o".lling, 

there are four nodal points and two full sine waves around the pèriphery 

of the stack. In common usage, "ovalling" refers to al1 shell modes of 

oscillation for which n ~ 2, but strictly speaking it should be restricted 

to the second circumferential mode. 

The Moss Land;ng incident prompted Dickey and Woodruff (1) and 

Dockstader .t al. [2] to investigate the cause of the vibration; they 

conducted some on-site full seale tests on the stacks. In the1r stu~St 
. 

the vortex shedding frequency was inferred by assuming a Strouhal nlilber 
, 

(S • fYSD/U) of S ;r 0.22, rather the" be1ng actual1y ateasured. They fouQd 

-- . -_._._-,-----~---~--_._-
~...... .;..."._. _______ ._" __ "_'''-' __ _________ .. ----,..,1:...-:"'---
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.. 
that the second-.ode ovell,ing, frequency occurred et. or close to, the 

natura 1 frequency of the stacl~ and that it corresponded to approx;lIItely 

tw1ce the vortex shedding frequency. Since it is well established that 

~ying oscillation of chimneys is caused by the alternating forces 

induced by the periodic shedding of vortices in the wake of the stack, 

, Dockstader et al. proposed that a similar mechanism was responsible for 

oval1ing oscillation, where now periodic vortices would excite ovalling 

at double their own frequency, such that the chimney would go through two 

cycles of oscillation for eaçh pair of vortices shed. 

Having questioned [3] the necessity of a 2:1 relationship between 

the oval1ing natural frequency and the vortex shedding frequency, Shanma 

and Johns [4] conducted an extensive series of wind tunnel experiments 

on metall;c cylindrical shells. They concluded that ovalling oscillations 

were induced subhanmonical1y by vortex shedding [5], such that there was 

2 

a more general integral relationship (ratio) between the ovalling frequency 

and the vortex shedding frequency, and that this integral ratio, r, ranged 

from 1 ta 6. Again it shou1d be noted that Sharma and Johns also did oot 

.easure the vortex shedding frequency, but calculated it by assuming a 

constant Strouhal number of either S = 0.20 or S = 0.166. They then 

extended the Dockstader et al. argument, and proposed a mechanism whereby 

a cy1indrical shell would undergo a number of full cycles (for r s 2, 4. 

6, respectively), or a number of healf cycles (for r odd), of oS(:illation 

for each vorte~ shed. Since the vortex shedding frequency was not known 

precisely. the hypothesis that ova111ng was 1nduced subharw>nically by 

vortex shedding ·could not be said to have incontrovertibly ~en establis'hed. 

Il' 
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To test this hypothesis further. Paidoussis Ind Helleur (6] 

conducted expert.fats 1n which they Masured both the vortex shedding and 

ovalling frequencies. They found that an integra1 relationship between 

the two existed only close to the onset of ovalling. With increasing flow, 

beyond the threshold of oval1ing, there was no fonm of lock-in or 

synchronization between the vortex shedding frequency, fvs' and the shell 

ovalling frequency, fo' in contrast to what is usually found in the case 

of swaying oscillations. Hence it was tentatively concluded that, although 

vortex shedding may trigger the ovalling oscillation, it is not essential 

for the maintenance of the oscillation. Nevertheless, further experiments 

w1th a long splitter plate mounted behind the cylindrical shell, ta suppress 

periodicity in the wake f7], showed that ovalling still occurred. This 

suggested periodic vortex shedding neither initiated nor sustained oval1ingl 

The dispute over the cause of oval1ing led ta a series of 

investigations by Aaron [8], Wang [9J. and Suen [101. They confinmed that 

ovalling was a phenomenon independent of periodic vortex shedding. Other 

findings by the three authors, simi1ar to those reported in Ref. [6], were: 

"(1) oval1ing occurred at essentially one of the shel1 natural frequenciesj 

(1i) there was no lock-in of the vortex-shedding frequency to the shell 

frequency, of the type comman in the swaying type of oscillation; (iii) at 

onset, it was not always true that fo/fvs = integer. Hence, these 

1nvestigators concluded~that even the sub-multiple relationship between 

fvs and fo is not an essential prerequisite for the ons et of ovalling. 

Experiments conducted by Wang on a clamped-clamped cyl indri cal 

'sbell spanning the height of the working section of the wind tunnel showed 

that ovalling could occur in two-dimensional flow. Paidoussis and Wang 

, -- ----- ---------------., ••• ' .'.fll._ 
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(9,11) then developed an analytical model for the aeroe1astic instabilit) 

of an infinitely long cylindrical shell in cross flow. It was found that, 

, at sufficiently high flow velocity, certain types of shell motion lead 

to flutter, of the single-degree-of-freedom, negative-aerodynamic-damping 

type. The mode shapest leading to instability ~s predicted by theory 

4 

agree with experimental observations; however, quantitative agreement between 

predicted and measured thresholds of instability is poor. 

By uti1izing three-dimensional shel1 equations, the theory was 

extended to deal with cylindrical shells of finite ~ength and clamped ends 

[10.12]. Even though the new theory gave a better representation of the 

actual experimental system [10,29], it was found to still greatly over­

estimate the critical flow velocities--for the onset of ovalling. 

Everything 50 far indicated that alternate vortex shed4jng was 

not the cause of ovalling. However, one 1ast possibi1ity remained: that 

of synchronous symmetric vortex sheddin9, such as that observed for in-11ne 

oscillations of cylinders (13). However, in a special study of this 

question with shells in cross f10w, no synnetric vortex shedding was 

detected, either before or after the ons et of ovalling (141. The sa.e 

study a1so ruled out acoustic coupling as a mechanism for initiating OT 

sustaining ovalling oscillation. 

1.2 The Present Thesis 

It ~e~ that the mechani~ underly1ng ovallfng fs far .ore co.plex 

than had previously been supposed. Hence. the objective of this thesis is 

fI .•.• the orientation of the .odes 11i1l-a-l1Ù the upstrea flow-veloc1ty vector. 

-----'-------~------____ A ______ ...... __ ~ __ __ 
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to further exalline and hopefully uftCover the -true- cause of this intriguing 

phena.enon. 

The experillenul part of this thesis includ~s lIOdal dulping lleasure­

lents and wind tunnel tests involving a cla.ped-cl.~ cylindrical shell 

in cross wind. The apparatus is described in Chapter Z. An iaproved and 

~fined technique, as described in Chapter 3, WlS deve10ped for measuring 

shell damping, whieh is an essential prerequisite for the theory to 

predict the threshold flow velocity for the onset of ovalling instability. 

Chapter 4 describes" a specifie set-up where shel1 motion was 

restricted over part of the shell circumference, the ultimate ai. being to 

1..abilize that part of the shel1 whieh lies in the wake; this would then 

correspond better to the theonetical model of Refs. [9-121, where the wake 

was viewed as a dead region and as having no effect on the stabi 1 ity of the 

systeM - thus enabling a better coaparison of the analytical and 

experimental results. To evaluate the effectiveness of the splitter plate, 

the periodicity in the wake of a rigid circular cylinder with and without, 

a splitter plate was thoroughly 1nvestigated. As will be seen in Chapter '4, 

the experi.ntal exidence indicates that wake flow does play an important 

role in precipitating ovalling oscillation. For this reason. a special 

wke eli.inator was constructed, and further tests were conducted, as will 

be descri bed in Chapter 5. In the S&lDe Chapter. the prob 1 enas encou!"tered 

~il. attelpting to si.ulate a ful'y potent;al flow .round the cylindrical 

shel1 will be discussed. 

Chapter 6 presents an .nalytical .ode 1 for the aerotlast1c 

1ftstabi11tyof a c1uped-cla11p1d shel1 in cross flow. The theory of 

,..f.,rences [10,121 .. s extended ,to account for a .. 1ng fluid-solfd 

- - - - ----,----,.-------------
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boundary and the pressure fluctuations in the wake due ta shen IIOtion. 

Chapter 7 is devoted to the calculation of energy input to the 

system from the air-stream. The calculation is based on quasi-static 

analysis, utilizing measured time-average pressures of certain permanently 

defanaed (static) shel1 shapes. For this analysis. the phase difference 

between the perturbation pressure field and the shell displacement has 

ta be known. The determination of this phase is discussed in Appendix E. 

Finally, the major findings of this work are discussed and 

summarized in Chapter 8. 

6 
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CHAPTER 2 

DESCRIPTION OF THE APPARATUS 

A nllllber of different experiments were designed to explore the' 

.. chanfsm of ovalling oscillations of a th1n cylindrical shell in cross 

7 

flow. In this Chapter, only the main experimental set-up and instrumentation 

will be describedj other special set-ups which serve specifie functions 

will be described in subsequent Chapters, which .. kes for .are meaningful 

and interesting reading. 

2.1 The Wi nd Tunnel 

The experiments were conducted 1n 1 low speed, open return w1n4 

tunnel (see Figure 2.1) with a elosed working section of 0.91 m (3.0 ft.) 

wide and 0.61 m (2.0 ft.) high. The wind speed range is about 0-45 mis 

and the longitudinal turbulence is eertainly less than 0.5% [15]. The 

boundary layers on the top and bottom walls of the tunnel working section 

are about 31.8 II1II (1.25 in.) thiek while those on the side walls are 

about 50.8 mm (2.00 in.) thiek. 

The flow veloeity was detenmined by measuring the pressure 

differenee between the atmospheric pressure and a referenee pressure, 

upstream of the working section. With this pressure d'tfference, the actull 

wind speed at the working section was 1nferred from 1 calibration curve 

[151. When the model was in place, the wind speed was· corrected for 

blockage effects [16]. For a circular cyl1nder of 76.2 _ (3.00 in.) in 

diameter. spanning the height of the tunnel, a 51 cor~tion was calculated. 
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2.2 The E~xX She 11 

The test shel1s were spin-cast from low viscosity epoxy material. 
\ 

The diMensions and geometry of the shells tested are tabulated in Table 2.1. 

Measurements~around the periphery of the cylindrical shell indicated that 

there was approximately a 5% variation in wall thickness. 

In some tests, the test models used (as shown in Figure 2.2) had 

an aluminium insert glued onto tht inner surface of the shel1. The 

pUrpose of the insert, which has the form of part of a cylinder. was to 

restrict the motion over that portion of the flexible shell. The ultimate 

.1. was to have a rigid body in the wake, with on1y the front part, 

1y1ng in the unseparated flow region, being flexible. This would then 
, 
arovide a crucial test for the t~ry, whe,re 'the flow in' the wake was 

19nored, as will be explained in due course. 

2.3 Basic Experimental Set-Up 

The flexible cylindrical shell (of length approximately 584 mm 

(23.0 in.), see Table 2.1) was mounted at the center of'the working section, 

spanning the he1ght of the wind tunnel, as sh~n diagrammat1cal1y in 

F1gure 2.3. It was clamped at both ends .. resu'l t:ing in an effective length 

of 533 mm (21.0 1n.); precautions were taken to avoid any axial loading 

on the she 11 • 

Shen vibration caused by w1.nd excitation was sensed by 1 fibre­

optic ~fotonic· sensor. Noting that ov.111ng in the second mode occurred 

with a node façing the free stream, whl1e in the th1rd lIIOde there was an 
1 

.. Unode fac1ng the flow. for .ost experi.nts the fotonic sensor was 

--_ .. ) .... --~ ~ . ... __ .. ___ . _____ --_--.--=--=--_-_-_-_-_-__ -_-" .. -_~_-_-. -_--!!:J!!I!\L--_ .-
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positioned at an angle of 45° to the flow-veloeity veetor and 127 ... 

(5.00 in.) above the tunnel f100r •. The light beam emitted from the fotonie 

probe was first projected onto a mirror and then reflected onto the 

cylindrical she1l (see figure 2.3). The intensity of the ray t.eflected 

from the shell surface back onto the sens or determines the instantaneous 

position of the surface. A sh;ny meta11;c tape acting as a reflector was 

attached to the she1l surface. 

The periodicity in the wake was sensed by a hot wire anemometer. 

The hot wire was positioned near the free shear layer and a few diameters 

downstream of the cylinder (typical1y in between positions 15 and 16 of 

Figure 4.6), and at a height of 203 mm (8.00 in.) above the tunnel floor. 

Both the hot wire and fotonic sensor signals were processed by 

a Hewlett-Packard 5420A FFT signal analyzer. The dominant frequencies 

could be, identified and measured fram power-spectral-density analysis of 

the signa l s . 

. The type and maké of instruments used are listed in Appendix A. 

2.4 Experimental Procedure 
i 

Ta study the wind effects on the,cyl1ndrical shell, the procedure 
• 

was to start the wind tunnel at a low fTow velocity, approximately 2 mIs, 
, . 

and gradual1y increase the wi~d speed in steps of roughly 2 mIs, ~p to 

aro~nd the critical velocity for the onset of ovalltng. From then on, the 

flow velocity was- increased in smal1er steps of about lm/s. The behaviour . 
of the shell was observèd. from the top and through a side window in the 

working secti~, and thus the oval1ing.mode shape could be identified with 

1. 
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the .id of • stroboscope. For .ach flow condition, the wind speed, 5he-11 

respon,s •• and vortex shedd1ng frequency were recorded. The flo. V.locity 

_s then 1nc .... nted and the SUIe procedure repeated. 
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CHAPTER 3 

NATURAl FREQUENCY AND MODAl DAMPING MEASUREMENTS 

The llain objective of the experiments presented here WlS to 

accurately measure the modal damping of th~ shell. This information is 

necessary for the theoryt, to be able ta predict the threshold flbw veloc1ty 

for the onset of instability of the cylindrical shel1 (see Chapter 6). 

Knowing the natural frequencies of the shell will a1so aid in analyzing 

the measured frequency spectra of shell motion. 

3.1 A Survey of Experimental Techniques 

There are numerous methods for detenmining the naturel frequenc1es 

and modal damping of a system [17-22]. 

The simplest experimental technique, which requires little 

instrumentation and is easy to perform, is the so-called dBaay of jree 

vibration method. Ideally, the rate of decay of vibration of a structure 

excited by a force impulse is recorded first; then the time between peak 

amplitudes gives the period T, and the amplitude ratio gives the 

10garithmic dec~ement ô (dampin~). However, this approach will only yield 

reasonable resu1ts for simple structures, as in the case of axial , 

'torsional or bending motions of a bar. Moreover, on1y the fundamental 

mode of the system may be determined, and difficulties associated with 

beating arise if two frequencies are close together. Î 

t The theory suggests that for certain modes of oscillation, the motion 1s 
aerodynamically negatively damped; instability then occurs wherr this negative 
damping is equal to the internal dissipative (positive) damping of the 
shell; hence the need ta know the latter. 

~- - . --- "---.---. -"'-'_' ____ """_' •• """11"'., ._ttIll7 __ :I1111,._ 
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1 R.sonance tssting.is a more elegant method, where the structure to 
1 

be studied 1s excited harmonical1y by a force, and the displacement (response) 
1 
l ' 

is ~nitored as a function of frequency. Hence, in princip1e, any mod~ 
l ' _ 

of /the system may be determ.ined. The most conrnon form of resonance testing 
, r 

.is/the peak ampLitude method, where the natura1 frequency and damping are 
i 

d~uced from a "response curve" of total disp1acement amplitude (or, 
1 

~tter yet, the ratio of response to excitation) plotted against the driving 
"' , 

frequency. As the name suggests, the resonance is defined, very simply, 

to Dccur when the response reaches a maximum. The 10garithmic decrement 

is given by n*(f2-f1)/fn where f1,f2 are the frequencies associated with 
" 

the half-power (l/n of the amp1 itude) points and f n' is the natural 
" 

frequency. The advantage of this technique is that no phase information 

(between response and excitation) is needed. However, this phase information 

can. in fact, 1ead to enhanced accuracy. A second 'shortcoming of, this 

method 1s that-it is 1imited to 1ightly damped systems having no closely­

spaced natura1 frequencies. T~o closely-spaced natura1 frequenc;es may 
, 

, 
contribute to the amplitude at a~ intermediate frequency, resulting in the 

erroneous determination of frequency and'damping of only one (pseudo) mode. 
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• 8ei~aware of the possible defects generated by the techniques 

mentioned above, it was then decided to perfonm the tests for the present 

study by the method of Kennedy and Panau [20,21]. This approach is capable 

of providing reliable resu1ts, ev en when the damping is high and the 

frequencies are close to one another; as such, it has proven particularly 

suitable for shell-type structures. This is a sophisticated method which 

requires the driving frequency to be precise]y control1able, also the 

frequency and phase of the excitation force, as wel1 as the response, must 

be measured accurately. The method itself will be described in terms of 

sample results in Section 3.4. 

3.2 Description of the Experiment 

The experimental set-up is shown schematica11y in Figure 3.1. The 

shell was excited acoustically by a small laud-speaker. placed near its 

upper end; the excitation frequehcy could be precisely controlled through 

an oscillator. Measurement of the input force (pressure) was made via a 

.1crophone, and the shell vibration was monitored by the fotonic sensor. 

80th llleasurements were made on the same 1 eve 1 above the tunne 1 f1 DOr • 
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3.3 Testing Procedure 

\ , 

The natural frequencies and modal damping for the second and third 
~ 10 

modes of ovalling were measured in still ~ir. Before the actual testing 

was conducted, it was nec.essary to ensure that the "excitation force" was 

stablet and sinusoidal in nature. This is essential, as the quality of the 

measurement depends largely on the stability of the driving frequency, and 

a very small variation in frequency may give rise to very large fluctuations 

in the response lev~ls when measuring near a resonance. Figure 3.2 shows 

the power spectral density of the excitation signal registered by the 

microphone. It is seen that only one prominent peak was recorded, suggesting 

that only the fundamenta1 forcing frequency was exciting the she11§. The 

frequency spectrum of the shel1 vibration, as shown on Figure 3.3, also 

contains one dominant frequency peak. 

The genera1 experimental procedure was to first monitor (on the 

oscilloscope) the shell response due ,ta the acoustic excitation, ~h;le 

sweeping the excitation frequency through a specified frequency range; in 

this way a rough value of the natural frequency could be obtained. Then, 

the actual measurement was obtained by initia11y setting.the forcing 

frequency around 10 Hz below this value and slowly increasing the frequency, 

up ta about 10 Hz above it, coneentrating more measurements in the neighbour­

hood of the resonance frequency. Both the excitation and response sig~als 

touring the early stages of the experiment, it was discovered that both the 
oscillator and fotonic sensor units had "drifting" problems; i.e., the 
oscillator frequency might shift by 0.5 Hz per half hour, and a zero shift 
of about 50 mV {typically 2% on the set value} on the fotonic sensor un~t 
could also occur. This was overcome by allowing the instruments to warm up 
for a sufficiently long time (about 2 hours). 

§The small circles on the peak and on the abscissa are, respectively, at the 
fundamental frequency and at (ab,sent) harmonies. 

-
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were processed in the tran<~unction mode of the~;;"'dYnamiC Slg~:t · · 
analyzer. As it take~'::m~ for the system ta achieve a steady-state . ' 

val~e whenever the frequency was varied, readings were taken when two 

consecutive sample sets (25 averages each) of the signals produced sensibly 

thr same results. 

3.4 Results and Discussion 

10 
The data reduction technique for the Kennedy-Pancu method 1's te 

plot the complex impedance of the system at different frequencies on an 

. Argand diagram. Idea lly, the data points for a one-degree-of-freedom 

system form an ex~ct circle (see Ffgur~ 3.4) . The resonant frequency Jies 
" 

at the absolute maximum of the circle on, or parallel to, the imaginary axis. 

The logarithmic decrement is thèn given by [22] 

where f21 f
" 

~2, and ~1 are defined in Figure 3.4 and fo 1s the natural 

frequency. For a multi-degree-of-freedom system, such as the shells used in 

the experiments, if sufficient points are available to draw a circle in 

the complex impedance plane, then the modal 10garithmic decrement, ôn,m' 

is given by 

Ôn •• ~ 2n(f2-f,)/[fn.m(tan., + tin .2)]' 
\ 

... 

.. -

( \ where fn.m 1s the natural frequency associated with the nth circumferential 

r and.th axial number. Ideally, '1' ~2' f , and f 2 are the angles and 

. -- -- --------------1,-.. -1-__ 11._1 .1.' .... 
. .,."'--* _._~~------ ----~------- ~-- - -- -' -. - -~-- -----.----
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frequendes ~ssociated with half-power points, but cou~d s1mp1y correspond' 

"ta any two points on either side of the maximum. 

As the shell response to the acoustic excitation is very lowt • only 

a very sensitive instrument, such as a fotonie sensor, 15 capable of pieking 

up the vibration. 

The circlIIIferntial mode number. corresponding to any g1ven natural 

frequency, is identified with the aid of a stroboscope, with the shell 

excited into ovalling by the wind. Moreover, sinee the present experimental 

set-ûp resemb 1 es tha t of Suen' s [10]. the eorres pond; ng axi a l IIIOde nUlllber 

of the elamped-clamped shel1 is based on his findings. 

Results will now be presented for shells with and without a gluded-on 

insert (see Section 2.2). 

In the course,. of the exper'hlent. sorne technical difficu1ties were 

encountered with shell A when an insert was util lzed; it was observed that 

the glue (liquiSilk). whieh was usee! to ho1d the insert into position. reacted 

with the shell surface. As a :e~~1 t~oekets of air bubbles were fonned 

between the insert and the shell. Th'ls gl ue was chosen as it was readily .-; •. 
, 

dissolved by acetone, and the original idea was to salvage the shell after 

the experiment, by dissolving the glue. Because of the diffieulties with 

the ai r bubbles. the experimental results for shel1 A were viewed with sc. 
1 

suspicion; ~hey will ~ presented in Appendix 8. 

The same experiment was repeated with shell B. This ti_ epoxy _ 

glue, which has the same chenllcal properties as that of the she11, wes used. 

Epoxy glue a1so provides a better bonding between the _tal insert and the 

she11. 

fThe Ulplitude of .vibration is of the order of 1 -. 
- ----- - ._-~ 

1 P Il 
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Figures 3.5 and 3.6 show the mechanical properties of shell B 

(without an insert). It is seen that the experimental points fall almost 

exactly onto the locus of a perfect circle; the effect of the other modes, 

has slightly displaced the origin of the modàl circ1e away from the l imaginary 

axis (comparing with the plot for a single mode, Figure 3.4). The natural 

frequencies and modal damping of the second and thi rd modes of ova 11 ing are 

respective1y: f 2 ,1 = ,166.1 Hz, 02.1 = 0.051; f3., sc 216.0 Hz, °3 ,1 = 0.052. 

The repeatdbility of the measurements is excellent (compare Figures 3.5-3.6 

. and 3.7-3.8); the discrepancy for the resonant frequencies and modal damping 

between two different measurements. do ne on different days, are approximately 

0.2 and 4 percent, respectively. 

The effect on the Nyqui st plot of having an a lumini um insert glued 

onto the inside surface of the shell (preventing motion of about 20% of the 

shel1 surface) is shown in Figures 3.9 and 3.10. It is seen that for the 

n=2 mode, the natural frequency increases ta 209.0 Hz (an increase of 

approximately 26%) and modal damping increases to 6~ t 1 = 0.053 (an increase 

of 4 to 8%); while for the n=3 mode, f;,l:1: 227.7 Hz (an increase of 51) 

and ô~,l == 0.144 (an increase of 1751). The distortion of the Nyquist plot 

(see Figure 3.10) to a non-circular locus may be caused by the presence of 

another (yet to be identified) mode. The repeatability of the n-2 .ode 15 

good (compare Figures 3.11 with 3.9) whi1st it is poor for the n=3 lMKIe 

(cOIIIpare Figures 3.12 w1 th 3.10). The paor repeatab11 ity of the n-3 lIOde 

ay be, because of the higher damping, the 10ud speaker used fs incapable 

of providing consistent excitation for this particular \IOde. 
1 

Another shell, shell C, was used for the second phase of wind tunnel 

testing. The natural frequencies and .adal dallp1ng in thts ase .re 

- --~--_._----- -- -_... _. 
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( 
detennined f.,. Figures 3.13 and 3.14. Fc>r the n-2 lDIe, ~ 2.1 • 163.8 Hz. 

~2.1 • 0.032, and for the n-3111OCle, f3.1 ~ 226.1 Hz. ~3.1 • 0.036, were 

obtained. 

The lllechanical properties of the three shells are sUlllllarized in 

Table 3.1. It aay be seen that the present experimental set-up and 

procedure. us1ng acoustic excitation, appear to be ideal for any shel'-type 

structure with logarithmic decrement 1ess than or equal to 0.05. For higher 

~mping, the method 1s probably still good, but a more powerful loud speaker , 
1 

would certainly have to be used. Another advantage of the set-up is that 

it provides a source of -multiple-point- excitation. as compared with a 

single-point excitation of a mechan;cal exciter, where the chances of missing 

a vibration mode are greatly reduced. 

------- ---- ---_. --- ~--~--=========::::=~~~~~~~t _ - ___ • 4 --:::::;""... .... --

----------------- - ----~- ---
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CHAPTER 4 

flRST PHASE OF WIND TUNNEL TE5Tl"& 

4.1 Prel i.inary Rémarks 

ln this Chapter, experiments to exalline the behaviour of a 

cylindrical shell with and without an insert are described. Before presenting 

the results, one of the difficultie5 of these expèriments will be discussed, 

namely that of pinpointing the velocity for the threshold of ovalling. This 

difficulty arises because the shell response, as registered by the fotonie 

probe, does not increase abruptly from zero at the onset of instabil ity, 

as 15 indicated by linearized theory but, in fact, a more gradual increase 

in amplitude is obtained. Therefore, a "tangent method" was used to define 

the threshold flow velocity for the onset of ovalling. This method proceeds 

as follows: (a) a tangent ;5 drawn fram the curve of vibration amplitude 

Ver8US flow velocity, at the point where the amplitude change becomes 

distinct; (b) to compensate for the increase in amplitude with flow due to 

buffeting induced by the turbulence, a second tangent is drawn at a s.all 

angle to the x-axis (flow-velocity axis); (c) the intersection of the se two 

tangents then defines the threshold of instabil i ty; see the following sketcJ1. 

The fotonic sensor used to minitor shell response was ca l1brated 

and set to operate within a predetermined range, in ,",ich it behaved in 

an al.ost linear manner; the calibration factor could then be detennined 

frOl the calibration curve (Figure 4.1). Care was taken to ensure that the 

shell amplitudes were never large enough to cause the fotonie sensor to 

depart fram its linear range. 

---- - "--... _ .. - ... --
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4.2 Ov.11ing Results for the Insert-Less Clamped-Clamped Shell 
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S'Ince the main objective of this work is to investigate the 

.echanism of ovalling oscillation, and since it is reasonab1e ta presume 

that the same mechanism would be responsible for all modes of ovalling, the 

only types of ovalling ta be studied here are restrlcted to the second and 

third circumferential modes. 

Typically, the dynamical behaviour of a test shell with increasing 

wind speed is as follows. The first observed instabi11ty is in the second 

circu.ferential mode (n=2), fol1owed by the third circumferential .ode 

(n-3) - .lways in the first axial mode (msl). For the n=2 mode, the shell 

deformation is such that the positions of maximum vibration (antinodes) 

are located at 45 degrees to the flow; for the n-3 .ode. the shel1 v1brates 

with one of Us three antinode$ faeing upstreu. An interesting feature 

of thlrd .ode oval1ing 1s that 1t is accQlPanied by a loud aCGUstic noise 

and thlt (by visual inspection) it has a larger 1IIp11tude of vibration 

than the second .,.. 

----------_.- ... '.- - --.- ---------------.•. 
---,~._-,.- -. .. ., 
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'A typical experimental result, for shell B, 1s shown in Figure 4.2. 

The Strouhal number is ru 0.18 for flow velocities of less than 20 mis, 

beyond which it decreases to ~ 0.16. The n=2 mode (f2,1 ~ 167 Hz) 

instabil ity -begins at Ucr ;;; 21.2 mis, and at this f10w velocity the ratio, 

r, of oval1ing frequency ta vortex shedding frequency r = 3.4-3.5; the 

uncertainty in r arises from the corresponding difficulty in pinpointing 

Uer" The n=3 mode (f3,1 '" 223 Hz) was precipitated at a slightly higher 

. wind speed of Uthr :;: 22.9 mis. It is noted that, beyond this flow, third 

and second-modes oval1ing take place concurrently; it would be reasona~le 

to suppose that, in that flow range, the third mode vibration is coupled 

wi th tha t of the second mode in sorne way" 

The same experiment was repeated on aoother date and the result is 

presented in Figure 4.3. Similar results for a nominally identical shell 

(shell A of Table 2.1) will be given in Appendix C. Finally, the results 

for shells A and B are summar;zed in Table 4.1. The repeatability of t~e 

results for the same shell is good, as may be seen froln a compar;son of 

Figures 4.2 and 4.3, for instance. Small differences between the two 

nominally identical shells may arise from manufacturing discrepancies and 

differences in clamping. 

These results confinu the conclusion arrived at prev;ously [8-10] 

that, at the onset of ovalling. the ratio fn.m/fvs need not be an integer. 

4.3 She 11 wi th an Insert 

ln these experi_nts the test Bldel \!fiS oriénted in three different 

_ys wlth respect to ,the on-cOIIling flow. as shown in the diagrUl below; 
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Il III 

to flcilitate' discussion of the results for the three different configurations, 

they will be referred to as configurations 1, II and III, respectively. 

According to the theory proposed by Paidoussis et aL. [11,12] , 

the wake region is considered to be effect;vely stagnant, so that ,an insert 

in arrangement 1 should have little effect on ovalling, whilst in 

arrangements II and 1 II it mi ght. The purpose of these experiments, it is 

recalled, was to test this hypothesis. 

The following observations were made with increasing wind speed. 

In orientation 1 the system was seen to be stable at al1 flow velocities. 

up ta U Il 50 mis! For the model orientated at confi gurations II and III, 

on the other hand, ovalHng was eventual1y precipitated, although at a higher 

flow velodty\ than without the insert. and the fami1iar acoustic noise 

was heard whén the amplitude of vibration became large. The oval1ing mode 

shape looked l1ke a truncated n=2 mode. with anode at 2700 for orientation 

II. and at 1800 for orientation III. 



, 
Here it shouJd be noted that it was not tao surpri5ing tnat no 

instability was observed for the n=3 mode, in none of the configur,ations 

tested, because the increase in modal damping in this mode after affixing 

the insert is high (ô~,l > 0.100) and presumably inhibits the onset of 

ovalling, whilst this is not the case for the n=2 mode <ôt, ;: 0,.052). 

It is seen (Figure 4.4) that the ons,et of insta.bility for shell B 

~ith an insert, has a lower crit;cal flow velocity, U~r ;; 27.0 mIs 

23 

(f~ l 'ù 212 Hz; ri = 3.3-3.4) at oritentation II than'orièntation III with 
i t . t . . 

Ucr ;: 28.7 mis (f~.l '\., 214 HZi r' = 3.2-3.3). For bath configurations II 

and III, U~r is higher than that of a shel1 with no insert; this may be 

partly due to the higher mechanical damping and partly due ta the higher 

ovalling frequencies when an insert is uti1i~ed. In any case, the effect 

of aerodynamic forces on a body which is partly rigid is quite different 

fram that of a cylindrica1 she11. The same effect may a1so exp1ain the 

difference in the onset of instability for a shell with an insert at 

configurations II and III. The results of the same experiment, repeated 

after the system had been dismounted and remounted on another date, are 
O· 

shown in Figure 4.5; once again repeatabi l ity is good. 

Similar experiments were conducted a1so with shell A and are discussed 

in Appendix C. A sUII1IIary of the results 1s given in Table 4.2. The repeat­

ability of the results for different tests on the same shell is reasonably good. 

"'There is SOlDe doubt as to iher the onset of ova111ng in ttaat lIOde actually 
occurs at thfs flow spee<! (U r ~ 28.7 II/s), as this could correspond to the 
onset of instab111ty of anot r.-,de (the sy.etr1c, as opposed to the anti­
s~tric second mode) as shawn below; (a change of ovalltng .ooe shape was 
observed in a cla.ped-free shen with no insert [10,291); alternatively, ft 

-0 
~uld s111Ply be that the onset of 1nstabl1ity 1$ et e h1gher flow speed 
Uer !III 35 rAIs (ri 'ù 2.6-2.7). 

---- -.-- ---------------.n __ 
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. , Flnally. the experimental results for the second mode of ovalling 

(with. and without an insert) 'are compared in Table 4.3. It may be seen 
, 

, ,that for a shell with an insert. the orientation of the model does play an 

important role in precipitating ova11ing oscillation. An interesting 

feature of these results is that. at the onset of instability, the ratio r 
1 . 

and r ',{f2,1/fvs and f~,l/fvs} falls in the range of 3.1 to 3.5. 
, 

Here it is reca11ed that the original expectation was that a sma11 

insert' at the back of the shell (such as the one used in these experiments) 

would have a 5mall effect on oval1ing and that on1y for 1arger inserts the 

effect would ~e pronounced. The results found here. however, have been 

cootrary ta these expectations and they have a1ready permitted the tentative 

conclusion that wake flow does considerably aid in precipitating ova111n9 

-(or, far that matter, that it is entire1y responsib1e for Hl. Partly for 

this reason and partly because it was believed that the addition of a 

larger insert wou1d further increase the modal damping and natural 

frequencies of the system (such that it would be stable within the flow 

speed of the wind tunnel), these experiments were terminated at this stage. 

4.4 Wake Characteristics Without and With a Splitter Plate 

Since all previous experiments with a long splitter plate [6,8-l0.14]t 

were carried out with a narrow gap between the shell and the plate placeeS 

downstreal1l of the shell. it. could be arOued that this gap Illy provide a 

a-mication path bet-.een the t~ sides in the wake of the cylinder; thus, 

it could be argued, sa.e organization of tbe wake .. y take place in this way, 

fOval1tng oscillation does occur, albeit at SOIIeWhat higher threshold flow 
velocities, .ven when period1c vortex shedd1ng has been suppressed by a long 
splitter plate. ~ 

'-... 

Ld 1 •• 
t •• 
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re$ulting in organized periodicity after a11. Moreover~ a ~re recent 

study [23] suggested that, although a splitter plate of length at least sot 
(l/O ~ 5), would inhibit the formation of regular periodic vortex shedding, 

nevertheless sorne traces of a time-varying vortex shedding frequency appear 

ta be present still. The frequency of a periodic component, f~s' if it 

exists in such circumstances need not be the same as the fyS without a 

splitter plate. Hence, if periodicity does exist, one could still have 

fn,mlf~s = integer, overturning the conclusion reached in Section 4.2. 

For this reason, a hot wire probe was systematically traversed 

in the base region of a rigid cylinder, to investigate the existence of 

periodicity of the wake, without and with a splitter plate. Figure 4.6 

shows the locations of the hot wire probe. 

Typica1 frequency spectra of the wake at a flow speed U s 18.0 mIs 

(Re = 9.l0xl04) both with and without a splitter plate-for soma represent-

ative locations of the hot wire probe are shown in Figures 4.7-4.11. 

It may be seen that in the absence of the splitter plate, re 
vortex shedding frequency is recognized as the dominant peak in the wake 

s1gnal; for this flow veloci ty, f vs ;; 43.8 Hz, giv1ng rise to S ~ 0.185. 

Moreover, not too surprising1y when the probe was located close ta the 

centerline of the system (at positions 3, 17 and 23). and in the absence 

of a splitterl>late, vortices on the dther side of the wake are a1so 

~nsed to some extent, giving rise to the peak at 2fvs • 81.5 Hz. 

However, w1th the splitter plate in position, hard as one tried, 

no periodic signal was detected in the doMin of investigation. It 15 seen 

'l" 15 the length of the splitter plate and D i5 the dia.eter of the cylinder. 
In the experiments [6,8-10,14], the ratio of l/O 1s approx1 .. te1y 4.7. 

I!.I •• --- ''- ". .... _--- --------- ---._------ ---------
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la 
that, in IIIOst cases (figures 4.7-4.11). the dominant peak recorded is the 

60 Hz e1eétriea1 noise generated by the instrumentation. Perhaps it is 

worth mentioning that the diagrams in the Figures 4.7-4.11 are not plotted 

on the same seale, but rather on a normalized scale dictated by the 

r 

1 
f. 

t 
1 
i 

1 

( 

largest peak, whatever its nature. In order to fully appreciate the power 

spectral density of the wake, the diagrams of Figure 4.11 (random~y chosen) 

are replotted on the same sea1e in Figure 4.12, showing eonclusively that 

there is no discernib1e vortex shedding frequency ""'en 1 splitter plate 

1s positioned in the wake. 

Henee, the conclusions arrived at previously [6,8-10,14] that a 

spl itter plate suppresses periodic vortex shedding but not ovall ing are 

val id. With this finn1y established, the second phase of wind tunnel 

experilDe~t~tion could then proceed. 

) 

---,--------
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CHAPTE~ 5 

SECOND PHASE Of "IND TUNNEL TESTING 

. 
Earl1er experimental findings demonstrated the importance of. the 

.te in determining the onset of ovalling and. indeed, whether ovalling 

accurs or not. The important role played by the wake would further be 

deIIonstrated if it could be shown that no ovalling is possible when the 

wake 15 entirely eliminated. Hence. a spedally buil t "wake eliminator". 

27 

1n the fOnD of a wake bubble, as shown in Figure 5.1 and Figure 5.2 was used 

in the second phase of the experi.ntal work. The purpose of the wake 

eli.inator, as implied by the name, is to reduce, if not totally eliminate, . 

the effect of the wake region. 

The set-up was later modified to have SOlDe coherent flow in the 

back of the cylindrical shell (see Figure 5.3), by sucking air through the 

hales in the suction device attached to the wake eliminator. The suction 

WlS generated by a constant-rpll blower fan and the amount of suction at 

different wind speeds 15 shawn in figure 5.4. The ultimate aim of this 

apparatus was ta create a fully potential flow around the complete 

circUMterence of the model. This experiment could then be used ta further 

test the theory, which predicted that no oval1ing would occur 1n an ideal 

flow field [12]. 

5.1 now Around the Shell wfth Wate El1.fnator 

The effect of the wake elfllinator on the f10w field around the test 

shen was difficu1t to precliet. In order to gain SOlie basic understanding 

'a 
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of the flow field, the static pressure distributions of a rigid cylinder+, 

both with wake eliminator and suction were measured. It should be noted 

that these measurements were taken without '~boundary layer guards"§ • 

Pressure distributions for each configuration were measured at 

three wind speeds, giving a range of Reynolds'number 3.5x104 < Re < 2.0xl05• 

It had been checked that the measured pressure was symmetric about the 

centerline of the cyl inder and uniform over most of the span. In fact, 

this was not 50 when suetion was appl ied through the wake el iminator, in 

which case the pressure in the base region seemed to vary a10ng the length 

of the cylinder. 

Pressure distributions in terms of Cp at U = 7.5 mis ,(Re = 3.80xl04) 

for a cireular eylinder, with wake eliminator, and with or without suetion, 

are shown in Figure 5.5, Cp being defined as P-Pex,l!pu2. The pressure 

measurements were taken at approximately mid-span of the cylinder. 

In the case of no suct i on, it i s seen tha t from e = 00 ta 40 0 ~ the 

wake eliminator has little effect on the pressure distribution; nevertheless, 

it seems to cause earl ier separation of the flaw (at e = 70°) from the 

cylinder. Also, the pressure in the base region is much higher than that 

of a cireular cylinder with no eliminator, with the pressure coefficient 

tA rigid eylinder was used in place of a flexible shel1 because the ~ 
instrumentation for the former was s,imple, and it was believed that before 
the onset of instability, shell, motion was small and would have negligible 
effect on the static pressure distribution. 

,lb 

t Even though the effect ot boundary layer guards on base pressure measurements 
15 profound (24], they are not employed for two main reasons. Firstlys 

• a comparison of the pressure field between a rigid cylinder, with wake 
eliminator, and (with wake eliminator plus) suetion, should provide enough 
ins1ght into the velocity field, so that the absolute magnitude of the 
pressure was nct important. Secondly, considerable modification would have 
had to be made ta the present set-up to accommoda te the boundary layer 
guards. 
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frOID e a: 110o'·to 1800 being almost constant at -0.35. This suggests that 

there may be litt1e (if not zero) flow in the back of the cylinder. 

When suction was applied from the wake eliminator (so as to attempt 

to. simulate a coherent back flow), the pressure distribution becomes quite 

comp1icated, and is far from close to that of a fully potential f10w 

(with Cp = 1-4 sin2e). 

Increasing the wind speed to U = 18.0 mIs (Re = 9.10·x 104) causes 

thé pressure coefficients for a cylinder with and without a wake eliminator 

ta become quite similar for the forward part of the cylinder (see Figure 5.6); 
. 

a slightly lower base pressure (Cp = -0.42) is recorded for the former 

configuration. Comparing the Cp curves of a cylinder with and without 

suction (always with wake el;m;nator)t it ;5 seen that the suction device 

becomes even less effecti.Ye at this higher wind speed. 

The pressure distributions at an even higher flow velocity, 

U = 36.0 mis (Re = 1.82 x 105), are shown in Figure 5.7. The measured Cp 

curves of a cylinder with wake el iminator and suction follow closer to that 

without suction. For the latter case, there seems to be sorne residual 

flow at the back of the cylinder • 

.....t. The generation of coherent flow at the back of the cyl inder when 

suction~was app1ied is further complicated by the existence of variations 
1 

of pressure distribution a10n9 the span, as shown in Figure 5.8. This 
, ' 

problem had been antictpated, as there is a pressure drop a10ng the 1ength 

c:tf the suction device which, in turn, would be expected to cause a 

variation of volumetrie f10w rate through the holes. The attempted retlledy," 

.,at the design stage of the device, was to vary the size of the hales fram 

top to bottOlll, with the larger holes being at the botta.. However, as My 

be seen frœa Figure 5'.8, this does npt Seetl to have beèn successful. 

-. 
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S.2 Wind Effects on the System 

The rèsults for the response of the she11 when subjected to cross 

flow for the three different configurations referred to ear1ier will now 

be presented. 

30 

Shell C was used for these measurewœnts, which had an average wall 

thiekness 151 smaller than that of the shells used previously. It is seen 

(Figure 5.9) that the system becomes unstable in the seeond .ode at a lower 

wind speed (as eompared to shells A and B) of Uer;; 18.0 mIs (f2,l '" 167 Hz, 

r le 3.8-3.9), while the threshold f10w velocity for the onset of third-

.ode ovalling remains about the saae, at Uthr • 22.7 _/s (f3,l '" 234 Hz). 

Figures 5.10 and 5.11 show the behaviour of shell C with wake 

eli.inator, with and without suetion at the back of the cylindrical shell. 

The system is stable for both configurations. 

One intriguing finding of these experiments is that flow periodicity+ 

was detected at seme wind speeds, even in the presence of an extended splitter 

splate (l/D .,= 6). On doser eXDination. however. it is noticed that the 

ca1culated Strouhal n..mers, based on a cylinder of 76 _ (3.0 in.) diaeter. 

range fra. 0.14 to 0.15, which are .uch lower than the usual value for a 

circular cylinder (5 = 0.18-0.19). It 1S seen (Figure 5.12) that at the 

Sage flow velocity, the vortex shedding frequency for a cylindrieal she11 

is Mgher without the wake eli.inator. A reasonable explanation then 

aerges for this wake periodicity: that it originates frœ the wake 

eli.inator, which, together. vith the shell, in effect lets like a bluff 

body of larger effective dia.eter, reducing the ratio of l/D and bence 

rendering the splitter plate ineffective in suppressing periodieity. 

t The hot wire probe ~s located at 254 _ (10.0 in.) downstrea. and 165 _ 
(6.5 in.) away fra. the center of the cyUnder. 
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It should be noted that the .. gnitude of the above-.entioned vortex 

shedding signal, when the wake eli.inator 15 in place, 1s very s.a1'. 

Figure 5.13 compares the power spectral dens1ty of the wake for the three 

d1fferent configurations at one selected f10w ve10city of U a 15.5 IVs. 
This My best be appreci.Jted by replotting the sallie diagrUi on the sue 

sea1e as shown in Figure 5.14. 

The experimental ev1dence collected in th1s phase of w1nd tunnel 

test1ng. together with the previous results of a shell w1th an 1nsert 

(Chapter 4), Mve c1early and forcefully danonstrated that the nar Wlke 

flow plays a crucial ra1e, insofar as the stability of the systell 15 

concerned. " 

• 
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CHAPTER 6 

'FlUTTER ANAlYSIS OF A CLAMPED-CLAMPEO SHEll 

The theory formulated by Suen [10.12] to study the stability of a 

thin e1astic cylindrical shell clamped at both ends. provides remarkable 

qualitative agreement with experimental observations; nevertheless, the 

32 

quantitative perfonnance of the theory is poor. It should ~ remarked 

here. in view of the findings of the previous two Chapters. that in Suenl~ 

analys1s. the flow field within the wake 1s assumed to be zero - i.s. the 

wake effect on the stabi11ty of the system has been ignored~ 

The goal of the present study is to improve the quantitative aspect 

of the original theory [10.12] - i.Q. ta obtain a better predict10n of 

threshold flow velocities of ovalling. The theory will be .ad1f1ed in a 

.anner proposed by Paidoussis [25]. Firstly. t~e change in radial flow 

velocity, due to she1l displacement, will be al10wed for in the fluid-solid 

boundary condition. Second 1 y • the variation of the base pressure in the 

.-lee, induced by shell defonaation, will be incorporated into the theory. 

The flow field around the cylindrical shell is assuméd ta be 

quasi-1rrotat1onal. The wake 1s separated from the outer flow by a dhid1ng 

) 

t 
strualine. "ithin the wake, -a constant flow velocity is ass.-.ed to exist 

(1n a ti.e-averaged sense), the -.gnitude of which 1s dictated by the 

bise-pressure in the wake. It 15 further ass~ that the flow field is 

CCIIprised of the superposition of the .lIean flow and the perturbation flow 

field induced by shell vibration. Further, it 15 ass'" that the poSitions 

wre the .an flow sepantes 'ra. the body surface are unaffected by shen 

mUons, _;ch are cons1dered to be mall. 

"'-
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The _thod of analys1s 1s br1efly as follows. F1rstly, the 

time-varying flow field assoc1ated with shel1 vibration at a typical 

33 

cross section is determined, and then, utilizing strip theory aerodynamics, 

the resultant pressure fluctuations on the shell are ealculated; if these 

pressure fluctuations are such as to attenuate or UlP1'tfy the initial 

vibration. then stability or instab;lity, respectively, 1s indicated. 

6.1 Equations of Motion 

The shell is treated as purely elast;c, ~geneous, isotropie and 

thin, and its motions are descr1bed by displacements u, v and w of the 
'\.. 

.iddle surface of the shel1 f~ its initial position in the cylifldrical 

coordinate system x. 9 and r '(Figure 6,. 1) • . 
The equations of .,tion of the shell are taten as given by F1Ugge 

[26], 1..6. , 

2 2 2 2 3 
.. 2 a u + l-v a u + a 1 +v a y + av aw + IC {l-v a u _ .. 3 a w 

ax2 Z asZ T axas 1i T asZ ax3 

1 V "l3w 
+ - a fi } 

T axasZ 
(6.1) 

(6.2) 

II 



l , 

1 
1 

f 

. , 
i 
j 
} 

i 

''if'li.'I!I!1Q!IIII·'''''q .... • .... N __ U IIJ!W_Z' .......... _______ ........ ____ , ..... _. _w_u _i"";,._i«""t~_;!IfII, ..... ___ cn __ ._._"_"I~! ... ~~ ... ~<~ 'lJ"'r~ 

• 

( 

-----

- 34 

4 4 2 2 q 
+ 2a2 a w + 4 + 24+ w} • - y {!..: - ~} • (6.3) 

axZaeZ ae~ ae~ at~ Ps" 

where K • h2/12a2, y = psa2(1-v2)/E and qr = Pi-Pe' Pi and Pe being, 

respectively, the internal and external pressure on the shell surface, 

h and a the shell wall-thickness and radius, respectively, Ps the shell 

density and Ethe modulus of elasticity; v is Poisson's ratio. 

These equations are linear. and, thus, qr may be separated into 

two components - qr(6), which is due to the static loading of the mean 

flow, and q;(x,a,t), which is due to the perturbation associated with the 

deformation with components u*(x,a,t), v*(x,a,t) and w*(x,8,t). Considering 

the effect of static 10ading, qr' on the dynamic,s of the system to be 

negligible, equationi (6.1) to (6.3) may be viewed as re1ationships among 

u*, y*. w* and q~. 

6.2 The Fluid Pressure on the Shell 

Assuming the induced flow in the x-direction ta be smal1, a two­

di .. nsional velocity potential .ay be defined 15 

Y • at V lat ndV.O 
r ar' a-rU a x • (6.4) 

.... ,.. Yr , Ya and Yx are, respecttvely, the radial, tangential and Ixtal 
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fl~ velocities; (the last 'of the three relationships aboye makes the use 

of'strip theory aerodynamics possible). 

Furthenmore, because of the linearity of the yelocity potentlal, 

t can be represented by a superposition of the mean flow potential 

~o(r,e)t and the perturbation flow potential ~·(r,a,t), so that 
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t(x,r,a,t) • ~o{r,a) + ~*(r.a.t) , (6.5) 
! 

where the latter is entirely associated with shell motions. 

Using the condition of impermeability of a stationary shell, the 

mean surface velocities in the radial and tangential directions are 

(6.6) 

where U is the free stream velocity and f(e) may be deten.ined eapirically 

from the pressure distribution around a circular cylinder. 

Unlike previous analysis [10,12], the effect of changes in the 

yelocity field as a resu1t of the instantaneous radial displaceMent, 

described by 

r • a + w*( e. t) , 

f Here it 15 realized, of course, that the true .an flow 1s not derhabl. fra. 
a potential, as it 15 viscous i ntvertheless. it 15 'ound cOftvenient to 
suppose the existence of ~. which will eventually yield the a.pfrical'y 
detennined llean pressure on the she11 surface fra. the front stagnation point 
to the separation points. 
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û are taken 1nto account when calculating the surface velocit1èS; thus. 

(6.7) 

and 

2~ , 
1 a * 1 a .0 1 a.o 

81 Uf(e) + - ~.·I + - T.:IIrX' w* - -:l""'ll'r W* • 
• '"1ë r-a a arao r-a a ao r-a 

, (6.8) 

Therefore. the total velocity is g1ven by 

, 
• *1 a2• Uf(S) a., 81 u2~(e) + 2 Uf(9) ~~ + z Ufee) 0 '11* - 2 Y!.J- 0 '11* • 

• "'18.... • ml,... a V,..a 
• (6.9) 

( 
wtth h1gher orcier terws being neglected. 
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The Bernoulli equation for unsteady flow may be written as 

(6.10) 

where the term (!~~).?~ arises from the non-stationary fluid-solid 

boundary condition (Append1x 0). As the fluid 1s assumed to be 1rrotational. 

~ - 0 and! a ~ er + a;t* @e" Thus, utilizing the above expression for 

the velocity, the surface pressure becomes 

2 
p 'li P _ p{d.; + i u2~(e) + ut(e) at; + Ut(e) a, '0 w* 

o a 1 a ara8 

_ Uf~e) 3:: w* _ Uf(e) ~} 
a 

(6.11 ) 
,..1 

6.3 Boundary Condition 

The perturbation potential .y be related ta shen d1splaceaent 

nby the boundary relatfonship 

VI t • Dw* 
r r-a+w* -ur • 

....... D/Dt denow tM convective der1vativa; ...... ri ... tilts wt~UOll 
(6.7) lives '~ 

. 2 

H!I + a ·0 w*. ~ + ~(e) 1. ~ , 
"1F".... 7 fit;. ... 

r-a 

-. 
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Nhere second-order tenu, Yrl,... ~ , aV,Jarl,... w* a;; .l a3~*Ir-a 3~ 
1 3W* .nd i aVe/art w*:nr have been neglected; the .bove equation may be 

r-a 
rearranged ,as 

(6.12) 

6.4 Determination of the Velocity Potential 

Using Roshko's measurements [27], f(8) which deflnes the .ean 

surface flow velocity on the shell, .. y be represented by the polynomial 

f(8) • -1.6073Iel + 0.57001e1 2 
- 0.9394101 3 + 0.1714181 4 for 0 s lei ~ as ' 

(6.13) 

and. in an attetllPt to 1ncorporate the correct wake pressure 1nto the 
"" 

stlbl1ity analysls (as explained below). 

f(e) • - ,(es) for leI> as • (6.14) 

Thus. to obta1n 1 constant ~se pressure in the wake, f(8) 15 set to 

-f(8s ) ln the back (downstream side) of the shell. Th1s fOnDUlatlon 
. 

• "ectively suggests that there 15 • quasi-coherent reverse f10w on the 

surface of the shel1 in the wake region. Of course, physica11y there 15 

no evidence to suggest that this 15 50. This fo,..,lIt1on has however 

been introducecl he ... 'or the fo11ow1ng .... son: if 1t 15 ISS~ that f(a)-O 

----. ---' ---~-- - - - - - --
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in the wake (as WlS previous1y done [10.12]), then the mean pressure 

there 1s wrong; whilst, if f(e) • -f(os) is assumed, the mean pressure 1s 

correct, at the expense of a doubtfu1 assumption regarding surface flow 

veloeity in the wake. In what fol1ows, ealculations will be made with 

both of these partial1y incorrect assumptions and the results compared to 

the experimental stabi1ity data. 

It may be shown [9.111 that for harmonie shell motions with an 
\.,.-

ant1node facing the free stream, the perturbation velocity potential. 
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which must satisfy the Laplace equation. has external and internal components 

of the form 

(6.15) 

(6.16) 

Uslng a simplified solution, where circuœferential coupl1ng between 

IDOdes is cons idered to be i nconsequent i al (where i t had been shawn in 

reference [12] there is little loss in accuraey). the shell displac8Ments ' 

May be expressed as 

• 
v'" • • twt I B. sin n8 •• • 

.1 
(6.17) 
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GD 

w* • e i wt r Cm cos nS 1/Im • 
mel 

(6.17) 

where ~~x) are comparison functions for the axial ~de shape of the shel1i 

the prime denotes differentiation with respect to x. 

To solve for ~:. which is the velocity potential outside the 

shell~ the mean-flow velocity potential ~o has to be determined first. as 

a first approximation, 80ZeZy fop evaZuating terms in equa~ion8 (6.11) and 

(6.12) invoZving ~ , an idealized fully potential flow is assumed, in o 

the absence of measurements for the velocity gradients in the real (viscous) 

flow fieldt . 

Then ~o may be wri~t~n as 

. 2 
.0 • - Uer cose + Ir cose) • (6.18) 

for lai ~ 1.484 rad (aSO), which is the point of separation, and ~o .. 0 

for 1.484 rad < lei ~ 1f. 

t ,SUbstituting equat10ns (6.15). (6.17) and (6.18) into (6.12) gives 

• - r À 0(>') a -À-1 cosÀ6 ~-
~-o 

.. 
l C~{iw cos ne - ~n f(e) sin ne 

.1 

+ ~ cose cos ne} •• • (6.19) 

'11tis i5 a first approx1 .. tion. If the addition of tIlese t .... ~roduces 
tttterest1ng results, t ....... .ore refined evaluation of u.. _Id be 
it1dicated. 
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.ultiplying both sides ~y cos je and 1ntegrat1ng f~ 0 to n, not1ng that 

n 
fo . cos À8 cos je de ,. i- if À· J, 

• 0 if À - j • 

and that the integration for the 1ast term on the right hand side of 

equation (6.19) is only applicable fram 0 ta as' yields 

-! ~ J
0

8s 
cose cos n8 cos j8 d8} "'. 

for j ... 1, 2. 3, •••• where cS 15 the Kronecker delta. Defining 

'If 

F(n,j) • f f(a) sin ne cos je de 
o 

e w 
• f S f(e) s1n ne cos je de - ~ f(8,) sin ne cos j8 d8 1 

o S 
(6.20) 

.... equatiOfi (6.14) MS ..... '.111z .... *.f.....,t ......... 1. _1 tMft 

.. ,....ftteft as 

" 
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D(j) 
u sin ( 1+n+ j ) as 

rra [ l+n+j· 

, 
sin(l+n~j)e sin(l-n+j)e sin(l-n-j)e 

+ s + s + s J t", 1+n-j , -n+j , -n-j r "m' (6.,.21) 

In a s1milar manner, inside the shell, where there is no flowing 
, 

~ fluid, the constant E(j) is given by 

QÇJ 00, 

E (j ) = ( ) r 1 w Cm IS
nJ

, 1/Jm • 
. (6.22) 

m=l . 

Finally, $: and ~i may be expressed as 

CXJ 

~* = e1wt [0(0) + L O(j) r- j cos j8] 
e j=l 

00 

+* • e iwt [E(O) + }> E{j) rj cos je] • 
i j=l 

where D{O) and E(O) are arbitrary constants, since only the derivative 

of ,* 15 specified at the boundary {see equation (6.12» • 

. 
6.5 Pressure Fluctuations 

(6.23) 

(6.24) 

The pressure fluctuations on the shell outer surface are conveniently 

specif1ed separately in two distinct regions: p; associatèd with the 

• 

.. 
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flow ahead of the separation point~ ·and p; I"ee+rted w1th the flow after 

the separatiOn point (in the ~ake). From equation (6.11) the pressure 
, 

fluctuation ahead of separation i s given by 

r 

" 
wh~re the sutie eœponents ha~e been filtered out. 

Applying now equations (6.23) in conjunction with (6.21), the 
, 

above eqUltion gives 

..... 
p* - _pe1û1t Ï {. COS je i c IfJJZ 6 + 2 Uw1 ~ F(n,j} 
e j-1].1. nj -

, 

lJcd1 sin(1+n+j)8s + s1n(1+n-j)8s + si~(1-rt+j)es + sin(1 .. n-j')8. ) 
-~ l+n+j . l+n-j 'l-n+j 1-n-J} •• 

, • ( U' U sin(1 ..... j)8s 
- sln j8 Uf{8) JI C. -flll 6nj + Z ;ra n F(n,j) - q( 1+i+]J 

.. 

.---
. s1n(1+n-j)8s sfn(1~j)es Sfn(1-n-J)8S) .2·- - . 
+ 1+n-] + 0 1 ...... 3 + l-n-J } •• -'T f (8)s1. ,Jl '.r:os ne •• 

- Uf( 8) j a.li'" st. ail .. } .. W .... 1(0). ... 'I.ZI) 

1 

--------~ _. 
• # • 
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where the terlll a2.o'3rael . - 0 in accordance vith the assUlllption that .0 
,...a 

• r 

1s approxilIIItely given by equation (6.18). 

Within the wake region. it is presUEd that shell .,tions would 

cause variations of flow pattem around the body, and consequently changes 

in base pressure. Hence, equation (6.10) _y be written as 

_en u,t tel"ll ~Ptl3(w* la)] (w* la)e- i • MS been introduced to account for 
1 

the changes in base pressure, which are here taken to 1ag behind the 

shel1 displacements. as suggest~ by experimental eviden~e. The lleasure­

.... ts of changes in base pressure and of the phase 1ag 1jI, will be presented 

in Chapter 7 and Appendix E. respectively. • 
To sitlplify the analysis. the base pressure variations and • are 

l / ~ .ssumed to he independent of e witMn the wake, ar;td the calculation is 

Nsed on the values .asured at e • 180°. The .. sured base pressure 

coeffident .. y then be approxi.ted by 1 first order pol~ill, as s ....... 

in Figures 6.2 and 6.3 for the ... 2 and n-3 .odes of oYall;ng vith .. Inti-
. 4 

node flcing the f .... st ....... at Re • 3.80 x 10. Hence. 

\, 
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SUbstituting into the pressure expressf,on as before. but vith .0 -0 and 

9
S 

replae;"g e. yields 

\ 

-= _peica4 Ï ta cos je Ï c li <5 + 2 Uwf n F(n.j) "-
j-l j .. 1. nj "/fa 

Uw1 s;n(1+n+j)8s sin(1+n-j)8s sin(1-n+j)es Sin(1-n-J )eS ) 
-:-a ( 1+n+] + l+n-] + 1-n+] + 1-n-J ) •• 

- ( U U sin(1+n+j)8s 
+ sin Je ut(es) l c. -fc.J c1nj + 2 ii n F(n.J) - Q ( 1+n+] 

.1 

sin(1+n-j )8s ' sin(1-n+j les .1n(1-n-j )9s J 
+ + + ) .. lift-] l-n+j 1-n-]_ 

('.21) 

.tiOM ('.25) ... ('.21) -r .. CDIIIItf ... fllt» 1 _ .... '.1 ,.... 
? 
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( 
.. ~os 8 sin(1+n+j}8s sin(1+n-j}8$ sin(1-n+j}es ,sin(1-n-j )8S )J 

-1 \" +. + + ) 1 j:l l+n+j 1+n-J 1-n+j 1-n-j 

- Uf(8) 61jiw sin n6[8.-C
II

] + 2 Ua C (n Ï F(n.j) sin je 
'Ir • j=l " 

_ 1( ~ . sin(1+n+j)es sin(1+n-j}8s sin(1-n+j)6s Sin(1-n- j )8S )) 

2 1. sin J8( l+n+j + l+n-j + 1-n+j + 1-n-j ) 1 
j-l 

_ pe1wt iw 0(0) • 

"re f(8) 61 • f(e) ,62 • 1 and 63 • {) 

f(8) 61 • -f(8s ),I5Z • a and 63 -1 

if 

if 

a s 1 el :1 Os • 

lei > es . 

- 2 ptt • - peiwt l {-C Coll. cos ne}, '- Qe1Catt t .. E(O) • 
.. 1. n -

.. 

(6.27) 

(I.a, 



• q* • r 

-
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, 
- t 2 '., 

petwt l {e 12 lai 1 c:os ne + 2 ..,,1 (n l cos) je F(n.J) 
.. 1 • n 11' j-l 

(
- ~os e s1n(1+n+j)9s sin(1+n-J)8s sin(1-n+j)8s Sin(1-n-j)8S )] 

-i t + + + ) l 
j~l f+n+j 1+t1-j l-n+j 1-n-j f 

" • 

( 
• s1n(1+n+j)8s sin(1+t1-j)9s sin(1-n+j)es sin(1-n-j )8

S
)J 

- t J!l sin je( l+ri+j + li1i-j + 1:n+j + 1-n-j ) 1 

+ pe 1wt iw {DeD)-E(O)} • (6.29) 

6.6 SOlution of the Equations 

Substituting equat10ns (6.17) ud (~.Z9) into the she11 equations 

y1elds the fo11ow1ng set of equatfons: 

. '. (, .• , 
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• -Jl{{- .1 an(1+v) .;}sin n9 ~ + (- n
2 

"'. + t .2(1+3K)(1-v) ,;lsin ne B. 

+ (- n" + t a2n K(3-v) ,-}s1n ne C • •• 

+ y li •• sin ne B'.} • o. (6.31) 

, \ 

2 00 .. 

+ -5{12 w a cos ne + 2 Uwi (n l COj je F(n.j) _ i( l COS
j 

je 
Ps n 1t j-t j-l 

s1n(1+n+j)Os s1n(1+n-j)Os s1n(1-n+j)Os S1n{1-n-j )8S )) 

* ( l+ri+j + l+n-J + l-ri+j + 1-n-j ) J C. 

_,.. sin(1+n+j les s1n(1+n-j les s1n(1-n+j )0. s1ft(1-n-j les I~J 
- t 'j!1 Sin je( lift+] + 1+n-J + l-ft+J + 1-n-J ), 1 

( 

cont1nued 



• + -f\- w1 (D(O)-E(O)} 
s 

• 0 • 
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(6.32 ) 

Us1ng a variant of Galerkin's _thod. equations (~,.30) and (6.32) 

Ire .. 1ti p 11 ed by cos ne and (6.31) by 5 in ne and i ntegrated f". 0 to 1f. 

lllext, equation (6.30) ;s multipl ied by lPk, and equations (6.31) and (6.32) 

by .k' and then integrated from a to l, yielding 

r 

3 2 } + {av f~ - a K g~ - 4 an K (l-v) fm.} C. • O. (6.33) 

(1.34) 

lU stn(1+2n)8, stn 8s Itn(1-2n)8s 
+ -5 ..... t I[f(n.n) - t( 11(1+5) + 2 ft + n(l-zn) »)a .. c.-

S 

conttnued 
• 



( . 

- • -. 

j 

so 

(
- s1n(1+n+j)~s s1n(1+n-j)es' s1n(1-n+j)as s1n(1-n-J)8s ) 

- t j!l ( 1+n+) + l+n-J + 1-n+j + 1-n-j ) f(J ,n) 

+ 11' FO.n,n) + i He-
1lj1 

[w-as - in sin 2nes ] l au C
III
}· 0, (6.35) 

~ n· 
F{j ,n) .- - f 'Ce) sin Je cos na de - f f(es) sin Je cos na de • 

o 8s 

8S 
F(1,n,n) • f '(8) s1n9 'COs ne cos ne de • 

o 

L 1.. · J -k •• dx • L cS u . o 

L 

• f .It" dx , -o 

L 
... • 1 ........ ; • k ,_ 

.. 



, 
t 
,~ 

( 

• 

the analyt1tal expressions for the abave 1ntegrals, a .. tG g .. , .ay be 

found in reference [28]. The s~t1on over _ 1s truncated at M. 

For con ven 1 ence. 1 et now 

C• - 2 2!. 1 n • 

f 
q - 4 ~ F (n,n) , 

Cl • 41: n Ï F(n,j)f~j,n). 
'1 a j-l 

~ sin{1+2n)8s sin es 51n(1 .. 2n)8, 
C4 - 'If [n{1+2n) + 2 n + n(l-2ft) -J , 

-. 
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CI _ 
,5 

PlI 00 s1n(1+n+j)8s sfn(1+n-j)8s s1n(1-n+j)8s s1n(1-.... J)8s 
2:r l [ 1+n+3 + 1+n-] + 1-n+] + 1-n-3 )*f(j ,n) 

'Ir a j-l 

Pl! , C, • 4 "il F(1.n.n) • 

n.. thllqUlt10ns of .t1on (6.33)-(6.35) ., bit witt. t. 

the 1011 ow1ftt _tri. fonI:. 



~--

.( , -yf .. 0 0 \. 
0 -YI .. 0 B. + 

0 0 -n .. - p!h ci 1. c. 

0 0 0 \. 
.... 0 0 0 B. + 

0 Ci 
- P!h T a .. c. 

, 

" {.zg .. Pt an(1+V)f .. } {avf .. - Il,cg .. 

-It n2O-v)(htc)f.} - If ... z.c(1-V)f .. } 

(. If an(1+v)~} 2 
{ .. " a .. {- na .. 8. 

+ •• 2(1+3K)(l-V)~} + If IZftlC(3-V)C .. } 

{.IVC .. {- .... 4 2 2.c C. (- ..... "_ .. +2a ft ca. 
+ ... 2ec{1.V)C .. + • a2ftK(3-v)~} _ ",2.1 )~I .. 

+ 131t",} • - ~Yh(C;-CS+C6+C711 .. } 
S 

• (O) t 
(fi •• ) 

- JIIIJ-(q} + '.(C)(,) + 00") • {Il. (6.37) 

Te_IMIta ... ll1tt.y ' •• 
'" 1 -.... 
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fi} • 1 .. {q}e 1e.at .. ()}. -,J. {q}e 'hIt • 

Subst1tut1ng the ahove fnto (6.37) gives 

[M] {y} + ICHy} + [ll (y} • {O}. (6.38) 

Def1n1", tbe 5qua" .. rt1t1oned _trices ad' partit10necf vector as 

[

fO] (N]] 
lA} • .• 

[Ml (C) [
-00 IO}] 

III • and 
(0] III ' 

{z} • 

.... tion (6.38) ..., then be witten as 

[Al (i) + III {z} • (O}. (1.31) , 

T •• 1" Ulis ..... ti •• let -
(1 •• ) 

\ ( ..,.,t .. -.. ~f. t'w.) .... (1 •• ) "'1411 
2';~l 

""":: ", --~_ .. _._--------..... _---
_---. ~io .. ~ .... __ ' .... ~ ___ ~_~ ... _ ~ _____ _ -------- ---------- -----



, . 
1 

1 

~ .... ~ ______ ...... ~ ... ~_. _____ .. ,........ ... _ .. _.j __ ;_ ... ______ j ..... ___ .. _; _,hot_..-ct',..w-" ....... ·~~~ofM).lo~ 

... 
~IA]{Z} + (I]{z}'. {O}. o 0 

or 

"'fch f5 of a standard eigenvalue fOrlll and _y be solveel ....-rtc.lly. 

Perhaps it should be .nt1oned that the specific expressions 

.... aboye pertain to the cise of ova11 1ng wkh ln ant1node 'Icing the-
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, .. streall. The present theory may elsl1y be IIIOd1f1ed, however. as outl1ned 

in Appen,Ux F, to obta1n equ1valent expressions for the case of a node 

' .. cing the free stream. 

A 1 isting of the -cœputer programs to perlo" the fongofng 

n ... r1cll calculations 15 gtveft 1n Appendix G. 

6.7 Theoretical Results 

The following results are c..,..tect with the series of equatiOfts 

(6.17) truncated at.l ("'l)t aRd the pa .... ters (as l1sted in Table 6.1) 

used in the c ..... tat1ons Are close to those c:orrespond1ng to tM 

exper1MnUI • 

Since a lIUIIIIber .f _if1utiOftS hl" bINn 1ntrocluced in ttrfs 

theory. f1'Î4-d-m fU original fOrll nO.12]. the effact of _cil .... tenI 

.. the stabi11ty of the syst. will be 5~1". 

tlt bis been verff1ed (12) tbat there 15 littl. 1055 in aa:unc,y by 
truncating tM series at "'1. i. ••.• a ..cil s.,l1f1_ (unceupled) 
solution. 

IThere are .. 11 variations 1n pa.--ters for tIIe var10us .. lls, .... 1. 
the experf_ts. 
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. __ '"" ... _~ ____ . ____ .. _. _._,u_ .. ..r: ..... ~_ .. _ .. _!~'" 1,. •• 1~.II'.Sb ia:-

( case 0: Grigi.' A.l15is [10,1.2J vith no ~if1cat1on 

Figut"'eS 6.4 and 6.5 show tbe resu 1 ts of the r:a-2 and "-3 meles 

- ~ avA111ng, vibrat.1ng, respectively. w1th an antinode and a node fac1ng 

the fne streHl. For convenience, an 1nstabl1 1ty threshold zone 1$ A1so 

.ltned and plotted on the same graph; 1t 15 based on the .. sured 

(Chapter 3) natural frequency, Re(f), and logaritt.1c decrement, 6, of 

she115 A and B, and 1111 be re)ated to Im(f) as 

....... Re(f) Ind 1_(f),are. respect1vely, the r.1 and i_g1nary paru 
of the cClllp 1 ex frequençy. 

As internal dissipation C_terial dulping) bas not been included 

hi the theoret1cal ..Ddel, the eigenfrequt!ftCies of the shell are wholly 

ral at U • O. For U > 0, the eigenfrequenc1es becClAe complex: It is 

SIen that second-mode oscillation is assodater! with negative aero­

..... 1e dUlp1ng, i .•. I-e f) < 0 - if a node faces the free streu. On 

the other" band, ..tien an an{inode faces the free streatn, the .,Uon 1s 

urocIynIItical1y positively duIped. The opposite 15 true for tM n4-­

.. oyalling~ 
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.,1th increas1ng flow velocity, the vibration frequenc1es, i .•. 

"(f), ,....1n al.ast constant, indieat1nt little effect fra. the 

-aeroclyna_1c stiffness· ter-.s. The S1st_ wuld eventually becœe ...stAble, 

at suff1c1en\ly high flow veloc1ty. ftn the negat1ve aerodynut1e dMtp1ng 

uceeds thf! positive cl1ssi,.tive ... 1 "'1n9 of te. she11 (i .•. tM 

CCIIPUtecl lII(f) for certaiw· U crosses U. '1ftSubtl ity tIlteshold zone). 
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As was stated at the outset, the orig1na 1 theory provides poor 

quantitative agreement with experimental data. In its original fonn, 

the theory predicts the threshold flow velocities of second and third 

IIOClet of ovall ing at U that are very much greater than 28 rn/s, wherea's 

the experimental threshold flow velocities for the n=2 and n"'3 modes of 

ovalling are approximately 21.5 mIs and 23.5 mIs, respectively (see 

Table 4.1). 

Case 1': Effect of moving boundary condition 1n unsteady 

Bernoulli equation 

The non-stationary f1uid-solid boundary condition at the shell 

surface will give rise to an additional tenn. (y~x!:) ·yèb, in, equât10n 

(6.10). As shown in Figures 6.6 and 6.7, the addition of this tenn • 

. slightly increases aerodynamic damping, as compared witb Case 0 - more 
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/ 

for the n=2 mode of vibration. However, agreement is only slightly improved 

by this refinement to the theory. 

case 2: Effect of imposing a coherent reverse f1 ow 1n the wake region 

As exp1ained in Section 6.4, a quasi-coherent reverse flow is . ~ 

1IAposed on the thell surface in the wake region, 50 as to obtain- a correct 

..an pressure in the wake. The complex frequenc1es f 2 1 and f3 1 for an 
, l' 

ant1node and anode facing the free stream are plotted in Figures 6.8 
; 

and 6.9. Comparing w1th Case 0 ('Figures 6.4 and 6.5), 1t may be seen that 

tIf. for these flow velocit1es, the negative aerodynamic damping were 1n 
the exper1tnental 1nstab111ty zone, then perfect agreement w1th theory 
.ould have been obtained. 

\ 

,. 

\ 



1 
J 

1 
1 
! 
t 

o 

( 

_'"'"'-____ .... ___ _.._ .... '.-, ..... ..;..1 -.or; - ~ .tIIw_ Ad' , 'rI C .... " " .. : $ 4 ,.nldi. '1' 

• ,1 J 

51 

the aerod.Yna-1c ~1ng of the n-3 .. 15 ...-e tillA triplec1; _ the e 

()th~r hand, the aerodynlllfc clutpfng of the ,..2 lOie ... _rgf_lly .... 
, 

decrea5ed. 

Cise ,3: Effect of applyfng tIIe boundary condition It r .. a+w* 

and u:~e) (a+o/a6)! ... a w*. arise from applying the boundary condition 

at'r - a+w*, in the derivation of the pressure expression. There is also 

an extra 'term, (a2• lar2) 1 w* (in equation (6.12)), in relating the o r-a 
perturbation potential to shel1 displacSIM!f'It. 

Complex frequency plots of f2.1 and f 3,1..;with an antinode and ,a 

'nodê' facing the free stream, L1ith '0 appzeozimated by a fully pot4mtial 

f1,orJ fllWtiorJ (equation (6,.18», are shawn 'in Figures 6.10 Ind 6.11. 

, The effect 1s very strong: the originally unstable modes, n=2 with a 

node and n=3 with an antinode facing th,e free stream have now been 

stabil ized. pres.ing that this mocfificat ion to the theory 15 1ndeed 

correct, t~ the fault 1ikel~ ies with the use of, the potential function. 

'e); u5ing '0 po5sib1y tends to overestilIIte the effect of applying the 

boundary condition at r • a+w*. Perhaps, this 15 not too surprising. 

1f oné' canpares the flow pattern of an fnvisc1d 1dea1 flow .round a 

circular cyl1nder with that of the actual flow. In a ral flow there ts 

• growth of boW\dary layer thickness along the circ .. ference of the 

cy11nder and flow separation fnJII the surlace; henc •• the flow .head of 

separation wuld be .ore l1ke that of 1 nO. over an elongaqd bluff 

body, ,and COftsequently the flu1d ... ld fo11 .. a .. th vith less eurvature 
, ~ 0 

thln that prescr1bed by .. 1_1 flaw. The g .... ter the cunatvre of the 
o ". 

, __ ~-- .~-=~= _-:=====~~~~-IIIIIJIt-1 



.... 

1 .. 1 fi. Actual flow 

fluid n .... the grater will be the pressure gradfentt in the ..,....1 

direction of the flow, and consequent1y 1 l...-ger velocity irt the no ... l 

direction ,too. Thus., the 1de11 ized potential funct10n .0' tl«)Uld tend to 

overestilnate the fluid flow in the nOniaJ direction. The pressure 

c~~ffcient. Cp' on a c1rcular cyl1nder of potential flow and that of 
_ "'J 

-
58 

RÔshko's experimental Nsu1ts are compared in Figure 6.12. It 15 seen that 
\/ tf;\, 

If the agreement between the 1dol and actual flow i"'0I'I1r good up to' e 3: zoe • 
• 

whl1 st for the purposes of this anal ys i s. 1 t 1 s used for up to e z: es' 

ln view of the poor agreenent vith exper1ment, on the one band, 
- ' 

and the strength of th1s effect, on the other. a better representat10n 

of .0 .. st he sought. Th~ ,..-oper and IIIOst accurate _thod to procced would 

t For ln elanentary flu1d element flow1ng tn 1 
or, ~ J- 1 t ' .... y be shown that 

, 
\ 

\ P 

f-.z 
n 

'+1,· 
\ 
• ... 

curYlture path of radius R. 

• 

--------', .. _- -. 

'. 

& 
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Ile te Ictually _sure 'the flow field "n u.e .. net tunnel by _ns of hot 

wire Inl .eters. Healewer. an _s1er approach ' .... ld be to construct the,· 

functton .0' uSing an electr1c:al I,..'ogue 1Iêthod. 

c.se 4: Effe(:t of base pressure variations due to shell defo .. tlon 

The term associated with variations in base pressure lndueed by 

she11 vibration _y be found 1n Section 6.S. The .asured bAse pressure 

coefficient as 1 funct10n of (w*/.) at e .. 1&0-. for the .-2 aad ..-3 ..ses 

of ovlll 1ng witt! an anttnode flcing the free stre. •• ~ 5hown 

. respectively in Figures ~.Z and 6.3. For oval1ing w1~ a nade facing 

. the .free stream. sipcc. the d1splacf!lDl!ftt It e a H.,- is zero, the base 
"":l,,-~ > ... 

pressure coefficient 15 based on e • 175- for the n .. 2 .ode (Figure 6.13) 

Ind e .. 170· for the naJ .ode (Figure 6.14). The phase 119 ... , _sured 
1 

experlaentally (Appendix E); it is 4()0 for the n·Z .. vibrating wiUt 

1 node and 270- for the n-3 .ode vibrating with an Intinode fief ... the 

free 5 tream. 

The results are presented 1n Figures 6.15 and 6..16. It., be 

Men that the base pressure v.riations play. d1111ft111t role OR U. 

,. 

Stabi11ty of the 5YS_. ln lU present 10111, U. u.res.,'d fla. .. locit1_ 
1~ 

for ovalUng are sl1ghtly .ore than 28 rais for the n-3 .. ( ... ti ...... 

f.clng tne free streHl) and 26 fils for the n-Z ... (node factng U. .". #_ 

.tre.). Thus. inclusion of this effect iIIproves Igrl.Jnt bett •• 

tMory .... experi_t. 

Ft .... 1.17 ... 6. ta .. the CCIIIbiMli ."ecu ., ca .. z ..... _ 

& 
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sysq. stabt lit,. For -vimtion w1t11 an ant1ftOde fac1ng the free st,..... 

the ... 2..se 15 stable. while the n-3 .ete becœes 'unstable at 

approx1llltely U • Z5 _/5. For vibration with a node fac1ng the free 
t 

streMl, the n-2 -.,de 15 assoc1ated with positive aerodynaic "''1119 at 

1 .. flow veloc1ty Cu < 6 II/s) and it beccnes neglt1ve as U increases 

beyond 8 raIs; in thts case; the n-3 .,de 15 stable. 

As suggest~ in the discussion of CAse 3, the approl1_Uon of .0 
by inviscid ideal flow 1lGU1d overesU_te the effect of applytng ~ 

J,.,.,niary condition at r - a"". It 1$ then of 1nterest, tg ignore tilts 

effect (Cise 3) - i .•. ta apply the boundary condition .t ,... iMtead. 

and investigate the cClllbhytion of the other effects 011 the illJtrwed theDry. 

Ca~ 6: eo,bination of al1 the effects. but witt. tIIe bGuftdar;r 

COIIIditton appHeer .t ,... 

The resul ts are shcM1 in Ftgures 6.19 Hel 6.20. TM tlnsholcl 

, n .. veloc1t'les for the bm ... ,table .odes 1" approxt .. tely 19 "'S for 

tilt n-l ..te and Z4 ~s for the .. aZ ~e, .. Jtch are IlOt far off tIte 

eper1 ... tal threshold fiow veloeities 01 .pproxt.ltely 21.5 ~s fer the 

Pl .... and 23.5 ais for tbe n-3 ... 

nully, a quantitative CGIIPIriSGR 1s ~r1ud in T • .,le 6.2. 

111 ... 1dt the ftIgIt1ve .erodynaaic dulptllg -6act at the ( ........ .-tal) 

tareshold of flutt.' 11 CClllplred tG the .. 1 "'fng ' .. ' atc:ordt", te 

.. tIteory, UIe .. sIIould be equa1. It ts .... tMt. U. tIMIoNtfc:al 

Md ......... tal owall~1II "....MCt .. 1,. ,.._bly close . 
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ClW'TER· 1 

EllElliY IIIPtIT TO THE SHEll 

Aceording to the experillenul eyidence presented in Chapter 4 and 

Çhapter S, vortex shedding 1s not the cause of ova111ng oscillation. 

61 

Nenee, an altermative phy$ical explanation .. st be sought for the under-

1ying .echaniSli of the Aboye .entioned intriguing pheno.non. It has been 

shown anal)'tical1y that the cylindric,a1 she11 _y becœe unstable due to 

the negathe aerodyna.i~ duping (a"'ising fra. interaction of shell _tion 

and the mean flow) exceeding the .chaniea 1 dMlping. 50 t • plausible 

-.chanis. for oval1ing oscillation .. y be an ae~lastic oscillatory type 

of instabil fty t ..taere the osci1l1tiOn 15 init1ated and sustafned by 

aerœynalilc fOr.'Ces induced by the .1astic sbell itse1f. Consequent1,. 

if at a certain wind speed. the !IOde and frequency of oscillation of the 

$YSu. are such thlt energy can he absortted ,,.. the fret! st .... by the 

cyHndrical shell, and if the energy ahsorbed 15 larger ~n that 

dtssipated by structural dlllpi-ng, the ...,11 tude of vibration will irae ...... 

. and the systea will becœe unstable. This. lndeed. has been the .. ,.-

1y1ng philosophy of the ori911\11 theoretical .odel of re'erentes (10.12) • 

... tcta has been refined in ehapter 6. tta.ver. tn wt fo11_ •• .ore 

4t1 Net approach wi 11 be t.ken to assess tIIe -rv balance. and ttIus defi .. 

tilt threshold of 1nstabf1 it)'. 

1 ... 111, the d,...1c press.".. ........ tilt SMn vt ..... tt .. 1. nttl 

. c1f'Qllfe~i.l .. sIIoulcl ... _ ............. tIII.n .... la, _ ....,. •• tc 

----- ----



( 
forces tIten CQllpUted for one cOiplete cycle of oscillation. If this work 

~ fs positive. then there will eventually be an instability. 

However, it 15 an extremely difficult, if not impossible. ·task to 

obuin the fluetuating pressure on a vibrating thin cylindrical shen 

tri thout caus i ng SOlie change to the she 11 IIOde shape. Thus, before 

initilting an extensive program to measure ~hese dynamie pressures, a 

preUainary set of experiments was done to investigate the feasibilityof 

such lleasureœents. A commerically available .iniature piezoresistive 

pressure transducer (Endevco, model 8515) was selected for making these 
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.. asure.ents. This transducer is of a flat-pack design with dimensions of 

0.500- x 0.200· x 0.035" (12.7 .. x 5.10 _ x 0.90 _) and weighs only 

0.3 g. It was selected because of its sllil1 size and weight and also 

becawse it Illy be flush-Imunted on the shell surface. However, before 

purchlsing the transducer. a piece of .tal with the sa..e di.nsions and 

wight was bonde<! onta the shel1 surface, and wires attached as would . 4-

be the case for the real pressure transducer. The shell was then tested 

qn.ically in the wind tunnel. Although the oval1 1ng frequencies and the 

critical flow velocities at Which the shen beca. unstable ,...in 

approxi.tely the sue as for a shell without the "si .. 1ated- transduc.r, 

the observed ovall ing .ode shape was severely d1storted by its presence..­

As a result of these preli.inary tests, it was decided to postpone the 

__ 1e pressure .asure.ents until 1 better technique could be found. 

An alternative but not so el'flnt .thod for the energy calculat 1Pns 

il to undertake quasi-static .. asure.ents. In dolng this, it 15 i~licitly 

....... tbat the aerodynaic charlctertstics of the shell at different . 

stationary defo .... tions. in the correct .xie of ovl.ll1ng (with 1 particular 



J , 

1 
f 
t 

fixad. orientation with respect to, the on-e_1n9 flow) •• re equal" at .ny 

instant of tt_" to the aetuil instanuneous values of 1 shell vtbr-ating 

harwonically" talcing correct account of the resultant velocHy vector. 

Thus" the need to _Isure the d~tc pressures 15 ,...,ved. 
o 

1.2 TIIe Energy Expression 
; 

Consider a S8111 elaent of length· 65 along the etl"CUlf~ of 

the she11. subtending an angle 681t the center. For _11 _lttude 

vi brat ion" w* « 1 f one .y wri te 

6s • ( ..... )68 • 

..... ,.. a t5 the shell radtus. Incl ~ 1s the rMill d1spl.~t of the 

.1ddl. surlace ~ the she11" positive in the ou.rd direction. 

The instantaneous pressu,", force per unit len9th, F" acting on 

the el-.nt at any insunt of t1_ -y then be Ipproxi_ted by 

.... ,.. Pi(e.t) Incl PeCe"t) .re. !ftPlCtt-vely. the fnternll and oterMl 
,. 

pressures acting on the shell. and • 15 the phase llg 'of the induced 

(7.1 )-

(7~2) 

pressure (Pi-Pe) ta shell defo ... Uon. In general the angle. depends 

Olt the non-dt8eftsional (-reduced-) oVl111nt frequlnCy. fodlU. and tM 

~lds ,......,.; here, • will be approx1_ted .n s1.,l, in the ..... r 

dtsc:ussed in AfJpendtx E. 
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TM total .... rgy. per unit lengt11. transfe""" to the shell dur1ng 

• cycle of oscillatton 1s giv .. by 

" • fffW* 

'2_/., 2w, ' . 
• J 0 J "(F] .. (~) de dt 

o 0 

, ...... the pllystcll quantities Ire ....,.......ud by the ,...1 parts of the 

CGIIp 1 ex nulllbers. 

ln orcier to pthpotftt the crittca1 fl_ .. locfty for the onset of 

1nsubiHty. the (pos1U .. ) -rv dtss1pated by the shell has to be 

Cllcullted_ The 51St. w111 then becœe unstable if 'the energy absorbed 

'ra. the free st ..... 15 11,.,er than tIIIt d1ss1.,.tect by structural -'1ng. 

Sine. the upériMftt5 Ire conducted 1n .ir t it is rnsonable 

W ass.e thlt ote""l (flu1d) dallp1ng 1$ 1ns1gn1fiCint COIIPIred w1t11 

tnternl1 (.,.1) dllllping. Thus. to esU_te the dissipation .... 'V. 1 

hysteretic dMp1ng .. 1 1s I~S.ad, w1th t~ dMping force (per unit 

1 ength) g1 ve by 

...... la is ,.:.~tc ~t~ ~iC", .... 0 ts'tIIé ORlU .. , 
" 

(7.4) 

,.. 
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f,........cy in radiS. 

For ... ,.".1c .ot1on, the hystem1c dlllping coeff1c.f4ilt .Y 

conven1ent1y be __ l1ed "by ln ~fNJz.,.t t1Ü«NIlMii.a cblpillg «»/fi4i.at 

(30) .ta1ch results in the HIle enerv being ,dhsipated pel" cycle. the 

:rel.tion 1$ 

C' • b - , 
eq "0 

(7.5) 

-
.... consequent1y the dulping force .y be rewrittan IS 

(7.6) 
r 

.... re • 15 the. __ 1 _S5 per unit 1 ... gth, and f; il the non-d1...s1onal ' 

dlllP1n9 ratio. 

For. Ughtly ........ ·s,ste.., the logar1th11c clec .... t. 4. -.y ... 
-
relatecl to t u 

\ 

(7.7) 

'\ ' 

,l 
\ 
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Ignorlng the added (virtual) .S5 of the fluid, the energy Per 

unit length d1ss1pated per cycle Illy be written as 
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(7.8) 

.... re Ps' • and h are def1ned 1n the nomenclature. 

7.3 Static Pressure Measurements 
\j 

Special experiments were conducted, the purpose of which wes ta 

___ sure the static pressufe around cylindrical models with cross-sectional 

shapes corresponding ta shapes of a flexible shell undergoing second and 

third mode of oval1ing, "frozen" at one instant of time. It should be .... 
noted that only ·pure circumferential" modes of vibration of the shell were ' 

.odel1ed (i.~. corresponding to infinitely long shells) and no attempt 

"5.ade to model the axial deformation of the shel1. 

7.3.1 Brief description of the experimental set-up 

• 
Fi ve d1 fferent lIOde 1s were used, in the experiments. One was a 

.~ 

c1rcular cylinder of 76.2 Jm (3.00 1n.) diameter and 292.1 .. (11.50 in.) 

long,ts was used for refererlce, ta êOlllPare with the results of the 

dlfo "circuler" shepes. 
, ' 

, . 
To s1.late the second .. of ov.111ftg It cHfferent instants of 

'fi 
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ti.e, two elliptical rigid mode1s of different sizes were constructed. 

80th mode1s represented defonmed shapes of a circular cy1inder of 76.2 mm 
.. 

(3.00 in.) diameter. The geometry or surface of the ellipse may be 

described by the equation R = J(aaxb2)/{a2sin2e+b2cos2e), where R is the 

radius from the center; a and b are, respectively, the semi-major and 

semi-minor axis of the ellipse. The two test models had dimensions of 

67 

a 1: 39.9 11111 (1.57 in.), b = 36.3 11111 (1.43 in.) and a = 41.2 11111 (1.62 in.), 

b • 35.1 mm (1.38 in.); the deformation of these mode shapes from the 

equilibrium (round) form is as shown in Figure 7.1 - which corresponds to 

a maximum "frozen" amplitude of ovalling (w*) of 1.80 11111 (0.07 in.) for 

the first model and 3.10 11111 (0.12 in.) for the second. To achieve high 

precision in the manufacture of the model, it was made by an N.C. machine 

,in twelve identical pieces, each 25.4 mm (1.00 in.~ long; then a11 twe1ve 

pieces were stacked to a final assembled length of 304.8 mm (12.00 in.). 

For the two models representing the third mode of ovalling, the 

surface of the deformed cylinder (see Figure 7.2) was generated by the 

equation R = 1.46*(1+Pcos3e)/{1+p), where the radius R is in inches and 

P is a parameter corresponding to the maximum radial deformation f.rom an 

undefonmed circular cylinder. One model had the dimensions corresponding 

to P = 0.075 (with a maximum w* of 2.54 mm (0.10 in.» and an undeformed 

circular cylinder of diameter 69.1 mm (2.72 in.), while the other 

corresponded ta P = 0.100 (with a maximum w* of 3.30 mm (0.13 in.» and 

an ,quivalent undefonned circle of diameter 67.6 mm (2.66 in.). This 

time the mode1 was constructed from twenty-three identica1 pieces of 

12.7 na (0.50 in.) long, and these were then stacked to a final assetlbled 

length of 292.1 mm (11.50 1n.). 



An four !IOdels were equipped with 19 pressure taps. spiralHng 

equally at 10 degree intervals around one half of the circumference and 

12.7 l1ITI 

1 

12.7 ~ (0.50 in.) apart, in the axial direction. Precautions were talten 
.1 

to ensure that the pressure taps were perpendicular to the outer surface 

68 

,of the model, such that stat1c pressure of the flow field around the .odel 

would be correctly measured •. This WIS one of the relsons for position;ng 

the pressure taps spirallg 110ng the length of the model. 

The test rig was lnOunted between two ·boundary-layer guarels· in 

the wind tunnel test section. as shawn dia~rammatica11y in Figure 7;3. 

These end plates serve two purpos'es: (1) their .. in function 15 to ensure 

that the boundary l&yers at the base and top of the _el Ire thin (-..ch 
G 

thinner than the wind-tunnel wall boundary layers), hence eli.inating 

the effects of boundary layer thicltness on the base pressure [24]. 

(11) because of the short length of the test !IOde 1 , the plates a150 serve 

to render the f10w over the .ooe1 and in the walte .ore near1y two df_ns1ona1. 

The plate design vas b&sed OR the opt1 .. (_st .ffective) plate size 

sunested br Stansbr [241. Posit".J:-d ben.n the plates and ~ tunnel 
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, 

bloekage for the flow throughout the .,r'dng section. 

The pressure distribution around the !IOdel was IIIHsured at 

Re • 3.80 x 104+ (li • 7.5 _/s) and Re • 1.18 x 105 (U • Z3.5 als)l. The 

second of these velocities corresponds, very closeTy~ to the ve10city It 

.1ch a typical shel1 beccaes unstable. However, by Elsuring the pressure 

'distribution at the Jower veloc;ty,.· the effect of Reynolds nWlber could 

be checked. 

7.3.2 Pressure coeffic;ent of various .odels 

• 
The effectiveness of the bounclary layer' guards vas verif;ed firsti 

this i5 discussed in Appendix H. Next, the resu1ts obtained in the 

uperi.ents will be presented and dis~ussed. 

,ln Figure 7.4 are shcMl the quasi -static pressures around the 
, , 

circa.rference, in tenlS of ~ressure coefficients, for tne second JIOde­

shape .. orientated in such a way as to yield infonlation for oval1ing with 

aJl Intinade facing the free streill. The pressure coefficients around a 

circu.lar cylinder are also plotted on the sa. graph for reference. The 

pre~sure distribu~ions lround the Sille mdels at a higher ~ are s~ in 
"'-

/" 

i 

Figure 7.5. ' t... 
Figures 7.6 and,7.7 show CIf'V. 9 for ~-"Te highly defo~ , " 

.z .,., .. 1. Il U • 7.5 rais anet U • 23~5- rJ/s, respeetive1y. Finally. 

in ,order 10' apprec1ate the effect of .ode-,shape defor.tion (statie 

JolI /' , 

'Under "1ent Condit10R1 in the rind tunnel, wtnd speed U _y be 'converted 
to Re a.s Re a 5.04 X 1~ X 11. _ 

'The h1gher flow speed of 23.5 II/~ (Re • 1.18 X loS') .y 11e in the 'trànsition 
.... of Reynolds ....... r. lie M-critical ra,.. Of Reynolds nullber ts 
..... 11 Y be't:Ween 300 and 2 x lOS. 

J# 
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--lIpl1tude-) on the pressure distribution, the data of Figures 7.4-7.7 are 

replotted in Figures 7.8 and 7.9' for-U = 7.5 mis and U = 23.5 mis, 

, - respectively. 
- > 

, 

It 1s interesting to ,ompare the data of the ,present study with 

the experiments of Modi (31] .• which involve two e11iptica1 models of 

eccentricity e == /1 - (b2/a2) ~ 0.60 ana 0.80 - as compared ta' the present 

uperiments, where e = 0.42 and 0.,52. The results for Cl = 0° are plotted 

in Figure 7.10, where Cl is the angle between the major axis and the free 

stream. It is seen that, in general, the base pressure increases as e 
t1 

inereases. The pecu1iar behaviour of the measured C , from e = 60°.to 100° p ... 

a~ the higher Reyn~lds number in the preSent study (see Figure 7.11) may 

be a ~irect result of -the Reynolds number approaching the critical regime. 

Figures 7.12 and 7.13 compare the C of the present study at 
- ~ p 

U • 7 .. 5 _/s (Re = 3.80 x 104) ~nd U = 23.5 mis (Re =' 1.18 x 105) for 

o • 900 with those of Medits. Ùn1ike the case of a =LQO, the base 
/ ' 

pressure here decreases as e increases. 

The pressure distributions around the test mode1s tith e = 45° 

are shawn in"Fi gureS' 7. 14-7. 17. These orientations woul d give i nfonnati on 

useful for ovalling with/a node f~cing the fr.ee stream. At the lower 

Re. 1t lliay be seen (Figures 7-.14 and 7.16) that the Cp curve for the 

incUned elliptical cyllnders resembles that of' a circular cylinder, whereas, 

at titgher Re (Figures 7.15 a,nd 7.17), the C in the wake of the·circular , 
, ', p 

cyltnder is lower then that of the el1ipt~al models. 

Final,ly, ta d~nstrate more fully the effec~ of the "defonnation 

-.plttude- and Re on the pressure distributions. the ~Ita of Figures 7.14-

7.l1 Ire replotted 1n Figure 7.18. , 

, : 

-. 

, , 
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The 5 .. set of .. su,....u as d.escribed .boV'e wre -ted ,-.. .--
for ~ n-3 .ode lIOdels. In Figures 7.19-7.22 the sutic pressure' 

distributions around ~ two d;tferent n-3 .ade .odels wi~ an antinode 
'" 

facing the wind, at two different Re, are p~sented and CQllplred with . . 

the pressure distribution around a circular cyHnder. It.y be seen 

that when the "nase" of the defonaed cylinder .(antinodel 15' facing the 
t7' 

n 

free stream, the C is slightly higher than that of 1 circular cylinder in , p 
-, the wake region. The reverse trend is observed when the .:Miel tllAS rotated 

by 180° so that the flat portion of the surface faces the wind. 

The data of Figures 7.19-7 .22 a~e rep10tted in Figures 7.23 .-:ad '. 

7.24 to more fully demonstrate the effect of defonnation on the pressure 

distribution, at Re = 3.80 x 104 (U = 7.5 _/s) and Re = 1.18 x 105 

(U :' 23.5 mis) , respectively. 
\ 

The quasi-static pressure distributions for the nc 3 IOde .odels 

with anode facing the wind (i.e. with thel"nose" of the IIIOdel ti'lted at 

30° with respect to"the on-coming flow) are plotted in Figures 7.25-7.28. 

Again t ta 'see more cl ear1y" the effects of deformation and Re on. 

Cp' the data of Figures 7.25-7.28 are replotted in Figure 7.~. 

7.4 Computation of WOr'k Done by the Fluid Flow 

The expression for the energy 'flux per unit length, from the flow 

field tQ the shell, as :given by equation
n 
(7.3) , has the fonn 

Il • (7.3) 

, . 
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• 
Ass .. ing thlt the pressure fhactuation inside the shel1 15 

_ligible UNI 15 approxi_tely equal te Paa.. the a~~r1c pressure. 
. + ~ 

.. 't,ch -1 he further awroXlIlIted by Po ' the front stagnation pressure. theft 

\ 

.. 

(7.9) 

.where (po-"Pc •• .)IlPU2 = l, and Cp(e.~*) i5 the static'pressure coefficient, 

me)lsured expérimenta-lly as described 1n Section 7.3. 

Ideally, with ~i-Pe expressed as a funct10n of e arld w*/a and 1JI as 

a function of a, the energy input into the system in one cycle of 

oscillation may, thence, be obtained by integrating equation (7.3). , 

However, as a first approximation, P1-Pe will on1y be expressed 

as a funct i on of w* la at each angular position, e, and the energy for a 

51118 11 segm~t (a+W*)da then computed. Within each segment, al1 the 

pararneters are assurned to be constant. The total energy will then be the 

TThi S 15 appl icable for a suctton type w1nd tunnel. It 11 found 
experimental1y that there 15 an average of 61 d1f~erence between Patll and Po­
The ~ifference arises f ..... 1 drop in pressure as the air passes thniUgh 
the screens. 

1· 
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s. of all the eftergy values calculated for tt.- 1nd1v1dual se)IIIlnts .. 

As .1rad)' .,.t1oned in the prev10us ~ter. the _sund, Cp 
, 

.y be approxillited by a f1rst-order polynœial 15 

Ind thence 

C a Hw*+H , 
pao 

J 

./ 

(7.10) 

For a shell (of i nfinite length) perfonning ova 1 Hng oscillations 

with an antinode facing the flow velocity vector, w* may be expanded 

in ï, seri es fonn 

w* ::r 

CIO 

}: Bt COS 1 (2H 1 )n6 
1=0 

iCI) t 
Il • 0 Bo cos ne , 

• 

(7.11 ) 

....... it lad been ~~1ned tut tIIe ... 1 shapes 'N ..... teTy clescl"ibed 

by U. llldi\.. ~ 1. the Mo" series [111. '-" 

, -. 
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1Iow, substitution of (7.10) Md (7.11) 1nto (1.3) lie'. the 

energy expression for a san Seglleftt subtend1ng an ant1e 92-61 - l' the 
" , If 

canter. i .•. at e· (61+6Z}f2. T'hus, t~ energy expression ~s 
, 1 

" . 

. 14 

2w/w e· 2 .. :-
• IpaZ J 0 J 2' ReIHl-Ho)l- H ~~+ (1-H-Ho)W"'Je-it JRe[arl de dt 

o e, / ' . 

, 

.. 

.. 
• 

~' 

where the propert1es of a 11, thê~ parameters will be e~aluated at 8. 

(7.12) 

Procced1ng in an analogous manner, the equl1vllent .. expres$ions for 

oscillations with anode flcing the free st,.... .re given by 

'\ 

, 
/ 

• 1 

15 
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f... t 
W* a e 0 Bo sin ne t (7.13) 

- -
(7.14,) 

7.5 Results 

Since experi_ntal evi~ence 5uggeSt5 thlt the n-2 and n-3 

circUlllferential IIIOdes occur w1th a node and an antinode, respectively, 

flcing the free streami and since the phase measured in the wake region ~j 

a1so pertains to these same orientations, the work done by the fluid for .. 
only these cases will be calculated. 

The following calculations were based on the measured quasi~static 

Cp at Re = 3.8 x 104 (U = 7.5 m/s)t. Typical t:esults of Cp as a function 

of (w*/a) may be foun~ in Figures 6.2 and 6.3. ,.The phase 1ag 1/1 (Appendix E) 

and the coefficients of the first degree polynomial (Cp = Hw*/a + Ho) 

are tabulated, in intervals of 10° From e = 50 to 175°, in Tab1es 7.1 and 

7.2~ for the n=2 and n=3 modes of ovalling, respectively. 

The energy extracted From the free stream for the two di fferent 

modes of oscillation, as a function of flow velocity, is presented in 

.--------:-- . Fi'gures 7.30 and 7.31. 

As was stated at the outset (vi~ Section 7.2). the system will 

becornes unstable 1f the energy a~sorbed fram the free stream 1s larger 

than dissipated by structural damping. Using equation (7.8). the (positive) 

f As shown in Seçt1J. 7.3. the .. su~ts at the higher Reynolds RUllber. 
Re • 1.18 x leP (U - 23.5 11/5) t ,tel to be UI,'"11ab1 •• 
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energy dissipated by the shel1 (per unit length) is given by 

(7.8) 

(7.15) 

Using the parametérs 1 isted in Tables 3.1 (for shel1s A and 8) 
. 

and &.1, the following are obtained. For the n=2 mode, assuming an 

ovall'ing frequencyof 167 Hz, Wd = 3973 B! to 4404 B~ J/m; and for the 

n=3 mode, with an ova 11 ing frequency of 230 Hz, Wd = 7353 B~ to 8682 s! J/m. 

The uncerta-inty in Wd arises from the cor~esponding uncertainty in the 

measured value of cS and differences between shells A and B. 

Referring now to Figures 7.30 and 7.31, it is seen that, according 

to this analysis, oval1ing wou1d first develop in the second mode of 

the shell Uthr ~ 22.0 rn/s, fol1owed by ovalling in the third mode at 

Uthr ;: 35.0 rn/s. The theoretical Uthr for the n=2 mode 1s relative1y 

close to the experimental value of 21.5 rn/s. However, this theory 

overestimates Uthr for the n::::3 mode by a factor of 1.5 (here it must be 

recal1ed that this theoretica1 model is for a two-dimensional (infinite 
~ 

length) shell, whereas the experiments were with finite length shells). 

As described fn Chapter 4, the experimental observations. suggest 

thiat the syst. will tirst beca.e u"stable ht the second lIIOde. At a higber 
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flow velocity, third-.ode ovall1ng develops, .nd ft 15 noted that, beyond 

.this flow. third and second mode ovall1ng takes place concurrently. Here, 

an addHional possible reason for the discrepancy in the value of Uthr 
for the n"3 mode 15 that coupling between the two circlIIIferent1al modes 

has ~en heglected 1n the present ana lysis - presum1ng that an exchange 

of energy may actually take place between the two different modes of 

ova 111n9 .. 

Fi nally 1 the amount of energy transferred from the flow field into 

the system, ahead of flow separation and in the wa,ke region. 15 compared 

in Tables 7.3. It 15 seen that more t.n ha 1 f of the energy is fed into 

the system through the wake region. This finding is consistent with 

the experimental observations, previously made in th; s thes i s, that the wake 
1 

region plays a very important role in the development of ovalling 

osci llation. 

\ 
. / 

.. 
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CHAPTER 8 

DISCUSSION AND CONClUSION 

8.1 ,On Vortex Shedding as the Excitation Mec_nhm for OVall1ng 

The experimental ev'idence of this work, suggests that periodic 

vortex shedding neither initiates nor sustains ovalling oscillation. 

Neverthe l ess. in many cases [29], the occu rrence of an 1 ntegra l value 

for the ratio, ri of ovalling ta vortex shedding frequencyat the ons~t. 

of instability remains ta he explained. ' 

78 

Perhaps further insight into the role of vortex-'shedding may be 

gained by exami ning the power spectral dens ity of the shell for the 

experiments wi th an i nsert. It should be noted that t despite the existence 

of wake periodicity, the system 1s stable for configuration 1 and unstable , 

for both configurations Il and III. The onset of instability for 

1 II III' 

con~igurat1ons II and III 1s approx1_tely at 27.-0 ais and 29.0 _/5, 

respect1v.ely. F1gures 8.1 to 8.3 cOIIIpIre the power spectral density plots 

of 'the three conf1gurattOfs at 'low speeds, of Ipproxi .. te1y 21.5 rJ/s. 

l 
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29.0 rl/s and 37.5 rAIs. 

At a Flow velocity btJ'tofJ t1w Onsflt of instabilitll (U • 21.5 II/s). 

the shel1 15 seen (Figure 8.1) to respond ta vortex shedding excitation • 

. Other COIIIpOnents. of shell response are at 211 Hz and 305 Hz, and arhe 

,from buffeting excitation of the turbulent flow. The fonner frequency 15 

1 i associated wfth f 2,1 and the latter is suspected ta be fl.1 - the f1rst 7' 

beam li ke mode nOf the she 11 • On c10ser exa",i nation. the magn1 tude of 
; 

vibration, for configurations II and III, at f2.1 i5 bigger than that for 

con~i~uration 1. This points ta the importance of near-wake effects on 

the stabi 1 ; ty of the system. 
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At a flow velocity ~ thB point of instabitity for configuration 

II, it is seen (U = 29.0 mIs; Figure 8.2' that the second mode. at ftl' 

has become the dominant oscillation, and a change in scale of the 
.J 

ordinate shou1d be noticed. At yet higher flow velocity Cu = 37.6 mis; 

Figure 8.3), beyond the point of instabiUty for configurat_~ III, ft 1 

is the dominant frequency of oscillation for both confl~l Il and 

configuration III - wher.eas for configuration l, tRe shell rem 'ns stable, 
1 

mainly. responding ta vortex shedding excitati'on. 

It is then interesting to study the behaviour of the shell in 

configuration l, at a yet higher flow velocity, w~ere the ratio r is 

close ta 2. Figure 8.4 shows the shell response at lJ,..~ 4),.4 mIs, 45.6 mis 

and 48.2 mis for which r lit 2.2. 2.0 and 1.9, respectively. It is seen that 

even tho,IJgh the periodic force from, vortex shedding is capable of exciting 

tl'fe shel1 at twice the vortex shedding frequency, the system rernains stablet . 

t When the syst. beca.s unstable, the ovalling frequency. as recorded on 
the PSO diagra_. 15 w11 defined by a sharp and ~rrow peak, as ''"*" in 
Figures 8.2 and 8.3. 

, 
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The inabil ity of periodic vortex shedding to let as 1 source of 

excitation 1.5 further supported by a study of a cluped-clamped shell 
. 
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without an insert:' It high wind speed. Owing to a restriction in the range 

of tunn~ wind speed, the ratio r for only the second lIOèfe of ova 11 ing 

will be studled (f2•1 ;; 171 Hz, fvs :Il SU/D with S ;; 0.18). 

The she11 behaviour at U;; 32.0 JI/s, 36.9 mis and 38.7 ra/s. 

correspondif1il ta r ;; 2.5, 2.1 and 2.0 are'g1ven in Figure 8.5. Figure 8.6 

gives the shell respons~. at yet higher flow velocity of U ;; 40.,5 Jlls, 

41.9 mIs an~/s which corresponds to r ;; 1.9, 1,8 and 1.8, respectively. 

It may be Jeen that the magnitude of vibration for the n=2 mode, does not 

i ncrease even when the ovall i n9 frequency is twice the vortex shedding 

frequency, i.e., at r ;; 2.0. As a matter of fact, the vibration magnitude 

decreases somewhat at the higher f10w velocity. 

The above findings then seem to favour the second hypothesis 

proposed by Paidoussis [29]. If at U = Uer ~he value of r that would 

pertain "naturally" at the onset of ovalling is close ta an integral value, 

then the onset of ovalling may organize the wake and control periodicity 

sUb-harm~~ sa as ta impose r = integer. 

8.2 In Search of a New Cause 

Having disproved periodic vortex sheddi~g as the underlying 

mechanism of ovalling oscillation, clearly anather plausible mechanism, 

the true ca~e of ova11ing, must be found. 

, The weight of evidence collected from this work, as well as evidence 

reported in refere"ce [6). clearly dealOnstrates the 1W/fKJrta"je of wake flow 

.. . '" . 

• 
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in the occurrence of ovall1ng. Based on th1s. a hypothes1s will be 

proposed to explain this intriguing phenomenon. 

The Mlin-stream turbulence would excite initial sma11 amplitude­

vibration of the she11. When the flow ve10ci ty increases, the cavity 

(separation bubb1e). originally close<!, opens up and instantaneous -111ey­

ways" (32] of fluid are fonned which penetrate the cavity. The stability 
; 

-' 

.' of the system would then de pend mainly on the interaction of shell IIIOtion 

and the reverse flow in the a 11 eyways • Hence, if a certain modp and 

frequency of oscillation of the shell are such that energy can be 

extracted from the wake f1 ow. and if thi s absorbed energy i s 1 arger then 

that dissipated by structural .damping. t'he amplitude of vibration will 
" 

;ncrease and the system then become unstable. Obviously. however. this 

interaction is complex; e.g .• the work of Chapter 6 clearly indicates 

~he importance of phase 1ag between wake flow and pressur~. on the one 

hand, and shell vibration, on. the other. 

8.3 Conclusion 

A number of experiments were conducted. with clamped-clamped shel1s 

in different experimental set-ups. The 'new technique of using acoustic 

ex'c.itatiQn in resonance testing (to determine natural frequencies and modal 

damping) proved to b~ very successful for shel1-type structures of 10w 

modal damping. The characteristics of the she11s in cross flow were fôund 

to be very similar to those reported prev;ously. that 1s the cylinder under-

90&5 ovalling oscillation at, or close to. one of its natural frequencies. 

The second and ~h1 rd modes of ovalling occur, respect1vely. with a node 

" , 
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and an antinode -facing the free stream vector. At the onset of ovalling, ... 
the ratio r • f/fyS is approximately equal to 3 .. 4-3.5 for the n=Z IIOde; 

and 4.0-4.3 for the n=3 mode. 

The experiments to investigate systematically wake periodicity 

behind a rigid cylinder, with or without a splitter plate, shows that, 
w 

Iven wjth a small gap between the cylinder and the splitter plate, no 

period1c vortex shedding exists in the domain of investigation. 

Finally, the experiments on a cylindrical shell with an insert 

aRd an insert-less shell with a "wake-el imi&,tor" demonstrate the importance 

of the wake flQW on the "stability of the system'. 

A refined theory has been developed to model the aeroelastic 

instability of a clamped-clamped cylindrical shell ih cross flow. The 

theory takes into account the non-stationary boundary condition of a 

vibrating shell, and within 'the wake, a constant reverse flow veloci ty is 

imposed such as to obtain a constant mean base pressure; further, it is 

a1so assumed that there is a 'lariation of base pressure associated with 

shell deform~tion. 
r,-';; 

As discussed in Chapter 6 (Case 3), the major weakness of the 

theoretical model is associated with the uti1ization of the funçtion 4>0' 

which aSsumes an idealized potentia1 flow in the forward part of the 

cy1inder (in order to calculate Borne of the tenms in the analysis). This 

tends ta exaggerate the effect of the changes in radial velacity caused 

by shell vibration on the stabil i ty of the' system. In view of the importance 
,.. 

of this effect, a new function <Po must be obtained, ei!her by an electrical-

analogue or by actually measuring the flow field experimentally. 

Ignoring the undesirable effect .entioned above (as was done in 

• 

• 
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-Case 6 of'Chapter 6). the,theory pl"Ovides good qualitative and quantitatfvè 

Agreenent with experiment. It predi<:ts flutter in the !1=2 (even) and 

,..3 (odd) DIOdes occurring ~h a node and an antinode, respectively,- .­

facing the free stream, except that the sequence in which ovalling occurs 

15 reversed in comparison with experimental observations. The, theory 

(Case~ 2 and 4 of Chapter 6) a1so indicates the importance of the wake 

ntgion in detennining the stability of the systell1, which is consistent 

with the experimental findings. 

In view of the above findings, it .is perhaps worthwhile to venture 
\0 

into a full-scale study of the near wake flow of a circular cylinder. rn 
order to fully understand and model the recirculating flow, some comprehensive 

flow visualization experiments shou1d be undertaken. Ideally, the surface 

pressure distribution on an oscillating thin shell should a1so be measured. 

The above-mentioned experiments would be rather difficult to perform. 

However, if an attempt ;s made, the theory may be further refined wi~h 

the new experimental findings. 
\ 

Finally, H has been demohstrated (for certain orientations of 

the ovalling oscillations) that the system is capable of extracting energy' 

from the flow field (Chapter 7). The thresholds of instability are 

reasonably well prediçted by the energy method. Even though the expressions 

for this analysis are rather simple, the calculations have to be 

supp1emented by experimental data. Firstly, the quasi-static pressure 

distributions for ova111ng oscillations have to be measured. Secondly, the 

phase relation between the induced pressure and shell displacement has to 

be calculated and measured, respectively, ahead of flow separation and in 

the wake region. Although. gathering this infonnation h~s been rather 

- . 
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Table 2.1: Dimensions of the Testing Shells in lnches; (1 in. :: 25.4 nm). 

She11 A B C 

Di ameter 3.00 3.00 3.00 

Thickness around top c; rcumference 0.0195 0.0185 0.0160 

0.0190 0.0190 0.0160 

0.0195 0.020 0.0165 

Thickness around bottOlTl circumference 0.0195 0.020 0.0160 

0.0190 0.020 0.0170 

0.0190 0.020 0.0170 

. 
Average she 11 th i ckness 0.0193 0.0195 0.0165 

Origina l length of she11 23.00 23.00 23.00 

Height of c1amping pos; t ion above 1.50 1.50 1.25 
tunne 1 f100r 

Height of clamping position below 1.50 1.50 1. 75 
tunnel roof 

.. ' 
Effective 1 ength of she 11 21.00 21.00 21.00 

( 
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Table 3.1: SUMMery of ~Iturll Frequenc1es and Modal Damp1ng for Shells A, Band C With and Wfthout an Insert. 

\ n 0: 2 n = 3 

MOŒL f (Hz) t5 f (HZ) ô 
(StElL) 

l st TRIAL 2nd TRIAl 1 st TRIAL 2nd TRIAL 1 st TRIAL 2nd TRIAL 1 st TRIAL 2nd TRIAL 

A 171.0 , 71.2 0.047 0.046 232.1 232.3 0.046 0.046 

A w1 th 1 ".ert 218.7 219.4 0.058 0.057 235.7 237.2 0.113 0.134 

B 166.1 165.8 0.051 0.049 216.0 215.6 0.052 0.053 

B w1 th 1 nsert 209.0 208.8 0.053 0.058 227.7 227.1 0.144 0.108 

C 163.8 - 0.032 - 226.1 - 0.036 -
- ~-----_ .. __ . __ ._-_._ ... _- _. 

Si:rrrrm?HSssznnMlrn Nt 7 rI: mrntmr~l'IIi1li1.I.iI!"i:"",liljIl11f1kil1a_"".v.,,"'~:"o.>J.':J. ... :, -~-,,- "_h-" . ",,' '" - .: _ .. -
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Table 4.1: Thresho1d Flow Velocities of Two Nominally Identica1 76.2 nm 

Diameter Clamped-Clamped Shells. 

Mode: (n,m) = (2,1) Mode: (n,m) = (3,1) 

et 
She11 (deg.) Uer f f n.m/f vs Uer f f n,m/f vs n,m n,m 

(mIs) (Hz) (-) {mIs} (Hz) (.) 

A 315 21. 7 173 3.4 - 3.5 24.4 236 4.1-4.2 

A 340 21.6 174 3.4 - 3.5 24.4 238 4.1-4.2 

B 315 21.2 167 3.4 - 3.5 22.9 223 4.0-4.1 

B 300 21.2 168 3.4 - 3.5 22.9 227 4.2-4.3 

90 

te 1ndicates the angu1ar poSition of the fotonie sensor, .easured 
c10ckwise froll the front stagnation point at a height h • 89 _ 
(3.5 in.); h 1s _asured froM the lower e1...,ing position (see Figure 2.3). 
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Table 4.2: Threshold Flow Yelocit1es for Shel1s A and B W1th an Insert. 

Orientation of the Model 

-.... ) -..... --. 
Shell 

8 Uer 
1 1 8 Uer 

1 i . e Uer 
1 1 t ; 

f 2,1 f 2 .1/f vs f2.1 f2.1/fyS f 2,1 f2,1/fyS Uer f 2,1/fyS 
(dl,.) (11/1 ) (Hz) (-) (cMt. ) (lIIs) (Hz) (-) (deg.) (mIs) (Hz) (- ) (mIs) (.) 

A 0 .. .. .. .. 145 30.8· 225 3.2 .. 3.3 .. .. 
:ns - - - - 145 31.8 227 3.1-3.2 - .. 

0 

325 .. - .. - .. - - - .. -
325 Stable .. - - - .. - - - .. .. 
330 .. - .. - - - .. - - -

1 315 225 27.0 212 3.4-3.5 135 28.7 214 3.2 - 3.3 35.0 2.6-2.7 

315 225 26.7 216 3.4 - 3.5 135 27.8 216 3.2 - 3.3 33.4 2.7-2.8 
.... -_._-_.-

t Th1s second cr1t1cal flow velocity could correspond to 1 change of ovalling mode (fram an antisymmetric to a 
S,.etr1c one) i s.. footnote of Sect 1 on 4.3. \0 ..... 
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Table 4.3: A SUl1Jl1ary of the Results of Tables 4.2 and 4.3. 

Model 0 0 0 0 (Shell ) 

f2.l (Hz) 173-174 - 225-227 

167-168 212-216 214-216 

f 2 t l /f vs (-) 3.4-3.5 - 3.1-3.3 
Stable 

~ 3.4-3.5 3.4-3.5 3.2-3.3 

Uer (III/S) 21.6-21.7 - 30.8-31.8 

21.2-21.2 26.7-27.0 27.8-28.7 
r 

( 



(, 

93 

Table 6.1: The Shell and F1uid Parameters Used in Theoretica1 Calculations. 

(a) Shel1 dimensions 

mean radius 

mean thi ckness 

a = 38.1 !JI11 (1.50 in.) 

h = 0.508 mm (0.020 in.) 

= 0.584 m (23.00 in.) 

L = 0.533 m (21.00 in.) 

ove ra 11 1 ength 

effect ive l ength 

h2 -5 
K = :-:-2" = 1.48 x 10 

12a 

(b) Material properties of the shel1 

density Os = 1.29 x 103 kg/m3 

Young's modulus E = 0.28 x 1010 N/M2 

Poisson's ratio v = 0.4 

<l.. (c) Dens i ty of air 

At 200 e and 1 at.ospheric pressure 

3 
Pal r • 1.204 kg/a 
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Table 6.2: Theory and Exper1ment Compared in Terms of Predicted and Measured Oval1ing Frequencies; Negative 
Aerodynamic Oamping -6 d and Modal Oamping ô ,at the Measured Critical-Flow Velocities. a n.m 

c:- n Il 2 n = 3 

CISe 
Expt Theory °2,1 (expt) -oad (theory) Expt Theory 83, l (expt) -8ad (theory) 
(Hz) (Hz) (Hz) (Hz) 

o .. 1 165 / 0.021 1 206 / 0.011 

1 165 0.027 206 0.013 

2 167- 164 0.046- 0.020 223- 202 0.046- 0.037 174 0.051 238 0.053 

3 166 Positive 1 207 / Pos iti ve 
damping 

1 
damQ.i.ag 

4 166 0.043 

/ 
207 0.032 

5 166 / 0.011 ,. 203 0.056 

6 165 V 0.042 202 0.070 

-

bu' ,. ntlflIMirUI.~I •• ~IIII1i!M ........... _ ....... ' ,-

~ 

\0 .... 
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Tlbie 7.1: S4M1nary of the Phase lag and Cp II: Hw*/a+Ho for the n=2 Mode Vibrating W1th a Node Faci.ng 
the Free Stream. 

Phase Polynomial Cp = Hw*/a+Ho Anguler 
position U-5 U-10 U-15 U=20 U-25 U=30 H Ho 1-H-Ho e mIs mIs mis mis mis mis 

C 5 165 151 138 127 118 110 2.408600 0.947070 -2.355670 A 
L lS 166 154 143 134 127 121 2.210300 0.800840 -2.011140 
C 25 170 162 155 151 148 146 1. 211600 0.496170 -0.707770 
u 35 176 174 172 171 171 171 -0.220290 0.027876 1.192414 
l 45 185 189 190 190 190 189 -2.436800 -0.497190 3.933990 
A 55 196 205 208 208 207 205 -3.037800 -1.019400 5.057200 
T 65 210 223 228 228 227 225 -1.252600 -1.930100 4.182700 
E 75 230 249 257 262 266 268 -0.042934 -1.214200 2.257134 
0 85 262 280 291 300 397 313 5.232000 -1.140600 -3.091400 

t 95 276 289 307 307 300 300 0.865420 -1.116700 1.251280 E 105 266 290 278 278 282 282 0.510740 -1.126100 1.615360 S 115 255 255 258 258 258 258 0.276180 -1. 138700 1 .862520 T. 
M 
E 125 240 240 240 240 240 240 -0.156550 -1.163600 2.320150 
A '35 228 228 228 228 228 228 -0.369860 -1.211100 2.580960 
S 145 215 215 215 215 215 215 -0.427900 -1.228200 2.656100 
U 155 210 210 210 210 210 210 -0.616450 -1.277400 2.893850 
R 165 204 204 204 204 204 204 , -0.048939 -1.323500 2.372439 
E 175 160 160 160 160 160 160 2.110500 -1.344000 0.233500 
0 

----

tEst1mated I~ a smooth progression fram the last set of calculated values to the first set of the 
measured ones. 

\ 

_. 
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Table 7.2: Su.mary of the Phase Lag and Cp : Hw*/a+Ho for the n=3 Mode Vibrating With an Antinode 
Facing the Fre~ Stream. 

Angular Phase Polynomial Cp : Hw*/a+Ho 
position U-5 U-10 - U-15 U .. 20 U·25 U:&30 e mis mIs mis mis mIs mIs H Ho 1-H-Ho 

" 
C 5 193 205 214 222 228 233 -0.196350 0.928000 0.268350 A 
L 15 205 222 231 237 239 241 -1.898000 0.740400 2.157600 
C 25 241 252 255 256 256 256 -9.472400 0.478800 9.993600 
U 35 295 285 282 281 281 282 8.570100 0.144000 -7.714100 
L 45 328 314 309 398 309 311 -1.363600 -0.367000 2.730600 
A 55 350 345 344 344 346 347 -5.202000 -0.933800 7.135800 
T 65 9 13 14 13 12 10 -2.762200 -1.034000 4.79~200 
E 75 31 45 50 51 50 48 -2.027100 -1.183800 4.210900 
0 85 74 96 109 119 127 133 -0.427630 -1.243400 2.671030 

, 
t 95 135 148 160 160 170 170 2.157800 -1.212000 0.054200 E 105 200 200 198 198 204 204 1.590200 -1.186400 0.596200 S 115 227 227 227 227 227 227 1.356900 -1.191600 0.834700 T. 
M 
E 125 205 205 205 205 205 205 1.324600 -1.216200 0.891600 
A 135 164 164 164 164 154 164 1.654600 -1.254400 0.599800 
S 145 125 125 125 125 125 125 4.350800 -1.302200 -2.048600 
U ~ 155 1BO_ 180 180 180 180 180 -4.808000 -1.356600 7.164600 
R 165 278 278 278 278 278 278 -2.222600 -1.410400 4.633000 

-E 175 269 269 269 269 269 269 -2.146200 -1.453600 4.599800 
0 

tEstimated (see foot note of Table 7.1). 

,.,... 
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Table 7.3: Comparison of the Amount of Energy Transferred from the Flow 

Field ;nto the System, to the Portions of the Shells Ahead 

of Flow Separation and in the Wake Region. .. 

Energy Extracted from Free Stream 

Flow Before Separation Wake Reg ion Total Energy 
Modes Velocity 

(mis) -
0-90° % 90°-180° % 0-180° % 

(B~ J/m) (-) (B~ J/m) (-) (B~ J/m) (-) 

~. 

5 54 30 125 70 179 100 

10 320 39 500 61 820 100 

15 805 42 1128 58 1933 100 
n=2 

20 1457 42 2005 58 3462 100 

25 2269 42 3128 58 5397 100 

30 3144 41 4504 59 7648 100 

5 9 7 125 93 134 100 

10 64 11 499 89 563 100 

15 167 13 1121 87 1288 100 
n=3 

20 344 15 1994 85 2338 100 

25 504 14 3128 86 3632 100 
, 

30 789 15 4504 85 5293 100 

( 
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n = 1 n • 2 

n • 3 n • 4 

Figure 1.1: Various circ..-ferential .acte shapes of breathin§ oscillation 
of cylindrical she11s. 
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Flexible shell 

\ 

.,...- Ahninil.l1l insert 

.......... ~ 0.30 in. 

Figure 2.Z: Top and side view of the cyl1ndr1cal shel1 w1th an alu.iniu. 
insert. 
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Steel support sleeve 

t=======:tJ..t---- cl Hp 

Fotonic probe 

Hot wi re probe 

To anemometer 

To fotonie pickup 

.. Figure 2.3: Side view of the cylindrical shell in position in the wind 
tunnel test section; typically 1. ;r 254 _ (10.0 in.). 
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Epoxy shell 

Microphone 

Sound level meter 

FFT Ana lyzer 

D 

figure 3.1: Schematic of the experiment ta determine the natura 1 frequency 
and damping of a clamped-c1amped shel1. 
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Figure 6.19: 

{ 
Argand diagram of the complex frequencies f2 1 and f3 1 of 
a clalllPed-clamped éylindrical shell t w;th an'antinode' 
facing the free stream, as functions of flow velocity Ut 
for Case 6 (all combined effects t but with boundary 
condition appl ied at r = a). 
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( APPENDIX A 

AUXILIARY INSTRUMENTS 

FlItCTION MAKE fl)()El REMARKS -
Speaker RADIO SHACK 40-248 8 ohms impedance 

Beat frequency B & K 1022 Range 20 Hz - 20 KHz osci11ator 

Condenser B & K 4145 
Resonance frequency 

mi Cf'ophone 9 KHz 
... 

Precision sound B & K 2203 
"A", "Bu, "C" and 

level meter "lin" weighting , 

Foton le sensor MTI 1<0-100 Resonance frequency 
50 KHz 

Constant temperature DISA 55001 anenoneter 

Hot wire probe DISA 55Pll 

Pressure transducer PCS 112A22 Resonance frequency 
250'KHz 

Ose i 11 oscope TEKTRONIX 7313 

Digital nulti- HP 3438A _ter 

Desktop con~ter HP 9825A 

FFT analyser HP 5420A 

( 
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APPENDIX B 

THE NATURAl FREQUENCIES AND MODAL DAMPING OF SHEll A 

( 

The natural frequency of shell A (w1thout an 1nsert) for the 

second mode of ovall1ng 1s 171.0 Hz and the logarittwn1c decrement 1s 

0.047 (see Figure B.l). Figure B.2 gives f3.1 • 232.1 Hz and 63,1 • 0.046. 

Not too surpris1ngly, when the damp1ng 1s l1ght, the repeatab1l1ty of 

the measurements 1s excellent (see Figures B.3 and 8.4). 

W1th the 1nsert glued onto she11 A, there 1s, approximately, 

a 2BS 1ncrease in the second~ode natural frequency (f~,l = 218.7 Hz. 

see Figure B.S). The modal ~p;ng ô~,l for th1s mode 1s 0.058 (an 

increase of 20%). Figure 8.6 presents the corresponding resu1ts for the 

n=3 mode: fj,l = 235.7 Hz (a 1.5S increase), and 6~,1 • 0.113 (an 1ncrease 

of 1451). The measurements repeated' on another date are shawn on 

Figures B.7 and B.8. 
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/ APPENDIX C 

THE BEHAVIOUR OF SHELL A (WITHOUT AND WITH) AN INSERT 
i 
1 

209 

Shell A was used in the prel iminary stage of wi nd tunnel experiments 

(see Chapter 4 for details), to study the shell response without and 

with an insert in cross wind. 

A typical result for shell A without an insert is shown in 

(1 Figure C.l. The average Strouha1 number, S. is approximately 0.18 for 

0<U<35m/s. The fi rst observed i nstabi 1 ity (n=2 mode, '" 174 Hz) 

occurs at Uer ~ 21.7 mis and at this flow ve10city the ratio r of 

ova 11 i ng frequency to vortex shedd i ng frequ ency i s from 3.4 to 3.5; the 

uncertainty in r arises from the corresponding difficulty in pinpointing 
, 

Uer' The n=3 mode ovalling ('\, 236 Hz) was precipitated at a slightly 

higher wind speed of Uthr ~ 24.4 rn/s. The same experiment was repeated 

with the fotonic sensor monitoring the shell motion at e = 340° (instead 

of e = 315°). The result is plotted in Figure C.2. 

For she11 A with an insert, the experiments were first conducted 

with the model orientated at configuration 1. The fotonic probe was 

1 Il III 
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'--.... positioned at different locations to IDOnitor the shell response at ---- ~ . 
dtfferent angular positions. It is seen (Figure C.3) that, at orientation 

1 the system is stable at all flow velocities, up to U = 45 mis. 

Figure C.4 shows that the system would becOOle unstable at 

orientation III. The onset of instabil ity for this configuration occurs 

t 1 1 at Uer ~ 30.8 mis (f2,1"" 225 Hz; r = 3.2-3.3). The same experiment 

.s repeated on another date and the result is presented in Figure C.5. 
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wake flow per1odic1ty in terws of Strouhal " .. ber S, and 
r II: fn.m/fvs for a c1_ped-cl.ped shel1 (shell A) in cross 
flow. 
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APPENDIX 0 

BERNOULLI EQUATION FOR A NON-STATIONARY SOLID-FLUIO BOUNDARY 

\ 

Owing to a moving flu1d-sol1d boundary surface. the fluid 

propert1es are a funct10n of position and time; hence. the unsteady 

Bernoulli equation should be written as 

O V2 Po ~+ +2.:r: nt T p pt 

where rlt 1s the substantial derivative. 

P' 

x 

Instantaneous shel1 
surface 

y' 

..... Undefonned shell 
surface 

fIow consider two fr.es of reference oxyz or F. and o'x'y'z' or 

F' • At ti_ to' both fr_s are co1nc1dent and F' 15 .oving relative 

216 

ta F vith a _t1on descrfbed in F IS a velocity v and An angular veloc1ty w. - -
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( 

Let ~,t be the velocities of the fluid partiele P as seen by 

an observer in F and FI. respectively. The tenn ~t may then be 

rèwri tten as 

D~ al . 
l)f = at + ~.'V~ 

-
:0 al + ar (~-~-~r) .~~ • 

To express the rate of change of t as seen by an observer in 

fixed space, one sets ~ = o. 
Hence, the unsteady Bernoulli Equation reduces to 

Pa :0 _ 

P • 

217 
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APPENDIX E 

PHASE RELATION BETWEEN SHELL DEFORMATION AND THE INDUCED PRESSURE 

It is presumed that due to viscous effects, there is a phase 

difference between the perturbation pressure field and she11 deformation. 

The experimenta1 set-up al10wed the phase to be measured only 

over a portion of the shell in the wake reg10n (e = 1200 to 240°). Hence, 

the phase fram the forward stagnation point to the point where the f10w i s 

assumed to separate from the cylindrical shell is estimated ana1ytica11y. 

The phase relation fran e =: 85° to 1200 lies in the so-ca1led I grey ' 

region; phase values therein have been obtained by interpolation from 

those ca1cu1ated and measured, respectively, fore and aft of this region. 

E. l Experimenta l Set-Up to Measure Phase 

The experiment was set up in accordance with Figure Ll. The 

cyl1ndrical test shell and the fibre optic probe were mounted in the same 

IIilnner as described in Chapter 2. A PeS pressure transducer (type 112A22) 

vas placed in the wake beh1nd the shell ta pick up the pressure signal 

1nduced by shell mot ion. The signa 15 fY"Ollt the foton;c sensor and pressure 

transducer were then fad into a fFT signal ana lyser (HP 5420A). A 

transfer function was then used to f1nd the phase and any other pertfnent 

relation between the two signals. 

The exper1_nt vas conducted wi~ the wtnd speed set at 21.5 rais 

and 25.5 II/s. At these respective flow velocit1es, the second And th1r.d 

.ode of ova 111ng were seen to have large amplitudes of vibration. 
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E.2 Experimental Resu1ts 

It 1s reasonab1e to presume that the presence of the pressure 

transducert in the region before the boundary layer separates from the body 

will disturb the mean flow and consequent1y the phase measured in that 

region wou1d be unreliable. For this reason, the experiment was restricted 

ta a sma 11 region of the wake where it was assumed that the pressure 

transducer had 1itt1e effect on the measurernent. 

Initial tests were done w1th the pressure transducer traversfng 

around the periphery of the shell from e::; 120° to 240°, at 15 degree 

intervals. The transducer was positioned such that the center of the 

sensing surface (diaphragm) was 9.50 nIll (0.375 in.) away from the shell 

surface and was para11el to the mean flow velocity vector. The fotonie 

sensor was set at a = 3150 and on the same height (120 lYII1 (4.90 in.) above 

the tunnel floor} as the transducer. 

Figures E.2 and E.4 show the frequency spectra of the she11 

vibration (top) and the induced pressure (bottOO1) for the second and third 

modes of ~1l11 ing. It should be noted that the n=2 mode 15- vibrating 

with a node fac1ng the free stream vector. whilst the n:3 mode has ..an 

antinode fac1ng the flow. 

The top dlagrams of Figures E. 3 and E.5 show the phase plot of 

the cross spectral density between the shell displacement and the 

perturbation pressure 1nduced by shell .,Uon. It 1s seen that there is 

1 n1 ce 11 tt 1 e pl a teau centered around the fr~ency of 1 nterest. wh 1 ch 

ts Ipprox11111tely 167 Hz for the n-2 axIe and 235 Hz for the n-3 lIIOde - even 

t TM pressure transduc:er plus the holder MS a di.ension of 14 .. (0.55 in.) 
di_ter. 

l 
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though the pressure signal recorded is very weak and only just above the 

el ectrical noise level generated by the instrumentation. The val idity 

of these resul ts 1s enhanced by measuring the coherence between the two 

signals (see Figures E.3 and E.5. bottom): it is seen that it is close 

to one at the frequencies of interest. To further support this claim, 

a cross correlation function between a sinusoïdal signal t and a random 

white noise was determined. In this case, it is found (see Figures E.6 

to E.8) that at the frequency of interest there is no definite phase 

fonned and the coherence between these two signals is practically zero. 

The phase relation between the she1l displacernent measured at 

e = 315 0 and the induced pressure at various angu1ar posit ions are 

plotted on Figure E.9 for the second mode and on Figure LlO for the third 

mode of ovalling. 

In order ta fully interpret the above resul ts, sorne further 

measurements were need~d. Firstly, it was necessary ta express the 

phase between the induaed pressure and the shell displacement at the point 

where the pressure was measured. For example, consider1ng the n=3 mode, 

in which the shell avals with an antinode facing the wind, the shell motion 

on the part of the shell surface described by e = 3300 to 300 is in phase 

t The sinusoïdal signal 1s used here to simulate the shell vibration 
signal. 
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with that described by both a = 90° to 1500 and a = 210° to 2700
• However, 

ft 1s 180 degrees out of phase with the parts of the shell for which 

e = 300 to 90°, e = 1500 to 2100 and e = 2700 to 330°. Hence, it is 

possible to obtain the "actual phase" at any point on the shell from that 

measured with the fotoni c sensor set a t e = 3150
• The above method 

of extrapolation was verified by performing another set of experiments, 

wi th the fotonic sensor positioned at e = 00
• It was found that, by 

making the appropriate compensation, the phase obtained is close to that 

measured in the earlier experiments. 

Secondly, it was necessary to detenni ne whether the phase measured 

by the analyser indicated that the induced pressure was leading or lagging 

the shell motion. This could be easily do ne by delaying a second signal 

by a certain fraction of time period with respect to the first signal. 

Both signal s were then processed through the spectrum ana lyser. The 

conclusion drawn frOOl this test is that the measured phase shou1d be 

interpreted as a phase lag of the induced pressure with respect to the 

shell displacement. 

Fina 11y. the fully cornpensated phase angles ver8U8 a are presented 

in Figures E.11 andE.12. It is seen {in FigureE,l1) that therneasured 

phase for the second mode is not synJ11etric about the 0-180 degree l ine. 

However, the rel iability of the measurements from e = 1950 to 240 0 is 

questfonable, as indicated by the coherence in this region not being as 

good as that in the reg; on e = 1200 to 180°. For instance, the rneasured 

phase at e .. 210· has a coherence of only 0.33. Hence, the phase 

measurements for e = 1950 te 240° are disregarded. For the third mode 

of ovan lng (see Figure E.12), the ampl itude of vibration is three times 
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larger th an for the second mode and, consequently, the induced pressure 

signal is stronger. The coherence between shell vibration and the induced 

pressure is nearly one and the phase measured is symmetric about the 0-180 

degree 1 i ne. 

E.3 calculation of Phase for a = 0 to 85 Degrees 

The method used to estima te the phase for e = 0° to 85° will 

briefly be outlined in this section. As suggested by experimental evidence, 

it i 5 assumed that there i 5 a phase lag l/J between the i nduced pressure 

and shell vibration. The expression for the induced pressure will be 

formulated analytically by utilizing strip theory aerodynamics, as 

described in Chapter 6. As will be seen in due course, l/J is determined, 

once the expression for the induced pressure is specified. 

As a first approximation, equation t (6.11) and (6.12) may be 

simpl i fied to 

and 

a<p* l 'ù 

ar r=a 
aw* !!.9.UU dW* 
--ar-+a 16 

for convenience, f(a) i5 replaced by g(9) and the effect of (~~~}'y4> 

(E.2) 

tAs shown in Chapter 6, the choice of an idealized fully potential flow 
for <Po tends to overestimate the effect of applying the boundary condition 
at r = a+W*. For this reason, it was decided to apply the boundary 
condition at r = a in this analysis. 
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in equation (6.10) has b~ ignored. 

Sinee the aim of this analysis is to estimate the phase ahead of 

the separation point, it is reasonab1e to ignore the flow within the 

wake and to assume g(8) = 0 for e > 8s ' 

As the quasi-static pressure was measured by neglecting the axial 

deformation of the shell, and the energy calculations (1n Chapter 7) 1 

are based on a shell of infinite length, w* may be expanded in a series 

fonn 
00 

w* = eiwt L Bt cos(2t+1 )ne 
t=O 

(E.3) 

where the oscillations are s)'ITI11etrically d1sposed about the (8=0. 6=11')­

pl ane; as suggested by the previ ous work [11] t Bo ~> 81, 82 , ...• etc. 

may safely be assumed. 

Proceeding in a simi1ar manner to that described in Chapter 6, 

1t may be shown that for hannonic she11 motion with an antinode facing 

the free stream, the externa1 flow potential is given by 

OCI 

+* • e1wt lO(O) + L O(j) r- j cos je] , 
e j=l 

j+l 
D(j) • (T)[-ht~nj + 2: G(n,j)]Bo 

and 

(E.4) 

(E.S) 
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es 
G{n.j) a f g(e) sin ne cos-je de • 

o 

Phys1èally, one \IiIOuld expect .: + 0 as r + -. This 1l1pl1es 

0(0) • 0 in equation (E.4), or 

Menee, 

.* c e 
-e iwt I D(j) r - j cos je • 

j-1 

.. 

• _ e 1wt pB J Ë ci 6 j ~ cos je + 2 Un wi r co) je G(n ,j) 
o ~ j=l n J l' j-1 

- Ug(8)[- wi r sin je cS • + 2 Un r sin je G<n,j)l} 
. 1 RJ 'Ira • 1 J* J-
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CE .6) 

(E. 7) 

• ei • pB (,} .. cos ne - iw [2 Un i co) je G(n,j) + Ug(e) sin ne] 
o l n 1f j-l 

+ 2 Ifn g(6) r sin je G(n,j)} . 
1'1 • 1 J-

III gIIIe ... l. P; -1 be expanded 111 1 series fGrll IS 

p. • 
e 

(E.8) 

i 

1 
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p* :& e 
-eiwt L A(j) f(a,e) [cos." - 1 sin"'] , 

j=l 

Where 1t 1s assumed that the 1nduced pressure 1s 1agg1ng the shell 

vibration by an angle .". 

Equa~in9 both real and 1maginary parts of equat10ns (E.8) and 

(E. 9) gives 
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(E.9) 

• ~ 2-I A(j) f(a,a) coSlll .. p {- --.!. cos ne + 2 U n g{e) L sin je G{n,j)} , 
jal n 1I:a j=l 

(LlO) 

and 

- -- l A(j) f{l,a) si", • - pt)w {g(a) sin ne + 2!!. r co] je G(n,j)} . 
j-l 11: j=l 

Dividing (E.l1) by (E.l0) ylelds 

-ta"" '" 
( - g(e) sin ne - 2 i r f9j je G(n,j») 

j:o:l 
Uw 2 2 _ . 

(- "na cos ne + 2 ~an g(6) j~l sin je G(n.J») 

(E.11) 

(E.12) 

The foregoing analysls pertains to the case of oscillations w1th 

u utinode facing the free streMl. Proceeding in a s1.11ar manner, the 

equivalent expression for oscillations with a ROde flcing the free stream 

15 given by 
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1 

CID 

+* = eiwt r O(j) r-j sin je , e j=l 

Mhere 

O(j) 111 
aj +1 Un 
(-j-)[- iw 6nj - 2 ;ra G(j ,n)] , 

and 

as 
G(j,n) = f g{a) sin je cos ne de . 

0 

The external fluctuating pressure and the phase lag, in terms 

of tan 1/1, may then be written as 
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(E.13) 

(E.14 ) 

(E.15) 

(E.16) 

p* .: eiwt pB $_ ula sin ne + iw [2 Un r Sij ja G(j,n) + Ug(a) cos na] 
e 0 l n 11" j=l 

and 

+ 2 ~an 9(a) ) cos j6 G(j ,n} t 2 - } 
J-l 

- ta"", 111 

( + 9(6) cos ne + 2!!. Ï ~ G(j,n») 
'1 Jal ---y-

Uw 2 2 _ . 
(- wna sin ne + 2 ~an g(a) r cos je G(j,n») 

j=l 

(E.17) 

(E.18) 

, 

j 
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E.4 Resul ts 

The phase angl es were cornputed in 10° interva 1 s fram e = 5° to 

85°. The listing of a computer program for the calculation of ~ may 

be found in Appendix G. 

227 

Figures E.13 to E.15 show the results for the n=3 mode vibrating 

with an antinode facing the free stream, for flow velocity U = 5 to 

30 mIs in steps of 5 mIs. The computation is based on an ovalling 

frequency of 230 Hz. Ta facilitate the presentation of the data, any 

phase lag W greater than 3600 is reset to W-360°. The experimentally 

measured phases (from e := 1200 to 180°) are also plotted on the same 

diagrams. The phases between e = 85° to 1200 may then be interpo1ated. 

For the n=2 no de oval1ing with anode facing the free stream, 

the ovalling frequency ;s assumed to be 167 Hz. The results are plotted 

1n Figures E.16 to E.18. 
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Figure E.l: Schematic of the cylindrical shell mounted in the wind 
tunnel test section, anc111ary equipment and measur1ng 
apparatus for phase angle measurements. 
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Figure E.2: Frequency spectra of shel1 ,vibration (top) at e -= 3150 and 
induced pressure (bottan) at e *' 135° for the n-=2 mode 
oval1ing at U • 21.5 mIs. 
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Figure E.6: Typ1cal setup state for phase measurements (top) and 
oscilloscope traces (bottom) of a sinusoidal signal (input 1) 
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Figure E. 9: 
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u e ... 

Measured ma~nitude of induced pressure (top) and the phase 
difference (bottom) between the shell d"sp1acenent at e ::; 315 0 

and the induced pressure at various angu1ar positions e, for 
the n=2 mode at U = 21.5 rn/s. \ 
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calculations for U '" 15 and 20 mis. 
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Figure [.17: Ca1culated and experi.entally fIeIsured phase 1a9 for the 
n-2 IIOde v1brat 1ng w1 th a node facing the free stream; 
calculat10ns for U • 15 and 20 fA/s. 
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APPENOIX F 

THEORY FOR OVALL {NG W!TH A NODE FAC IHG THE FREt STREAM 

The analysis remain~-unal~red and'as described in Chapter 6, 

except that the flow potentials and shell displacenents assume different 

fonus. Hence, only the major derivation procedures will be outl ined 

and the final results will oe presènted directly. 

For hannonic shel1 vibrations with anode facing the free stream, 

1t may be shown that the external and internal perturbation flow 

potentials may be expressed as 

+* := e 
iwt e 

aD 

r D(À} r- À 
sin ÀO 

À=O 

QI) 

e iwt r E (À) r À sin À6 

À=O 

and the shell displacements may be assumed to have the fonns 
,. 

iwt 
GD 

u· .. e r \. sin ne "'~ 
m=l 

aD 

y* 
iwt r B. cos ne •• ' ... e 

m=l 

.. 
w* - iwt r Cm sin ne •• . e 

... 1 

(F.1 ) 

(F .2) 

(F.l) 
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Substituting equations (F.1) and (F. 2) into the boundary candit ion 

- equat10n (6.12) - an express 10n for O(À) of ': may be obta ined: 

j+ 1 c» j " 
D(j) '"' (~) m!l Cm l - iw 0nj - 2 ~ F(j,n} 

U sin(l+n+j)e 
+ [ s 

'Ira l+n+j 

sin(1+n-j)e 
S 

l+n-j 

sin(l-n+j)e sin(l-n-j)es t 
' .. n+j S + l-n-j lfl/lm' 

(F.4) 

Similarly, E(j) for <Pi 1-s- given by 

E{j) = 
l-j CD 

(~, ) tiC ~ toi. 
L (Al u J''''' J m=l m n m 

(F.5) 

Thus, ': and !pi may be expressed as 

CD 

•• :: eiwt [D(O) + l O(j) r- j sin je] , (F.6) 
e j=l 

CD 

.i z: e1wt 
[E(O) + r O(j) ~ sin je] • (F.7) 

j-l 

Vith equations (F.6) and (F.]), in conjunction with (F.4) and 

(F.S), the external pressure p; and internal pressure pt, respect1vely, 

.. y be written as follows: 



1 

( 

p* • -e 
peiwt l le l',.,2a sin ne .... 2 ~i ln .~ Sij je F(j ,n) 

j-l -.n n J=l 
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( 

GD ~i 6 sin{l+n+j)e sin(l+n-j)e sin{l-n+j)e Sin(1-n-j )6)] _ ~ r n ( s _ s _ s + s) 1 
j"'l- l+n+j l+n-j l-n+j l-n-j 

where 

and 

GD sin(l+n+j)e sin(l+n-j)9 sin(l-n+j)ê sin(1-n-j)9 )) 
( 

\' ( S S S s) t 
~ L cos je l+n+j - l+n-j - l-n+j + l-n-j J 

j=l 

pe iwt iw 0(0) , 

and 

and 

ô = 0 3 

ô '" 1 3 

(F.B) 

if 

if 

• 2 P*1 - - peiwt r {- c w a sin ne}!II _ pe111St E(O) • (F.9) 
.1 Il n Il 

Hence, the aerodynamic tenn q; = p* 1-P'" e becomes 
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a* .. pe1wt Ï le 12 w
2
a s1n na + 2 lkù1 (-n r sin, je F(j ~n) 

T 1IP"1 m n 1f j=l J 

(

CIl ~sin(1+n+j)as Sin(l+n-j)as Sin(l-n+j)as Sin(1-n-j )8 S )J 
+ Js j!l ~ l+n+j - 1+n-3 - l-n+j + l-n-j ) f 

GD 

- Uf(a) ô1 f fw cos na [B +C ] + 2 ..!L c (n L F(j .n) cos je 
m m na m . 1 J:I: 

GD sin{l+n+j)e s sin(1+n-j)8s sin(l-n+j)es Sin(1-n-j )8
S

)) 

- ~(j~l cos jO( 1 +n+j - 1 +n-j - 1-n+'j + l-n-j ) l 

+ pe iwt fw {D(Q)-E(Q)} • (F .10) 

Substituting equations (F.3) and (F.10) into the shell equations, 

J and using a variant of Ga1erkin's method (as in -Chapter 6) yie1ds the 

fol l owing set of equations: 

(F.11) 

continued 

J 

1 
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(F.12) 

Ml 2 3 ' 2 ~ {-avckm + ~ an K(l-V)Ckm + a Kekln} A + {na kln - ~ a nK(3-v)ckm} Bm 
m=l m 

. 
4 

py '2U J sin(1+2n)es sin a sin(1-2n)a s 
+ Ph 1T Wi l [-F(n,n) + ~( n{l+2n) - 2 n s + n(1-2n) )]a kln Cm 

s 

co sin(1+n+j)6 sin(l+n-j)es sin(l-n+j}es Sin(l-n-j}e
S

) 

- ~(j~l F(n,j )*( l+n+j S - 1 +n-j - , -n+j + , -n-j ) 

where 

and 

+ • F' (l ,n ,n) + i He - i$ ['-es + -in sin 2n 8 s lIa km Cm 1 = 0, (F • 13 ) 

e n 
F(n,j} = J s f(e} sin na cos ja de - J f(es) sin ne cos je de , 

o es 

F(j,n} 

~.. 1 1 

es n ,;" { 
= J f(e) sin je cos na de - J f(es) sin je cos ne de , 

o es 

FI Cl,n,n) = f&! f(e) sina sin ne sin ne de • 
o 

(. 
, I..: • 
" , , 



.11111 If 

• 
'~ 

\ 

'. , , 

,-

(' 

Let now 

'$ 

Cj a 

t_ 
• " w: Ikf$ , . 

il 

Ci • Z,e! .. . 
\ 

CZ • - 4," F(a.nl • 

4 ~ n Ï F(n.j)F(j.ft) • Y. Jal 

s 

pU s1n(1+2n)6s sin 6's sia(1-2n)8s.. 
C. • Tl n(1+&) - Z ft + 11(1-&) ""1, 

Ci • 4 ~ F'O.n.n} • 

o 

Hence. the equat10ns of IIIOtion (F.ll )-(F.13) .Y be .-itten 1ft t=­

fo 11 owi n9 _ trix fol'll 

-yf .. 0 0 ~ 
... 2 0 -lia. 0 B. + 

0 0 ...,...-~ Cl 1. e " • ~ 

... 

, 
C8ftt1 .... 

ttUILtk 
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tw 0 

~ 
0 

.z .. 
2 

- " ft (l-v)(l,",)f .. 
" 

" 4In(1+v)c .. 

- ~kII 

+ " an
2

K (l-v )clcll 

+ a 3ICekm 

• {a} 

4400 Il 

0 0 \. 
0 0 ·8 + • 

y Ci i!nrci+CiJa .. psi T A. C. 
S 

- " .n(1+"o1)f .. 
3 IIvf .. __ Kg .. 

_ .. IIn2,,(1-v)f .. 

2 
- ft 'ICI! na. 
+ " IZ( 1 +3K)( 1-\1 )t. - .. a2",,( 3-V )cg . 

.. 
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APPENDIX G 

~ 
LISTING OF THE "fXJtPUTER PROGRAMS 

This progralll cal cul a tes the y,lues of the aerod,.,..1c ~ 

-F(n,n). l F(n.j)F(j.n). 
j-l 

., 

• s1n(1+n+j)8 sin{1+n-j)e s;n(l-n+j)e sin(l-n-j)e 
'I ( l+n+j s... l+n-j s... 1-n+j s... 1-n-) S).,f(j,n), 
j-l 

As defined in Chapter 6 

es • F{n,j} ,," f f(e) sin ne cos je d6 - J f(8's) sin ne cos je d8 • 
o es 

F(j,") 
es w 

• f f(e}., sin ji cos ne ete - f f(es) stn j8 COS ne ete • 
o 8, 

FO,ft ,n) .. 
es - -

f f(e) si~ cos ne cos ne d8 
o 
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*BATCH WATFIV ME15102 SYANG 
SWATFIV ,TlME-60,PAGES~20 
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, ,- ,'. 

C----------------------------------------------------- ---------------* 
C * 
C 1'0 EVALUA TE THE AERODYNAMICS TERMS * 
C COMMENT: P(N,Nl FOR C2 _, SUM F(N,a)*F2<U,N) FOR Cl * 
C -- - WI TH CONSTANT BACK FLOW -- - * 
C I.E. F(THE~A-Sl~CONSTANT 1 DEL2~1 * 
C CONSTAN'!'S FeR CI." C 5 " C6 * 
C - - - Wl TH MOV: NG 3=-,"j~JJ..~Y CONDI TI ON - - - * 
C I.E. Rz:J.. .... ""· * 
C PI-{THE":,,,A-$ -s:r';'2N'7HETA-SJ)/2N FOR C7 * 
C --- WIT~ BASE ?~ESS~RE VARlATI0NS --- * 
C I.E. DP-S:;q·,.,*J.. .. IW*A) *EXP(-IPHI) * 
C FILE NAMEcAER~TE~ * 
C * 
C- - - - - - - - - - - - - - - - .. - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - .. 

IMP~IC:T REA~*8 A-H,J-Z) 
DlMENS:JN B'e ,((9! ,BS ( 9) 
COMMQN ~ 3S.FS.?: 
DEL]:- .:: 
PI "':::;J.?C:: .:J'J. 
ANG:_E.· E =:" ;:. : 80 

C- - - - - - -- -_. - - - ----------------* 
C : N P:J-:- .~ ::. E:- t- )F FUNCTION PITHETA) * 
C ANG:"'E::F ES ':SEPERAT!ON ANGLE • 
C------ -. - -- ---------------------* 

REA= . 5 , • i C (: ' • 1. 1 • 5 ) 
REA:: '~,. ( Cl: i • ! .6 , 9 ) 
PR!N'I 7 

ï FORMA T' ' , " ' ,2 X, . '!"HE COEFF 1 CI ENTS FOR THE POLYNOMI AL f' ( THETA) • , 
SI/) 
OO'O! .. ',9 

BS ( : '''ANGI.-E*·: 
K-:-' 
PR ! NT ", K • C ( l 1 " 

11 FORMAT' ',12I.,'C(',11,')·',020.12) 
10 CONT: NUE ' " 

F''"'CI' )·C 21*BSl ~ )+C(3)*BS(2)+C(4)*BS(3)+C(S)-Bs"h)+C(6)*BS(S) 
F2-C'ï,-BS:6 1 +C'Bl*BS(1)+C(9)*BS(B) 

12 

5 
C 
C 
C 

1 

C 
C 
C 

FORMA 7 , ' 
X 300 ~";:,] 

PR:N":' ~.N 
FORMA 7' , 

. '2X, 'f(THE71\-S. ··.F~O,5) 

, • Olt. . N - ' , 1 3 ) 

EVALUAT:ON Of' f(N,N) FOR C2 

RH-N 
T'WON-"-;; 
C~.(DCOSITWON·PI)-DCOS(~·8S( tl')*rS/_/M 
rNN-f'SIN(TWQN)*0.5+COH*DEL2 
PRI NT '. P'N" 
FORMA l' l' " 1 '. ' 2X 1 • F ( H , N) FOR C 2 .', P' 1 0 . 5 ) 

EVALUAT~ON Of SUMMATION F(N,U)*f(U,N) FOR Cl 
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SOM-O.O 
0-1 . 
Nl-N-l 
00 56 Ja 1 , N 1 

Xl-0,50*(FSIN(N+U)+FSIN(N-U»+CONST(RN,U)*OEL2 
X2-0.50*{FS:N(U+N)+FSIN(U-N»+CONST(U,RN)*OEL2 
X-X 1 *X2 
SUM=SUM"X 

255 

• s 
FORMA;'; l ',/,',12X,'NO. OF TERHSa·,F6.2,5X,'SUMMATION OF C3 • 

F20.5) 
56 
C 

C 

Xl-0.50*FSIN(;'WON)+CON*DEL2 
X2rO.50*PS~N(TWON)+CON·DEL2 
x-x 1 *X2 
SUM"'StJM+X 
O-U·l. 

55 CONTINUE 

65 

Xl·0.50*'FSIN(N"'U)+FSIN(N-U»+CONST(RN,U)*OEL2 
X2-0.50·'FS;N(U"'N)+FSIN(U-N) )+CONST(U,RN)*DEL2 
X-X'*X2 
OLDSUM",S'v'!-': 
SUM""SUJo!+X 
TOL:: SeM - ::: :':JS t.TM 
IF(DABSI;:~).LE, ',OD-05) GOTa 65 
u-v"-
IF (U.GE.300) GOTO 66 
GeTC 55 
PRI NT 4, r; ,SUM 
GOTC . 00 

66 PRINT 67 
61 FORMAT;" ,:' J , 5X, . THE SERI ES DOES NOT CONVERGE' ) 

PR1NT ",:';,SUM 
1 00 CONT 1 NUE 
C 
C EVALUAT!ON OF SIN(I 1·2N,(THETA-Sl)!N( ~+2N) ... 2*SIN(THETA-S)!N + 
C SIN 1 ( , - 2N J l THE! Â - S ) ) IN ( • - 2N) FOR C" 
C 

CFOR' ::: DS: NI ( i + TwC,N * as ' . : ,.' N \. ·T'WON 1" 2 * DS 1 N ( 85 ( 1 1 ) IN 
CFOR2 .. DS:Plii 1'-Ne'N *85.') /,N l '-~ON) 

CFOR·CFCI~··CF::R: 

PRI N: ~ CF0R 
3 FORM~: ,'2X. 'CO~STÂN;S F~? : .. ~. ,F'O.5) 
C 
C EVALUA:::"t. S:N( Il''N''UJ*THETAS)/ (l·N+U)+SIN{ (''''N-U)*THETAS)/( l+N-U)+ 
C OF SIN( (j-N+UJ*THETASJ, (l-N+U)+SIN< (l-N-U)*THETAS)/( l-N-U)* 
C SUMHÂT10~ F(U,N) POR CS 
C 

9' 
99 

U·l. 
00 ' 06 .:;. , N; 

y 1 -DS IN 1 1 : +N+U ) .. as ( ~ ) ) 1 ( 1 +N+U) +DSl N ( ( 1 +N-U)· BS ( 1 ) ) 1 ( 1 +N-U) 
IF(J.EC.N 1 1 GOTa 98 
Y 2· DS a~ , ( 1 - N· U ) .. BS ( , ) ) 1 ( 1 - N'" U ) ... OS IN ( ( l - ~-U ) • BS ( 1 ) ) / ( , - N - U ) 
GOT'J 99 
Y:2 ~ as {. .. :ts: N ( , '- N - :; ) .. B S \ l } )/ ( 1 - N - U ) 
Y3·0_~C·(FS!N'~·Nl·FSIN(U-N) )-CONS!(U,RN)*OEL2 
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106 
C 

Y-(Yl+Y2)*Y3 
SUM-SUM+Y 
U-U+ 1 • 

256 

Yl=DSIN«l+N+U)*BS(l»/(l+N+U)+DSIN«l+N-U)*BS(I»/(I+N-U) 
Y2=DSIN(Cl-N+U)*BS(I»/(1-N+U)+DSIN«1-N-U)*BS(I»/(1-N-U) 
Y3-0.S0*{FSIN(TWON»+CON*DEL2 

c 

C 

Y-(YI+Y2)*Y3 
SUM-SUM+Y 
U-U+ 1 . 

YlaDSIN«l+N+U'*BS(l»/(l+N+U)+BS(l)~ 
Y2-DSIN«(1-N+U)*BS(1»/(1-N+U)+DSIN«1-N-U)*BS(1»/(1-N-U) 
Y3-0.50*(FSIN{U+N)+FSIN(U-N»+CONST(U,RN)*DEL2 
Y-(Yl+Y2}*Y3 
SUM=SmFY 
U-U+ t • 

105 CONTINUE 
Y 1-051 N ( ( l .... N+U) * as ( 1 ) ) / ( 1 +N+U) +OS 1 N ( ( 1 +N-U) *as ( 1 ) ) / ( 1 +N-U) 
Y2.0S1N(I-N+U}*BS(1»/(1~N+U)+DSIN«1-N-U)*BS(1»/(1-N-U) 
Y3-0.50*(FSIN(U+N)+FSIN(U-N) )+CONST(U,RN)*DEL2 
Y·.(Yl+Y2)*Y3 
OLDSUM"'SU~ 
SUM=SUM·Y 
TOL"'SUM OL:JS:JM 
IF(OABS(TC:,".LE.l.0D-OS) GOTO 115':' 
u",O+' 
IF(U.GE.300> GOTO 116 
GOTO 105 

115 PRINT i20,J,SUM 
120 FORMAT!" ,/I,12X, 'NO. OF TERMS.' ,F6.2,5K, 'SOMMATION OF CS .' 

S F20.5) 
GOTC '50 

1 1 6 PR 1 NT 6"' 
PRINT :20,U,SUM 

150 CONTINUE 
C 
C EVALUATION OF FiNN FOR C6 
C 

flNN E O.5*(FSIN(1.000)+O.5*FSIN(1.0+TWON)+O.5*FSIN(1.0-TWON)) 
PRI NT 1 75, po 1 NN 

115 PORHAT(" ,II, 12X, 'F( 1 ,N,N) FOR C6 s' ,FIO.S) 
C 
C EVALUATION Of PI-(THETA-S)-SIN(2N(THETA-$)/2N 
C 

CSEVEN=PI-BStl)-nSIN{2*N*BS( 1 »/2/N 
PRINT 180,CSEVEN 

180 PORMAT(", 1/,12X, • CONSTANT FOR CI a' ,Fl0.5) 
300 CatrrINUE 

PRINT 101 
101 P'ORMAT{ ... ) 

STOP 
END 

C----------------------------------------------------------* 
C * 
C PUNCTION SUB-PROGRAHE TC IVALUATE THE INTEGRAL * 
C FROM 0 TO THETA-S SIN(A*THETA)*F(THETA) * 
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C AND FROM THEAT- S TO PI : - * 
C THETA-S*F(BS(l) )*SIN(N*THETA)*COS(U*THETA) * 
C * 
C----------------------------------------------------- -----* 

REAL FONCTION FSIN*e(A} 
IMPLICIT REAL*S(A-H,O-Z) 
DIMENSION B(S),C(9} ,BS(9) 
C~N C,BS,FS,PI 
APHI=A*aS(l) 
A2-A**2 
A3-A*· 3 
A4-A**4 
AS=A**5 
A6-A**6 
AT-A**7 
AS .... A**8 
A9=A**9 
SIN21=(C(2)+2*C(3)*BS(I)+3*C(4)*BS(2)+4*C(S)*BS(3»/A2 
SIN22=(S*C(6)*BS(4)+6.C{7}*BS(S)+7*C{S)*BS(6)+8*C(9).BS(1»/A2 
SIN41=- (6*C(4 )+24*C(5)*BS( 1 )+60*C(6)*BS(2) )/"4 
SI N4 2= - ( 1 20*C ( 7) *BS ( 3)'" 2 1 O*C ( 8 ) * BS ( 4 ) .. 336 *e r 9) * as ( 5) } 11\4 
SI N6'" ( 1 20*( ( 6 ) ... 7 20*C ( 7 ). BS ( 1 ) .. 2 5 20*C ( 6 ) ,.. as 1 -; ; ., t 7 2 r ,'" C ( 9 ) * BS ( 3 ) ) /A6 
SIN8=-(S040·C(8)+40320·C(9}*BS( 1) }/A2 
SIN=5IN21+SIN22+5IN41+SIN42+SIN6·S!N8 
COS 1 1" - (C ( 1 ) +C ( 2)· as ( 1 ) +C ( 3) * BS ( 2) + C ( '"' 1'" BS ( 3 '0 ... ( { :. i .. BS ( :. ; ) / A 
CO S 1 2:: - ( C ( 6 ) * B 5 ( 5 ) + C ( 7 ) ... B S ( 6 ) ... ( ( 8 ) .. E S \ 7 ) ... C ( 9 1 • B S ( 8 ) ) / A 
cos 3 1 :; ( 2 * C ( 3 ) ... 6 * C ( 4 ) .. B S ( 1 ) ... 1 2 * C ( 5 ) * B 5 ( 2 ) ... 20* ( ( 6 ) .. 8 S ( j) ) / A 3 
cos 3 2 '" { 3 O· C ( 7 ) '" B S ( 4 ) + 1+ 2 • C t' 8 ) .. B 5 ( S ) + 56 • C ( 9 ) .. B S ( 6 ) } / A 3 
cos 51:: - { 24 *C ( 5 ) .. 120*C (6) ... BS ( 1 ) + 3 60*C ( ., ) .. BS ( 2 ) +840*( (8) .. BS ( 3) ) /A5 
COS52=-( 1680*C(9)*BS(4)/AS) 
COS7.(720*C(7)+5040*C(8)*BS(1)+20160·C(9~·BSI2))/Al 
COS==COS 1 1 "'COS ~ 2+C05 31 +C05 3 2+COS 51 .. cos S 2 "'COS 7-40320*( (9) /1\9 
CON5T=C( l )/A-2*C(3)/A3+24*C(5)/1\5--720·C(7) 'A '4-40320*C(9)/A9 
FSIN=DSIN(APH: )*5IN+DCOSIAPH! I·CûS+CONST 
RETURN 
END 
REAL FUNCTION CONST*8(RI,RJ) 
IMPLI CIT REAL *8 (A-H ,0- Z) 
DIMENSION B(8) ,C(9),85(9) 
COHMON C,BS,FS,PI 
Cls:(OCOS( (RI+RJ)*PI )-OCOS< (RI+RJ)*BS( 1 »)/('RI+RJ) 
C2s:(OCOS( (RI-RJ)·PI )-OCOS( (RI-RJ)*BS{ 1 )})/(RI-RJ) 
CON5T=F5 * (C 1 +C 2) 12 
RETURN 
END 

$OATA 
0.00,1.6073DO,0.570000,-0.939400,0.1114oo 
O.oo,O.OO,O.DO,O.OO 
$ 

'.-
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THE COBPP 1 CI ENTS FOR THE POL YNOMI AL po ( THETA ) 

N-

C(O)· 
C ( 1 ). 
C(2)­
C(3)" 
C(4)= 
C( 5)"' 
C(6) .. 
C(7)­
C(S):: 

0.0000000000000 00 
0.1607300000000 01 
0.5700000000000 00 

-0.9394000000000 00 
0.1114000000000 00 
0.0000000000000 00 
0.0000000000000 00 
0.0000000000000 00 
0.0000000000000 00 

F(THETA-S} '" 1,40201 

2 

P(N,N) FOR C2 • -O. 17526 

NO. OF TERMSI:: "8.00 SUMMATION 

CONSTANTS FOR C4 - 0.92584 

NO. OF TERMS= 32.00 SUMMATION 

r( l,N,Nf FOR C6 - 0.47440 

CONSTANT FOR C7 • 1 .74357 

'(N,N) l'OR C2 • 0.l1114 

.' 

OF C3 • -1.62763 

OF C5 • 0.39354 

NO. OP TERMS- 72.00 SOMMATION or Cl. -3.18603 

CONSTANTS FOR C4 • 0.68554 

258 
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NO. OF TERMS- 24.00 SOMMATION OF C5 - 0.21018 

1 .. 
~(l,N,N) FOR C6 • 0.6314" 

CONSTANT FOR C1 • 1.51413 

.. - . 

.-• 
( 
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Wrlll II:' ACOODfl TER 
" 

This program calculates the e1genvalues and aerodynamic damping 
"-' 

of the theory presented in Chapter 6. for dffferent flow 

veloc1t1es and different c1rcumferential mode shapes of a 

claatped-clllRped shel1. 

1 

.. 

260 
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lIMEt5102 JOB (MEIS, 102,008,0050,0000,20" }'), 'SYANG' 
IISTEPl EXEC FORTRAN 

261 

IIFORT.SYSIN DO * 
C--------------------------------------------------------~-----------* 

1 

C * 
C FLUTTER ANALYSIS OF 3D (CL-CL,L=21") SHELL IN CROSS FLOW * 
C VIBRATING WITH AN ANTINODE FACING THE PREE STREAM * 
C ,'. COMMENTt CASE 1: EFFECT OF (V+(OMEGA) CROSS (R» DÔT GRAD(PHI) * 
C IN BERNOULLI EQUATION * 
C I.E. -UF(THETA) DV/DT 1: DELI=-' * 
C PLUS - - - * 
C CASE 2: EFFECT OF CONSTANT BACK FLOw IN THE WAKE * 
C I.E. F(THETA-S)=CONST. FOR (THETA).GT.(THETA-S)* 
CI: DEL2= 1 * 
C PLUS - - - * 
C CASE 3: EFFECT 8F MOVING BOUNDARY CONDITION * 
C I.E. R=A+W* 1: DEL3= 1 * 
C PLUS -.. * 
C CASE 4: EFFECT OF BASE PRESSURE VARIATIONS * 
C I.E. DP-BiD(W* lA) * (W*/A) * EXP(-I PHI) * 
C WHERE PHI ",PHASE LAC 1 :DEL4= 1 * 
C FOR N~2/P~I=270; N=3,PHI=270 * 
C FILE NAME : ACOMJDFLTER * 
C * 
C--------------------- ---------------------------------------------* 

C 

IMPLICIT REAL*8 (A-H,O-Z) 
DIMENSION 0(6) 
COMPLEX*16 RA(3,3),RB(3,3),RC(3,3),Y(6,6),YY(6,6) 
COMPLEX*16 WK(6, 12),V(6,6),EIGA(6),EIGB(6),IMAG,C7 

C PROPERTIES INPUT 

C 
READ(S,*l A,TH,RHS,POI,YUN,RHO,RL 

PRINT 1 
FORMAT ( · l' ,///,8X,'PROPERTIES OF THE SHELL') 
PRINT 2,A 

2 FORMAT ( . ',/,SX, 'MEAN RADIUS =' ,FlO.S,' M') 
PRINT 3,TH 

3 FORMAT ( , ',4X, 'THICKNESS ",' ,FlO.5,' M') 
PRINT 4,POI 

4 FORMAT ( , • ,4X, 'POISSONS RATIO =' ,FIO.J) 
PRINT S,YUN 

5 FORMAT ( , ',4X, 'YOUNCS MODULUS :' ,010.3,' N/M-*2') 
PRINT 9,RHS 

9 FORMAT ( , . ,4X, 'OENSITY =' ,Fl0.1,' KG/M**3') 
PRINT 8,RHO 

8 FORMAT ( . ',4X, 'DENSITY OF AIR :0', F10.4,' KG/M**3') 
PRINT 11, RL 

11 FORMAT ( , . ,4X, 'LENGTH ... ' ,Fl0.5,' M'} 
PRINT 12 

12 FORMAT ( . ',4X, 'NO. OF COMPARISON FUNCTION E l' ,/} 
c 
C DEFINE THE CONSTANTS 
C 

DEL 1:: 1 .0 
DEL3=1.O 
DEL4=1.0 
1 MAG= ( 0 . 0, 1 .0) 



1 

c 

C 

BETAJ-4.13004074/RL 
ALFAJ-0.982502215 
AJJ-RL 
CJJ-ALFAJ*BETAJ*(2.-ALFAJ*BBTAJ*RL) 
EJJ-BETAJ**q*RL 
rJJ--CJJ 
GJJ--EJJ -, 

PI-OARCOS(-1.000) 
RK-(TH/A)**2/12.0 
GAMA-RHS*A**2*(1.0-POI**2>/YUN 
Z-(1.DO-POI)/2.00 

100 CONTINUE 
READ(5,18) N 

18 FORMAT CI 3 ) 
IF(N.EQ.O) GOTO 9~9 
PRINT 11,N 

11 FORMAT(" ,///,8X,'HODE NO. N • ',15) 
IF(N.EQ.2) GO TC 51 

C 
C 
C 
51 

52 

53 

54 

IF(N.EQ.3) GO TC 52 
IF(N.EQ.4) GO TO 53 
IF(N.EQ.5) GO TO 54 

CONSTANTS FROM PROGRAME FILE: AEROTERM 

G2=-O.11526 
G3=-1.62763 
G4=0.92584 
G5=O.39354 
G6=0.47440 
G7=1.74351 
H=3.1879 
PHI=270*PI/180 
GO TO 56 
G2=O.31774 
G3=-3.18603 
G4=O.68554 
G5=0.27018 
G6=O.63744 
G1=1.57473 
H=-2.3776 
PHI=270*PI/IBO 
GO TO 56 
G2=O.O 
G3=O.O 
G4=O.O 
G5=O.0 
G6=O.O 
G7=0.0 
H""O.O 
PHl=O.O 
GO TO 56 
G2-0.0 
G3-0.0 
G4=0.O 
G5=O.0 
G6=O.0 

r--
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56 
32 

33 

34 

35 

36 

38 

39 

c 

G"'-O.O 
H-O.O 
PHI-O.O 
PRINT 32,G2 
P'ORMAT(' ',I,SK, 'l'(H,N) P'OR C2 : ',Fl0.S) 
PRINT 33,G3 
FORMAT{' ',4X,'SUM OF F(N,J)'*F(J,N) FOR C3 : ',Fl0.S) 
PRINT 34,G4 
FORMAT(' ',4X,'CONSTANT FOR C4 : ',Fl0.5) 
PRINT 35,G5 . 
FORMA T (' " 4 X, , S OH OF SIN ( N , J ) * F ( J , N) FOR C 5 ' , F 1 0 • 5 ) 
PRINT 36,G6 
P'ORMAT(' ',4X, 'F(t ,N,N) FOR C6 : ',l'10.5) 
PRINT 38,G7 
P'ORMAT(' 1 ,4X, 'PI-(THETA-S)-SIN(2N(THETA-S)/2N FOR C7 : " 

$ FIO.S} 
PRINT 39,H,PHI 
P'ORMAT(' ',4X, 'H FOR BASE PRESSURE VARIATION: ',Fl0.5,/, 

$ 16X,'WITH PHASE LAG PHI: ',F5.2,' RAD.') 

C INITIALIZE THE MATRICES RA,RB,RC,Y,YY 
C 

DO 24 1""',3 
DO 24 JE',3 

RA(I,J)=(O.O,O.O) 
RB(I,J)=(O.O,O.O) 
RC(l,J)=(O.O,O.O) 

24 CONTINUE 
DO 29 1., 1 ,6 
DO 29 JE 1 ,6 

Y(I,J)=(O.O,O.O) 
YY(I,J)=(O.O,O.O) 

29 CONTINUE 
C 
'C CALCULATE MATRICES RA,RB,RC 
C 

C 

RA(l,l)=-GAMA*FJJ 
RC(1,1)~A'**2*GJJ-i*N**2*FJJ-RK*Z*N'**2*FJJ 
RC(1,2)=A*(t.+POI)/2.*N*FJJ 
RCC1,3)=POI*A*FJJ-RK*A**3*GJJ-RK*Z*N**2*FJJ*A 
RCC2,1)=-A*{1.+POI)/2.*N*CJJ 
RA(2,2)=-GAMA*AJJ 
RCC2,2):-N**2*AJJ+A**2*Z*CJJ+3.*RK*Z*A**2*CJJ 
RC(2,3):-N*AJJ+(3.-POI)/2.*RK*A**2*N*CJJ 
RC(3,1):-POI*A*CJJ+RK*A*Z*N**2*CJJ+RK*A**3*EJJ 
RC(3,2)=-N*AJJ+RK*(3.-POI)/2.*A**2*N*CJJ c 

U .. O.O 
DO 58 KKK= 1 , 16 
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10 FORMAT(" ,1//,5X,'FREESTREAM VELOCITY -' ,F5.2,' M/S' ,4X, 

c 
$ 'PERFORMANCE INDEX .' ,F6.3,/) 

C'l-2.0*RHO*A/N' 
C2-4.0*RHO*U*G2/PI 
C3-4.0*RHO*U*U*N*G3/PI/PI/A 
C4"RHO~~*G4/PI*DELJ 
C5"2.0*RHO*U*U*G5/PI/PI/A*DEL3 
C6"4*RHO*U*U*G6/PI/A*DEL3 

.• ' 

, , 



1 
C7-RHO*U*U*H*(DCOS(PHI)-IMAG*DSIN(PHI»*G7/2.0/PI/A*DEL4 

RA(3,3)=-GAMA*AJJ-Cl*GAMA*AJJ/RHS/TH 
RB(3,2)=-GAMA*C2*AJJ/2.0/RHS/TH*OELl 
RB(3,3)=GAMA*(C2-C4)*AJJ/RHS/TH 
RC(3,3)=-AJJ-RK*A**4*EJJ+2.*A**2*RK*N**2*CJJ-RK*N**4*AJJ 
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$ +2.*RK*N**2*AJJ-RK*AJJ-(C3-C5+C6+C7)*GAMA*AJJ/RHS/TH 
C 

49 
C 
C 
C 

TRANSFER TO MATRICES y & yy 
DO 49 1=1,3 

K=I+3 
DO 49 J=1,3 

KKc::J+3 
Y(r ,KK)=RA(I,J) 
Y(K,J)=RA(I,J} 
y ( K , KK ) ::: RB CI , J ) 
YY (I , J ) =RA CI , J) 
YY(K,KK)=-RC(I,J) 

CONTINUE 

PINO THE EIGENVALUES 

CALL EIGZC(YY,6,Y,6,6,2,EIGA,EIGB,V,6,WK,INFER,IER) 
PER=DREAL(WK(l,l}) 

94 
6 

58 
C 

999 

PRINT 10,U,PER 
DO 94 1=1,6 

EIGA(I)=EIGA(I)/EIGB(I)/2.0/PI 
EIGA(I)=-IMAG*EIGA(I) 
REAL=DREAL(EIGA(I» 
IF(REAL.EQ.O.O) GOTO 94 
D(I)=2.*PI*DlMAG(EIGA(I»!OABS(REAL) 
PRINT 6,EIGA(I),D(I) 

CONTINUE 
FORMAT(' ',6X,2F15.4,8X,'DAMP.-' ,F8.4) 
U=U+ 2. 

CONTINUE 

GOTO 100 
CONTINUE 
STOP 
END 

/IGo. SYSIN ,) DD ~ 
O.0381,O.00051,1290,O.4,.28Dl0,1.204,.53340 
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3 
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1 , 

( 

PROPERTIES OF THE SHELL 

MEAN RADI US '"' 0.03810 M 
THICKNESS • 0.00051 M 
POISSONS RATIO'"' 0._00 

o 

YOONGS MODULUS '"' 0.2800+10 N/M**2 
~ DENSITY - 1290.0 KG/M**3 

DENSITY OF AIR - 1.2040 KG/M**J' 
LENGTH - 0.53340 M 
NO. ~OF COMPARISON FONCTION - 1 

MODE NO. N - 2 

F(N,N) FOR C2: -0.17526 
"SOM OF F(N,J)*F(J,N) FOR CJ : 

CONSTANT FOR C4:. 0.92584 
SOM OF SIN (N,J)*F(J,N) FOR C5 
F( l ,N,N) FOR C6 :. 0.47440 
PI-(THETA-S)-SIN(2N(THETA-S)/2N 
H FOR BASE PRESSURE VARIATION 

WITH PHASE LAG PHI : 

" \ 
FREESTREAM VELOCITY = 0.0 . M/S 

\ 

14993.8'165 
7873.4100 

-14993.8'165 
-7873.4100 

166. 196) 
-166. 1963 

FREESTREAM VELOCITY = 
-14993,8'165 

-'1873.4100 
14993.8765 
7873.4100 
-166. 1 B 7 5 

166.1875 

FREESTREAM VELOCITY = 
-14993.8764 

";;7873.4100 
14993.8764 
7873.4100 \ 
"-166.1610 

-0.0000 
\ 0.0000 

0.0000 
-0.0000 
0.0 
0.0 

2.00 Mis 

0.0140 
0.0008 
0.0140 
0.0008 
0.1145 
0.1378 

".00 Mis 

0.0279 
0.0017 
0.0281 
0.0017 
0.2058 

-1.62763 

0.39354 

FOR C7 : 
3.78790 

4.'11 RAO. 

1 • 7~35..1- A 

PERFORMANCE INDEX - 0.053 

OAMP.­
DAMP.­
OAMP. -= 
OAMP.­
OAMP.-= 
DAMP .. -

-0.0000 
0.0000 
0.0000 

-0.0000 
0.0 
0,0 

PERFORMANCE INDEX - 0.091 

OAMP.-= 
DAMP.= 
DAMP.= 
OAMP.= 
DAMP.= 
OAMP. = 

0.0000 
0.0000 
0.0000 
0.0000 
0.0043 
0.0052 

PERFORMANCE INDEX,", 0.915 

CAMP.: 
CAMP. = 
CAMP. = 
CAMP.­
CAMP.-

0.0000 
0.0000 
0.0000 
0.0000 
0.0078 

) 

.a ... 

'. 1 
1 

1 , 
l 

·1 
1 
1 
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166.1610 0.2988 

-" 

raEESTREAM VELOC 1 TT • 6.00 MIS 

- 1 4993 . 8163 
, 

0.0411 
-7873.4100 0.0025 
'_993.8763 0.0123 
7873.4100 0.0026 
-166. 1 168 0.2139 

166. 1 168 0.1830 

rRltESTREAM VELOC In - 8.00 MIs 
-14993.8761 0.0555 
-7873.4100 0.0033 
14993.8161 0.0565 
7873." 1 00 0.00'34 
-166.0550 0.3' 86 

166.0550 0.6906 

PREBSTREAM \ VELOC l TY .10.00 Mis 

-14993.8759 0.0693 
-7873.4100 0.0042 

,14993.8159 0.0108 
1813.4100 0.0043 
-165.9156 0.3400 

165.9156 0.9215 

l' ~ 

-- ) 
1 

1 

1 

• , 
',REESTREAM VELOCITY "30.00 MIs 

14993.8114 , 0.2167 
7873.4096 0.0132 

-14993.8714 0.2034 
-7873.4096 0.0122 

164.2183 4.5370 
- 1 64 .2183 -0.7525 

Z66 

DAMP. • 0.0113 

• 
PItRP'ORMANCE INDEX • 0.619 

DAMP. • 0.0000 
DAMP.- 0.0000 

IlANP. • 0.0000 
DAMP. • 0.0000 

DAMP. • 0.0104 \, 
DMIP. • 0.0183 

P!RFORMANCE INDE.! • 0.911 

DAMP. '" O.OQOO 
DAMP. • O.oôoo 
DAMP ... 0.0000 
DAMpo. = O~OOOO 
DAMP. ,. 0.'0121 
DAMP. = 0.0261 

PERFORMANCE INDEX "'. 1 • 224 

DAMP. = 0.0000 
DAMP. ::: 0.0000 
DAMP. :: 0.0000 
DAMP. :: 0.0000 
DAMP. :: 0.0129 
DAMP. = 0.0349 

1 

1 

+ 
PERFORMANCE INDEX '"' 0.470 

DAMP. = 0.0001 
DAMP.= 0.0000 -~ 

DAMP.= 0.0001 
DAMP .... 0.0000 
DAMP." 0.1136 
DAMP." -0.0298 



1 J«>DE NO. N .. 3 

P ( JI , N) FOR C 2 0 • 3 1 1 ï " 
SOM OF F ( N ,.:: ," F ( .:: , !'\! FOR C 3 
COIiSTANT FOR C4; '0.68554 
SOM OF S:N IN,J)*FfJ,N) FOR C5 
"(l,N,N' F':R C6 : 0.63744 
PI-(THETII-S -SIN\2NITHETA-S)/2N 

----H FOR BASE PRESSURE VAR: ATlON 
WI TH PHASE LAG PHI : 

- 3. l 8603 

0.21018 

FOR C7 : 
-2.37760 

4.71 RAD. 

267 
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1 hogrUl III: APHASE 3 

This program calculates the phase between shell defo tion and 

the induced pressure. for e '" 00 to 850 at different ]ow 
\ 

-\ 
veloe i t ies. 

The phase angl e ljJ is as defined in Appendix [ (equations (E.12) 

and CE. 18) . 

• 

• 

\ 
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*BATCH WATFIV ME15102 SYANG 
SWATFIV ,TlMEs 60,PAGES=20 
C---------------------------------------------------------* 
C * 
C PROGRAME: EVALUATION OF PHASE LAG PHI * 
C FOR N;3 M0DE(ANTINODE) VIBRATION * 
C - - PHA SE FROM 0 TO 85 DEG. - - * 
C FILE NAHE=APHASE3 * 
C (') * 
C------------------------------------------·---------- ----* 

IMPLICIT REAL*a(A-H,O-Z) 
DIMENSION 8(8) ,C(9) ,BS(9) 
DIMENSION STOP(9),SBOT(9) 
COHMON C, ES 1 PI 
PIsDARCOS(-l.DO) 
ANGLE=85*Plj180 

C----------------------------------------* 
C INPUT COEFF. OF FUNCTION G(THETA) * 
C ANGLE OR BS(l):SEPERATION ANGLE * 
C----------------------------------------* 

READ (5 1 *) ( C ( 1 ) , I = 1 , 5 ) 
READ (5, *) { C ( 1 ) , 1 = 6 , 9 ) 
PRINT 7 
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1 FORMAT(' l' ,jll,lx, 'THE COEFFICIENTS FOR THE POLYNOMIAL G(THETA) , , 
Sil) 

1 1 
10 

DO 10 1=1,9 
STOP(I):O.O 
SBOT (I ) =0 . 0 
BS (I ) =ANGLE* * 1 
K==I - 1 
PRI NT 1 1 , K , C ( l ) 
FORMAT (' " 1 1 X, 'C ( t , l 1 , • ) =' , F 1 0.5}­

CONTINUE 
PRINT 14 

14 FORMAT(' ',j,lX,'THE PHASE LAG ·PHI FOR N=3 MODE (ANTINODE) VIBRATIO 
SN' ,jj,3X,'OVALLING FREQUENCY :: 230 HZ' ,1) 

N=3 
c 
C DEFINE THE CONSTANTS 
C 

c 

W=2*PI*230 
V=5 
Q:=5 

C EVALUATION OF NOMER~TOR : TOP 
C -G(THETA)*SIN(N-THETA) - 2*N/pI* SUM COS(J-THETA)/J*G(N,J) 
C AND 
C EVALUATION OF DENOMERATOR : BOT 
C 2*V*V*N/PI/A*G(THETA)* SOM SIN(J-THETA)*G(N,J) -
C W**2*A/N*COS(N-THETA) 
C 

DO 100 .J=1,9 
T'"'Q*PI/180 
TOLTOP= 1.0 
TOLBOT= 1.0 
SUMTOP=O.O 
SUMBOT .. O.O 
u-! . 

J ,> 
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( 

56 
C 

C 
55 

57 

58 

66 
67' 

65 

" 100 

5 

2 

$ 

Nl·N-l 
DO 56 KJ - 1 , N 1 

GNJ"0.50*(GSIN(N+U)+GSIN(N-U» 
XTOPzGNJ*DCOS(U*T)/U 
XBOT=GNJ*DSIN(U*T) 
SUMTOP=SUMTOP+XTOP 
SUMBOT=SUMBOT+XBOT 
U-U+ 1 . 

'l'WON=2*N 
GNJ=O.50*(GSIN(TWON» 
XTOP=GNJ*DCOS(U*T)/U 
XBOT=GNJ*DSIN(U*T) 
SUMTOP=SUMTOP+XTOP 
SUMBOT:SUMBOT+XBOT 
U .. U+ 1 • 

CONTINUE 
GNJ=O.50*(GSIN(N+U)+GSIN(N-U» 
IF(DABS(TOLTOP).LE.l.0-0S) GOT057 
XTOP=GNJ*Dcos(u*T)/u 
OLOST=SUMTOP 
SUMTOP=SUMTOP+XTOP. 
TOLTOP=SUMTOP-OLDST 
IF(DABS(TOLBOT).LE. 1 .0-05) GOT058 
XBOT=GNJ*DSIN(U*T) 
OLOSB=SUMBOT 
SUMBOT=SUMBOT+XBOT 
TOLBOT=SUMBOT-OLDSB 

270 
, . 

• 

IF(OABS(TOLTOP).LE. 1.0-05.AND.DABS(TOLBOT).LE.l.D-05) GOTO 65 
U=U+l. ~ Q 

IF(U.GE.250) GOT066 
GOT055 
PRINT 67,Q 
FORMAT(' ',//,5X,'WARNING ! THE SERIES OOES NOT CONVERGE' ,SX, 

'FOR THE ANGLE THETA=' ,F5.1) 
STOP(J)=SUMTOP 
SBOT(J)=SUMBOT 
Q=Q+l0 

CONTINUE 
DO 200 L= 1,6 

Q=5 
PRINT 5, V .. 
FORMAT(!!!,3X,'FLOW VELOCITY =' ,FS.2) 
PRINT 2 
FORMAT(' ',/,5X,'ANGLE THETA' ,3X,'PHASE LAG IN DEG. ' ,SX,'NUMERAT 

SOR' ,6X, 'OENOMERATOR' ,1> 
DO 150 J=1,9 

T=Q*PI!180 
Gl=C(I)+C(2)*T+C(3)*T**2+C(4)*T**3+C(S)*T**4+C(6)*T**S 
G2=C(7)*T**6+c(a)*T**7+C(9)*T**8 
G"'GI+G2 
TOP=W*V*(-G*DSIN(N*T)-2*N*STOP(J)!PI) 
BOT=2*V*V*N*G*SBOT(J)!PI/0.0381-W*W*0.0381*DCOS(N*T)/N 
TANPHI =TOP /BOT 
PHI=DATAN(TANPHI) 
PHI "PHI * 180/PI 
PRINT 82,Q,PHI,TOP,BOT 
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82 

150 

200 

220 

FORMAT(' ',8X,F5.1,8X,F8.2,9X,F12.4,6X,F12.4) 
Q:Q+10 

CONTINUE 
V=V+5 

CONTINUE 
PRINT 220 
FOR."!AT ( , 1 ' ) 
STOP 
END 
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c-- - - --- - - -"" - _.- ----- - ---- - ----------- - ----- - ------ - ------* 
C FUNCTION SUB-PROGRAME TO EVALUATE THE INTEGRAL * 
C FROM 0 TO THETA~S SIN(A*THETA)*G(THETA) * 
C WHERE THETA-5=ANGLE OF SEPERATION * 
C--------~-----------------------------------------------* 

REAL FUNCTION GSIN*B(A) 
IMPLICIT REAL*8(A-H,O-Z) 
DIMENSION B(S) ,C(9),BS(9) 
COMMON C,BS,PHI 
APHI=A*BS(l) 
A2 c A**2 
A3=A**3 
A4=A**4 

, A5:A**5 
A6=A**6 
A7=A**7 
A8=A**B 
A9=A**9 
SINZ1=(C(2)+2*C(3)*BS(1)+3*C(4)*B5(2)+4*C(5)*BS(3»/A2 
SINZ2=(S*C(6)*BS(4)+6*C(7)*BS(S)+I*C(S)*BS(6)+S*C(9)*B5(1»/AZ" 
SIN41=-(6*C(4)+24*C{S)*BS( 1 )+60*C(6)*BS(2»/A4 
SIN42=-(120*C(7)*B5(3)+210*C{S)*B5(4)+336*C(9)*B5(S»1A4 
SIN6=(120*C(6)+720*C(7)*BS( 1 )+2520*C(S)*B5(2)+6720*C(9)*B5(3»/A6 
SI NB:o - (5040*C (S ) +403 20*C (9) ". BS ( 1 ) ) lAS 
SIN=SIN21+SIN22+SIN41+5IN42+5IN6+SIN8 
COS 1 1 = - (C ( 1 ) +c { 2 } * BS ( 1 ) +c ( 3 ) * BS ( 2 ) +C ( 4 ) * BS ( 3 ) +C ( 5 ) * BS ( 4 ) ) lA 
COS12=-(C(6)*BS{5)+C(7)*BS(6)+C(8)*BS(7)+C(9)*BS(S»/A 
COS31~(2*C(3)+6*C(4)*BS(I)+12*C(5)*BS(2)+20*C(6)*BS(3))/A3 
COS32=(30*C(1)*BS(4)+42*C(S)*BS(S)+56*C(9)*BS(6»/A3 
C05S1=-(24*C(5)+120*C(6)*B5(1)+360*C(7)*B5{2)+B40*C(B)*BS(3)}/AS 
C05S2=-(1680*C(9)*BS(4)/AS) 
C057=(720*C(7)+S040*C(B)*B5(1)+20160*C(9)*BS(2»/A7 
C05=COSll+C0512+C0531+C0532+C0551+C0552+C057-40320*C(9 )/A9 
CONST=C(I)/A-2*C(3)/A3+24*C(5)/AS-720*C(7)/A7+40320*C(9)/A9 
G5IN=D5IN(APHI)*SIN+DCOS(APHI)*COS+CONST 
RETURN 
END 

$DATA 
0.00,1.6073DO,0.5700DO,-0.939400,O.1714DO 
O.OO,O.DO,O.DO,O.OO 
$ 

'. 
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THE COEFFICIENTS FOR THE POLYNOMIAL G(THETA) 

C(O)= 
C ( 1 ) = 
C(2)= 
C(3)= 
C(4)= 
C(5)= 
C(6)= 
C(1)= 
C(8)= 

0.00000 
1. 60730 
0.51000 

-0.93940 
O. 11140 
0.00000 
0.00000 
0.00000 
0.00000 

THE PHASE LAG PHI FOR NeJ MODE (ANTINODE) VIBRATION 

OVALLING FREQUENCY = 230 HZ 

FLOW VELOC! TY = 5.00 

ANGLE THETA PHASE LAG IN DEG. NUMERATOR 

5.0 12.99 -5919.9679 
15.0 25.37 -9043.4614 
25.0 61. 12 -13111.1710 
35.0 -64.63 -15185.5590 
45.0 -31.84 -12422.0794 
55.0 -10.46 -5314.8362 
65.0 8.77 4473.6352 
75.0 30.87 11976.2206 
85.0 13.79 14958.8810 , 

FLOW VELOC! TY = 30.00 , , 
ANGLE THETA PHASE LAG IN DEG. NUMERATOR 

5.0 52.55 -35519.8074 
15.0 60.87 -54260.7681 
25.0 75.59 -78103.0263 
35.0 -78.25 -91113.3539 
45.0 -49.50 -74532.4765 
55.0 -12.85 -31889.0169 
65.0 10.31 26841.8111 
75.0 47.92 11857.3238 
85.0 -47.01 89753.3219 

~ 

" 
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DENOMERATOR 

-25663.1126 
-19013.3405 

-7235.6141 
7200. 1310 

20001.9532 
28190.5288 
29004.9831 
20035.7538 

4349.6933 

• , 
DENOMERATOR 

-27205.5286 
-30234.8015 
-20223.1951 

18943.6433 
63664.8592 

139192.5112 
147512.8651 

64881.6832 
-83672.1117 
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APPENDIX H 

EFFECT OF BOUNDARY LAYER GUAROS 

Sorne initial tests of a cylinder both with and without boundary 

layer gua rds were conducted to check the effects of the plates on the 

symnetry ~f the pressure distribution with respect to the velocity 

vector and the two dimenslonal ity of the measurements. The results show 

that the measured pressure is the same on bath sides of the cylinder 

and is uniform over most of the span. 

Figure H.l compares the pressure coefficient, (p-Poo)/~pu2, of 

a circular cylinder with and without end plates at Re = 3.80 x 104 

(U = 7.5 mIs); Roshko's [27]t experimental data at a lower Reynolds 

number are also plotted on the same graph, for reference. It is seen 
.,,; 

that the measured pressure distribution for a cylinder (without end 

plates) vertically spanning the working section resembles closely that 

reported by Roshko, whereas the pressure coefficient of a cyl inder with 

end plates is lower than the "classical ll value in the wake region, bu.t 

in this area Cp ;s also known to be strongly Re- and surface-roughness­

dependent. 

The pressure distribution for the cylinder at a higher flow velocity 

is shawn in Figure H.2. Again the suction coefficient in the base region 

of the cyl inder with end plates is substantially lower than that of a 

cylinder without end plates. Comparison of Figures H.l and H.2 shows 

that the pressure coefficient in the wake of a cylinder with end plates 

increases with Re, but the opposite effect is found for the cylinder 

tEnd plates or boundary layer guards were not used in Roshko 1 s experiment. 
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without end plates. 

Since boundary layer guards were used for the pressure measurements 

of the "deformed" circul ar shape model s {see Chapter 7}. it was necessary 

ta check the val idity of the experimental set-up. It was thought (referring 

ta Figure 7.3) that because of the orientation of the beve11ed p1ates t 

in the present set-up, the flow might be accelerating towards the test 

model s, expla ining thereby the discrepancy of the pressure measured in 

the wake. 

To study this effect, the end plates were inverted such that the 

flow would not be accelerating towards the mode1. The pressure 

coefficient in the wake region (see Figure H.3) at an intermediate 

Re = 9.1 x 104 (U = 18.0 mis) lies between the value measured from ear1ier 

(original) experiments at a lower Re = 3.8 x 104 (U = 7.5 mIs) and a 

higher Re = 1.18 x 105 (U = 23.5 mIs). This suggests the orientation of 

the end plates does not influence the pressure measurements. 

Another two parameters which may affect the results were the 

roughness of the cylinder surface and the length ta diameter ratio of the 

cylinder. To study these, the orïginal cylinder of length 609.6 mm 

(24.00 in.) was re-surfaced, so as to have a smoother surface. The test 

(see Figure H.4) shows that roughness of the cylinder does not play a 

crucial role in the pressure di~tribution in the wake. /-
~-

Recalling that the length of the cylinder used in the experiments 
"-

with end plates wa~ 292.1 mm (11.50 in.), to study the aspect ratio effect, 

the pressure distribution around a cylinder fof length 508.0 mm (20.00 in.) 

was measured, with the end plates in position. It is seen (Figure H.4) 

( 

tA bevelled plate is needed to avoid flow separation at the leading edge. 
J 
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that even though the rAtio t/D was now almost double that in the previous 

test, the pressure coefficient does not change significantly. 

Thus. it may be concluded that the experimental set-up is good 

and that the orientation of the end plates, the roughness of the cylinder 

surface, and the aspect ratio, all within the ranges of the se experiments, 

do not play an important '1 role in determining the pressure coefficient. 

Perhaps the above findings are not too surprising; they support 

experimental evidence by Stansby [24] where suitably designed end plates 

added to a circulaI' cyl inder spanning a wind tunnel remove the effects' 

of the tunnel wall boundary layers and enhance the two-dimensionality of 

the flow. The addition of such plates, in Stansby's measurements also, 

caused a substantial reduction of base pressure. 

f 

.. 
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