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This thesis deals with the hydrodynamic, or "added" 

masses of a 'cluster of cylinders vibrating in fluid (liquid) 

contained by a r~ctangjlar ta~~:' The terms in the added mass 

coefficient matrix derived a~alytically by S. Suss, M.A. 
\ r- / . 

Pustejovsky and M.P. paidoussis in 1976 were studied 

experimentally for a system of one, two and three cylind~rs. 
1 

The tests were conducted by oscillating one of the 

cylinders and measuring the fluctuating pressure field on the 

surface of the same or another cylinder, induced by the 

surrounding fluid. From the measurpd surface pressure 

distributions and the acceleration of the vibrating cylinder, . ' 
the added mass coefficients can then be determined. Measure-

ments wère made for fifteen distinct configurations, with 

oscillating frequencies varying from 50 ta 250 Hz, while the 

acceleration of the oscillating cylinder was kept constant, 

usually at 2 g. Results are discussed and compared with those 

obtained ftom a computer program based on the theoretical 

work referred to above . 
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SOMMAIRE, 
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, ' 

Cette thèse traite de la masse hydrodynamique ou • -.., ) 

~'ajout~e" d'un fa~èe.u de cylindres, oscillant dans un 
~ ~ . ..... (/' '-- ' 

(liquide) ~~énu dans un resery~ir rectangulaire. Lés 
,? . 

de la m~rice des coefficients de masse ajout€e, dérivés 

fluide 

termes 

',/ 

analytiquement par S. Suss, M.A. Pustejovsky et M.P. Paidoussis . 
" ,en 1976, ont été étudiés experirnentalement pour, des systèmes 

d'un, de deux et de trois cylindres. 
c' 

Les essais furent effectués en faisant osciller un 

• des cylindres et en mesurant le champ fluctuant de pression, 

en surface du même ou d'un a~tr: cylindre, induit pa; le flui~e 
environnant. A partir des distributions de pression en surface 

et de l'accélérat~on du cylindre oscillant, on peut déterminer 

les coefficients de masse ajoutée. Des mesures ont été prises 

pour quinze configurations distinctes, les fréquences 
li 

d'oscillation variant de 50 à 250 Hz et l'accélération du 

" cylindre en oscillation étant maintenue constante, normalement 

â 2 g. Les résultats sont discutés et comparés a ceux ottenus 

â l'aide d'un programme d'ordinateur basé sur les travaux 

théoriques mentionn€S ci-haut. 
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"'A.M.C. Added mass coefficients. 

l' 

Ac 

As 

G 
c' 

9 

. .. 
Acceleration of the oscillating cylinder. 

Acceleration of the shaker. 

The Hydrodynamic Force of cylihder i in the 
Z-direction. 

The Hydrodynamic Force of cylinder i in the 
Y-direction. 

(Smallest inter-cylinder gap}/(cylinder radius). 

Gravitational acceleration. 

,The radius of cylinder i. 

The radius of the enclosing channel. 

a2u 
~ (a') Acceleration of cylinder ~ in the Z-direction. 

at&; zg, 

a2v 
'9-at2 (ayt ) Acceleration of cylinde~ ~ in the Y-direction. 

e 

\ 

Added mass coefficient of cylinder i in Z-direction 
due to the motion of cylinder 9. in Z-direction. 

Added mass coefficient df cylin'der i in Y";;dire ct ion' "-~/ 
due to the motion of cylinder 9. in Z-direction. 

Added mass coefficient of cylinder i in Z-direction 
due to the motion of cylinde~,) .. in 0 Y-direction. 

"1 

Added mass· coefficient of cyl'i!nder i in Y1direction 
due ta the motion of cylinder i in Y-direc~ion. 

The orientation of the pinhole on the pressure 
transducer bearing cylinder, where pressures were 
sensed. 

= 3.141592 .... lj 
, ' 
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CBAPTER l 

INTRODUCTION 

For a rigid body immersed in an incompressible 

fluid, the'effects of inviscid fluid forces aèting on the 

l 

body, arisrng from the instantaneous fluid rnotio\ which results 

from an acceleration of the body., may be intJed as an' 

JI Added Mass". ' A more rigorous explanation of this phenom~non 

can be found _~n the textbook on hydrodynarnics by H. Lamb (1932) 

and L.M. ~iln~~hompson (1938). The con,eept of "Added Mass" 

was introd~ced Oy Pierre Louis Gabriel Dubuat (1779) from an 

obser~ation on,spherical pendulum bobs of lead, glass and 

wood oscillating in water. He notice~ that a simple buoyancy 

correction for the submerged sphere was ~ot sufficientj in 

addition, the fluid ~creased' the effective rnass of the sphere 

by approximately one-half the mass of the fluid that was 

displaced. Sincè then, the added mass due to motion of a body 
. 

in a fluid has been the subject of many analytical and 

experirnental investigations. 

The nature-of added mass i5 of particular interest 

in diverse problems, e.g. roll, pitch and vibratio~of ships; 

acceleration of submarine5, ship5 and dirigiblesi entrance 

of projectiles and seaplane floats into wateri sediment' 
......... 

movemént and wave action'; the vibration of plates and structures 

) 

.~ -.--------
O~" ... ,,\~.t 1 rI r 
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in fluids af non-negligible relative density, eta. Whènever 

a solid in contact with a heavy fluid accelerates, the added 

rna~s is a factor that should not be overlooked. 

The major impetus of the present investigation is 

ta provide information ~hich would be useful in the desi~n of 

heat exchanger tubing or'nuclear reactor fuel elements, where 

the tube banks and fu~1-e1ement bundles are susceptible ta 

excitation by the co01ant flow. In analyzing the vibration 

respanse to these excitations, proper accounting of the added_ 

rnass is an important consideration. 

Generally, the added mass of a cylindrical rad is 

. assurned to be equal ta the mass of fluiè displaced by the rad . 
. 

This is true for a long rad submerged in an infinite fluide 

Several experimental studies have been conducted to evaluate 

the added mass of a solitary cylinder oscillating in fluid 

contained within finite, as weIl as infinite, boundaries. 

The methods·used in most of these studies were based either 
I-

on the measuremen€ of the natural frequencies of the 

,oscillating abjects in the fluid or on the inertia forces 

exerted on the moving body due ta its own motion. Stelson 

and Mavis (1957) obtained the added mass for a sphere, cube 

and long circular cylinder through the mass-frequency 

relationship. Experimental results agreed with the analytical 

potential flow studies. 

More recently, work has concentratedlon underwater 

2 
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applications where the effect of oscillating flow i5 of 

bnpoFtance. Hamann and Dalton (1971) measured the dynarnic 

forces generated by the cylinder while oscillating sinu50idally 

in still water, wherein the added mass coefficients as weIl as 

'the drag coefficients were calculated. Later, sarpkaya (1975) 

determined experimentally, the drag, added mass and lift 

coefficients based on the so-called Morison's Equations 
.., 

(Morison et al., 1950), using the hydrodynamic forces measured 

on a fixed cylinder in a sinusoidally oscillating fluide Both 

of Hamann and Dalton's and Sarp~aya's techniques involved 

displacement and velpcity of the cylinder relativ,e to the fluid 

of magnitudes large enough to allow separation and vortex 

formation. These effects are of interest in the vibration of 

cylindrical structures subjected to cross flow. 

Recently, Chen, Wambsganss and Jendrzejczyk (1976) 

~eveloped ~ IIviscous" mathematical model for a vibrating rod 

surrounded by a fluid annulus. In this model, the resultant 

force per unit length of cylinder is decomposed into two 

components, the inertia cornponent in phase with acceleration, 
1 

and the damping component opposing the movernent of the cylinder, 
~ 

90° out of phase. The coefficients of these two components, 

" narnely'the added mass and damping coefficients, are expressed 
'"', in terms of constants obtained from,the solution of the 

equation of motion 'for the fluid (Schlichting, 1960). Although 

both the coefficients are frequency-dependent, results 

" 
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indicate that the added mass coefficients are not 50 sensitive 

to frequency, change , while the darnping ones of' course are. 

( Tests were done by forcing a cantilever beam vibrat·ing in 
/ 

viscous fluid, such as water, mineraI oil and si1icone oil" 

contained by a rigid cylindrical she11. By measuring the 
. 

natural frequencies of the rod in air and in the f1uid, the 

added mass and damping coefficients were then calculated using 

the equation for determining the natural ~requency of a canti-

lever beam and bandwidth method, respectively. In this study, 

results for water were found to be in better agreement with 

4 

r" 

analy~ical solutions than for mi~eral oil and silicone oil. 
~ . i 

The foregoing gives a cross-section of the 

literature on the added mass of a single cylinder. For a 

cluster of cylinders, the added rnass is affected by adjacent 

rods and the confining boundary. The composite effect of 
, 

this ,fluid coupling May be expressed in terms of a rnatrix of 

" / 
• 1 

added mass coefficients associated with the cy1inders in the 

system. Nurnerical techniques for the calculation o'f the added 

mass rnatrix were first developed by S.S. Chen and, Levy and 
" 

Wilkinson. S.S. Chen (1975b) calculated the added mass matrix 
. 

of arrays of cylinders in unbounded fluid by means of 

classical ideal flow theorYr and stuqied their free vibration' 
• 

characteristics. Levy and Wilkinson (1975) evaluated the 

added masses ofaxisymmetric bodies in a containing vessel by 

~means of fluid finite elements. Later, Chung and Chen (1976) 

". 

.. 

f; ~ .. , 

\ 
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extended Chen's theory to deal with clusters of cylinders, 
, , 

in f1uid confined by a circular container. At the sarne time, 

Suss, Pustejovsky and Paidoussis (1976) presented both a 

classical method and finite e1eme'nt techniques for determing 

the added rnass rnatrix from a point of view distinctly 

different from that of Chung and Chen's (1976~ theory. It is 

noted that the applicability of the classica1 method extends 

5 

only to cases where the cylinders and container are cylindrical, 

whereas the finite element method can deal, in principle, with 

any geometry. (The classical method derived by Suss, 

Pustejovsky and Paidoussis (1976) is described in detail in 

Chapter 2). Recently, Yang and Moran (1979) developed a finite ~ 

element technique to compute-the added rnass coefficient matrix 

as weIl as the damping coefficient matrix by solving the 

linearized Navier-Stokes and continuity equations, instead of 

using ideal potential flow theory. The coefficients obtainêd 

from this theory turn out to be functions of frequency. 

Comparison between the experimental data rneasured by Chen (1976) 

for one single cylinder vibrating in a viscous fluid enclosed 
.. 

by a rigid concentric cylindrical shell and the nurnerical 
r' 

results of this method shows good agreement. Nevertheless, in 
• 

the case of two cylinders, the addea mass coefficients were 

shown as a'function of Re ~Wd2/V). Since none of the added 

mass coefficients derived from the other th~ories mentioned 

above are frequency-dependent, it is no~ ~ossib1e to compare 
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this tl?eory with the other ones. 

As to experimental studies, a series of tests have 

been do ne at the Department of Mechanical Engineering of 

~c9il~ University under the supervision of Professor M.P. 

paidoussis. In the first test conducted by Issid (1977), 

three cylinders in equilateral form were immersed vertically 

.. in a water tank enclàsed by a cylindrical Plexiglas shell. 

r 

With one" of the cylinders vibrating laterally, the inviscid 

hydrodynamic forces on the other cylinders induced by the 

displaced fluid, were measured by means of a force transducer. 

The added,mass coefficients were then determined from the 

measured forces. Results of this test are far awaY-from the 

~ theoretical values due to the fact that the force transducer 

was not properly positioned; also the method of attachrnent of 

the vibrating cylinder to the shaker was such that the 

assumption that the cylinder is moving as a rigid body was 

uncertain. In a second set of experiments, the vertical 
" 

arrangement of the cylinders and cylindrical Plexiglas shell 

was changed to a-' .horizontal éonfiguration. One of the fixed 

cylinders'was piovided with a plastic caIlar with a 0.0794 cm 

(1/32 in.) diameter hole in it. An axial hole in the cylinder 

connects the pinhole in the collar to tubing, leading to a 

pressure transducer at oné end of the cylinder. The collar 

was built in such a way that the pinhole may be rotated 

.; \ 
;' 

'W ___ .. ..." 
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''1 
through 360 degrees wi th a stop at each lO-degree interval, 

• 0 

which enables a measurement of the pressure distributiop ~n 

this particular fixed cylinder. Integration of the pressure 

distribution gives the hydrodynamic forces, hence the added 

mass coefficients. , Several unwanted effects were fOfd during 

the test, such as significant extraneous pressure components 

induced by the vibration of the wall of cylindriçal shell, 
\ 

air bubbles trappe,d in the axial pressure-sensing chamber, 

the oscillation of the fluid in the chamber, large components 

of noise and lack of repeatability in the pressure signaIs. 

7 

Thus 1 the resul ts ob'tained were inconclusi ve. Later, Pustej ovsky 

(1978) presented a brief report of his Istudy using the same 

experimental set up designed by Issid (1977) for his second 

set of tests, with a modification of the measuring system. 

The pressure transducer was placed inside the fixed cylinder 

near the pinhole of the collar. Consequently, the 1ength of 

the axial hole (i.e., the pressure-sensing chamber) was shorteri 

this reduced the amount of oscillating fluid in the chamber. 

His results showed that the dynamic pre$.sure responded in a 

rather haphazard way and the mèasure~ pressure profiles 
" 

exhibited irregular shapes. 

During the same period, êxperime~ts on fluidelastic , 

vibration of cantilevered tube bundU~s by Chen and Jendrzejczyk 

(1978) were reported. Studies includ~ -Datural frequencies, 

mode shapes of coupled modes as weIl as' (tube responses of 
,<; 
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three different tube bundle geometries. Among the 

expe~ental resuit~ obtained, the measured natural frequencies 

W'ere found tJ be in good agreement with the theoretica1 

vàlues, where the theoretical values are evaluated from the 

'equation of motion using the theoretical added mass matri,x 

(Chen, 1975b). This agreement implies that the added mass 

matrii obtained from Chen 1 s analytical method is also reliable. 

However, the validation of the add'ed mass matrix itself is 

not well proved, since the verification is done indirectly 

through the comparison of the naturai frequencies of the $ystem. 
1 

Henee, a~ore fWldarnental measurement of the added mass matrix 

is still necessary to test the theoreticai one more adequately. 

Recently, Barbir and Pham (1979) used the same 

approach and the sarne exper imental set up employed by 

Pustejovsky (1978) with the Plexiglas shell eliminated. 

Similar pressure response to frequency change was observed in 
~ 

their tests. Anothei interesting fe?-ture of their res.u1 ts was 
,; 

the presence of a phase lag between the pressure and acceleration 

of the oscillating signaIs, which is believed to be attributed 
) 

to the·effects of viscosity. However, these tests also were 
'" 

unfortunately inconci usi ve. 

In the present work, the cylinders were inunersed in 

fluid contained by a rectangular tank. Tests were carried out 
i 

by oscillating one of the cylinders, with freq:uency ranging 

from 50 to 250 Hz 1 and measuring the dynamic pressure at points 

" 

1 

, 
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around th~ surface of, ge,;teraIly, another cylinder., 
t ! 

Investigation was not restricted to three-cylinder systems; 

cases of a single cylinder and two-cylinder systems were' also 

studied. Calculation of the terms of the added mass matrix 

is made by integrating the pressure distribution on the 

surface of the cylinder to obtain the inviscid hydrodynamic 

f0rces; the added mass coefficients are then related to the 

force cornponents by the, associated acceleration. The 

exper irnental set up used in this study, was essentially a 

modif ied forro of the one buil t by Barbir and Pham (1979}. 
, 

Several components of the Set up were stiffened to improve the 

,rigidity of the syst.em. To measure the pressure, a more 

sensitive quartz pressure transducer was selected, with'a 
• 

Il 

sensitivity of 257.7 mvjpsi, which produces clear signaIs even 

without the use of an amplifier. The arrangement of the 

pressure transducer in the fixed cylinder was modified by 

placing ~t normal to the axis of the cylinder. Such design 
, 

, , 
reduces the space of the pressure-sens~ng chamber 1 thus the 

fluid oscillation and air bubble problerns can be avoided. . 
01' 

'9 

With the sensing-surface (diaphragrn) of the'pressure transducer 

normal to the surface of the cylinder, the transducer detects 

the pressure signaIs more directly. 

In the tests, four distinct aspects of inter-cylinder 

coupling were studied. These are (i) pressure response at a 

specifie angle on a ~ylind~l;' as a function of frequency of the 

". , 

\ 

'\ 
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oscillating .one, (ii} 'phase angles between pressure and 

acceleration signaIs, (iii) pressure distribution on either 
o 

the oscillating cylinder or the fixed cylinders, (iv) the 

added mass coefficients for the system. Attention has been 
~ 

directed tQrneasurement in the presence of smaI1 amplitude, 

10 

(2 g) transverse motion of the oscillating cylinder in nominally 

still fluid, so th~t perturbed fluid motion may'be considered , ' 

to be larninar and irrotational. Sorne tests were also 
~ 

conducted with three cylinders enclosed by an Il.43 cm (4.5 in.) 

radius shelli these tests were conducted in water, lubricating 

oil, as well aS,ethylene glycol. These provide valuable 

~formation concerning the effects of both density and viscosity 

of the fluids on the added mass coefficients. Finally, the 

pressure profiles and added mass coefficients are plotted and 

compared with theoretical values obtained from the analytical 
, 

solut~on derived by Suss, Pustejovsky and paidoussis (1976). 
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CHAPTER 2 

.THEORF;:TICAL MODEL FOR THE ADDED MASS OF A CLUSTER OF 

VIBRATI~G CYLINDERS 

DESCRIPTION OF THE SYSTEM 

11 

, . 

The system under consideration consis~s of a c1uster 

of k uniform flexible vibrating cy1inders contained i,n a rigid 

cy1indrical,channe1. The cylinders are sl~nder and are 

supported at both of their extremities. The~xes of the 

cylinders at rest are aIl parallel to the axis of the channel, 

here referred ta as the X-axis in Fig. 2.1. An incompressible 

fluid of zero-nominal velacity is contained within the 

surrounding channel. The hydrodynarnic field of such a system 

is three-dimensional, due to the fact ,that the hydredynarnic 

forces ~t each cros$-section of the bundle will depend on both 

the local displacements and slopès (mode of deformation) of 

the individual elernents. However, several simplifying 

assumptions are made te facilitate this mathematical mOdel1ing, 

i. e. , 

(a) t~e fluid is irrotational, 

(b) viscous effects can be neglected, 

(c) local velocities of the çylinders are such that 

sepa~ation never occurs, 

(d), the cy1inder is suff~ciently slender 50 that the \ 

... . \ 

1 / 

. . ~ 
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potential flow field dUe to its motion could be considered 

to be identical fo th~- tWo-dime~siqnal field in each cross 

sectional plane that would resul t from, t-he motion of an 

infinitely long cylinder of the same inclination and cross-

sectional area, as shown by Lighthill (l960). 

12 

The method described here uses potential flow theory 
, 

to determine t i) the velocity potential in the fI u,id due ta" 

arbitrary small motions of the cylinpers, and (ii) the forces 

acting on each cylinder as 'a resul t of the motion of other 

cylindérs in the sy'stem 0+ the c,yJ-inder ~tself. 
, 

Based on that, 
, , 

the so-ca1-led added ·n1ass matrix of an array of pa:r;.allel, 
, 

infinitely long rigid cylinders is then. q,eterm{ned. 

';. 

2.2 THE FLUID VELOCITY POTENTIAL 

For an invi~cid, incompressible and irrotational 

• fluid, the v~locity potential must satisfy Laplace's equation, 

(2.1) 

In accordance with the slender-body approximation 

(assumption (d) of sèction 2; 1), the problem is assurned to be 

effec"t:ively two-dimensional and the velocity potential analysis 

may be confined ta a cross-sectional slice of the cylinder-

fluid system as if the cylinders were infinitely long and 

vibrating as rigid bodies .. 

)' 

,1 
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Referring to Fig. 2.2, a system of polar coordinates 

centered on the axis of eacb of the cylinders is defined such 

that (r., El .) is the position of any point in the plane as 
~ J J 

~easured ~from the moving center of cylinder j. For the case 

of a cylinder with origin at the center of the boundary channel., 

the position of any point in the plane 1 as measured from this 

frame, is denoted by (ro'So). 

notation: 

In what follows we shallb adopt the following 

(i) $. is the velo city potential due to the presence 
• J 

of cylinder j, expressed in tenns of the coordinate system 

centered on cylinder j; 

(ii) ~~ is the velocity potential due to the presence 
J. 

of cylind~r j, expressed in terrns of the coordinate system 

centered on cylinder i; 

(iii) cpi is the total velocity potential in t.erms of 

coordinates centered on cylinder i;, ,0 

(iv) the subscript or superscript "0 " refers to 

the outer channel and to' coordinates at the centre of this 

channel. 

The fluid velocit.y potential due to the presence of 

cylinder j in the system, denoted by tP. (r . fe.), satisfies 
J J J 

1 

è 
V2 cp. = 0 • 1 . J 

(2.2) 
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In polar coordinates, equation (2.2) can be wri tten as: 

l a ( Cf cp') 
r j at:j. ~ + 

2 
1 a tf>. 
"2 ~ = (). 
r. ae .. 

J J 

, , 14 

(2.3) 

By separation of variables, the solution of this equation gives: 

41 j (r.,e.} .. ~ {A .r~ao8ne. + B .r~8inne. 
J J L; nJ J J nJ J J 

n=l 

". 

where Anj , Bnj' Cnj and Dnj are variable constants to be 

determined using the boundary conditions, as followS': 
c 

(2.4) 

(i) the fluid velocity normal to the inner surface 

of the enclosing channel is zero; 

(ii) the fluid velocity normal to the surface of each 
1 

of the k cylinders is equal to the velocity ot the cylinder in 

that direction. 

These boundary conditioI\s can be expressed mathemat-

i.çally as: 
," 
1 

(i) = 0, j == 1,2,3 •• , •• ,k' ,(2.5) 

." 

',0, 

, , 

,~ 

',' 
'{ .1 

1 
1 
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(ii) = (2.6) 

for i - 1,2,3 .••.. , k 

where u. ~nd v ~ are the displacements of the ,i th ~ linder in 
\) ~ ... 
the Z.and y direètions, respectively. 

Because of the linearity of equation (2.1), the total 

,PÇ>tential "at any point in the plane can be written ,as the 

sum of the iridividual velocity potentials due to the presence 

\Of each cylinder within the channel, 

(r.,S.) 
J J 

(2.7) 
..r 

'In order to apply the boundary condition {il and. (ii) , , 

it is necessal:y to express each ~ j in tenns of coo·rdinates 

centered on each of the other cylinders, that is, to b~ able 

to wr i te ~'. (r.', e .) into ~. (r . ,e . ), where i, j = 0, l ,2 , •.• , k. 
J J J J ~ ~ 

This can be done by the use of the coordinate 

tr ansf ormation 

ie. 
) ·r.e = 

J 

• 
fe. i1jJ.". 

r. e ~ - R .. e ~J 
~ ~J 

~, 

~and'using Taylor series expansions for 

.. 
. , 

(2.8) 



• 

() in6. 
r~e J =: 

J l
' i6, 
r.e 1 

1.-
iW"1 n R .. e 1.J 

1.J 

with R .. being the length of.the line joining thé center of 
1. J • 

16 

cylinders i and j, and ljIij being the angle formed by line Rij 

and positive Z-axis. 

From these manipulations, the real ~nd imaginary parts 

r"-will. yie1d expressions for rz:tcosn9. and r~8inne.·, and 
\ J J J J 

similarly for r~nOo8na. and r~nsinna .• 
J J J J 

By using the coordinate transformation, the potentia1 

due to the motion of cy1inder j, with aIl other cylinders 

stationary, expressed in terms of the coordinate system centered 

on cy1inder i, may then be written as: 

i cp.(r.,9.) = 
) ~ 1. 

01) n 

n=l m=O 

00 00 

+ B . sin [mS. + (n-m) 1p • ,] l + '" '" 
nJ 1. 1.J ~ L..J L..J 

n=l m=O 
m! (n-l) lRz::-m 

1) 

je joos[me.-<n+m)1Jl.:A.] + D .8-tn[ma.-{n+m)~ .. ] l 1 n l.' 1.) n~ l. 1. J ~ 

(2.9) 

which converges for ri < Rij , and 

1 

Î 

\ 

/ 

\ 
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• 1 

,< 

f 

i ' cp. (r. 1 e i) J ~ , 

• 

, 

+ Bnj sin [me i + {n-rn)1/.I ij] } + L: L: 
n=1 rn=n 

-

m-n (rn-l) ! R .. 
~J 

rn (n-l) ! (rn-n) 1 r. 
~ 

{Cnj"OS[mei-(rn-n)l/.Iij] + °nj8in[ntei-(~-n)l/.Iijl ~ 

17 

... 

(2.10 ) 

converging for R .. < r .• 
1.J 1. 

With ~i denoted as the tota~ velocity potential 

written in terms of coordinates centered on cy1inder i, and ~. 
/ ~ 

heing the potential due to the presenc~. of cy1inder i alone, 
1 • 

we arrJ. ve at: , 

.... 

k 

cpi = :E cp~ 
j=l 

+ cp.'. 
~ 

" 

App1ying boundary conditions (i) and (ii) to 
1 

(2.11) 

equation (2.11), the const;.ants A ., B ., C . and 0 J' can he . nJ nJ nJ n 
determined and tgrn out to he of the fo11owing forms: 

'~ 

A ",11,,:-n "' . = .t'\ nJ J' 

.. 
(2.12) 
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() '. "-,, 
k t' 

dUR. aV
t B "l-n :E { 8nj R. bnjt } nj = Rj at+ Tt: 

" t=l 

(2.13 ) 

j 

! 

k 
dUt av t } '-c , Rx;-+l :E{Ynjt 

= ât+ cnjR, nJ J at , 

, 1 

(2.14) 

1-1 

k 
dUR, avR, D'y R~+l Z{ ô d } nJ J nj1 at + njR. at , 

1,=1 ,~' 

(2.15) 

''<"» 

where the unknowns ~njt to dnjR. are determined by the fo11owing 

twe1ve equations: 'r 

.t- B '/1 sin (n-m) 1/1, '3} nJN ~J 

, 

(-1) n (n+m-l) ! R~-lR~+l { , '_ 
______________ ~~+~J-- [y 'lIaos(n+m)1/I" 

-(n-l)! (m-l) !R~j m nJN ~J 
+ ô '" sin (n+m) $, , J}, 

nJN ~J , 

(2.16) 

L Ir 

1 
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2:
k * 2:0), (_l)n-mn!R~:mR~-l{ 

-------=~::...Jr........1....;;n~:...1- [a 't cos (n-m) 1/J, , 
j=1 n=m (m-l)! (n-m) ! R, - . nJ 1.) 

_, J ',I 

+ ~n;~.in(n-~)$1jJ} 
" 

. v 

(-l,)n(n+m-l)!R~-lRj:l{ ,} 
---------.;;;....-+-m-- Le J' R. cos (n+m) 1/IiJ' + d n ), t 81-n (n+m) 1/1, .] " 

(n-1). ! (m-l) lR~j ,r, n 1 ~) 
.... -~ . 
r 

+ ma 'ft - me 'n = 0 , 
m~N . rnl.III 

(2.17) 

k 

~* 
j=l 

L
m (_l)n-mn!R~:ma~-l{ 

~J ~ [ '() ,/. ----,--..;-----;;..-1::'""" - Ct 'ft 81- n n-m 'f" , 

.,.I(m-ll! (n-m) !R~ nJN , ~J 
n=m ) 

, \ 

" ., -

k 00 

+ L'* L 
j=l' n=1 

(-lln Cn+m- 1 ) !R~-IR~+I{ . .. } 
------.--.:;;~;....-_'__\ .... )- [y jnSin(n+m)1/1, ,- 0 'nCOs(n+m)1/I, ,] 

(n-l) ! (m-l) !R~-:-m n III • l) n)N 1 l.) 
" 1.) 1 

(2.18) 

k CP 

~ 2:* L l.) l. , \ 
(-1) n-mn!R~:mR~-1 { • 

t n 1 [-a 't 8 1-n(n-m) 1/1 , , 
(m.!"!)! (n-m) !R,- nJ 1.) 

) j=l n=m 

.. 
k 

~ '"" * + L./ 
j=l 

"- " 

00 K (-1) n (n+m-l) ! RT-IR~+1 { ..., 1 1 L n+X: \ [e jt sin (n+m) 1/J, J' - d J' t CePs (n+m) 1/1. ,] 

l 
(n-l) ! (m-l) IR, , >~ n .. 1. n ~) 

n= l.) 

(2.1~) 

i 

\ 

! 

l 
f' 
! 
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r 

),. 

i' " 

wi th m = 1, 2 , 3 , • • • .,. i , t = l, 2 ... 3 , . . . ., k ~ 

co 

n=m 

li 

m 

2: 
n=l 

co 

n=m 

t 
, t 

rI 

1 

anjR,sin(n-m)1/JojJ( 
.. 

m! Rm-;nR~+l -),_ 
OJ J m+ll fY 't"os\(m-n)1/J"', - Ô '4ISin(m-n)1/JOJ']~== 0 , 

(n-1) 1 (m-n) !R nJ !' oJ nJ)(" .J 
o 

,- ., (2.20) 

.-

+ bnj;8~n(~-m)WOj]~ 

ri\1 Rm-:-nR:r;+ 1 

OJ J m+1!rC 'R,008(m ... n)Woj -. d jR,sin(m-n)1/J ,J i= 0, 
(n-1) ! (m-n) ! R;o nJ.,. n,. 0) f 

... ( 2.21) 
, 1 

,,, 

anjR,"08(n~m)Wot]} 
',. 

\ ,-
" 

In! R~-:-nR:r;+ 1 {l'' '" } ,; 
OJ J m+l [r J' n sin (m-n) W J' + <5 J n~08 (m-n) 1/J ,j == 0 , 

(n-1)' !t(m_n) !Ro n)("" 0 n)(" oJ .. 

,,/ 

/ 

, , 
"' (2.22) 
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('11-1) n-m 1 Rn-mRm- 1 'L:' n. oj 0 "{ ;' --------~~~~- [a . 8in{n~m)~ . 
(m-l)! (IÎ':"m) !R~-l ~Ji 0) 

n=m J 

m· 

+L 
n=l 

.).'-" 

\ ';> 
"-, 

wi~h m = 1,2,3, ..•. 
" . ' 

• ... ", 
.~ 

t = 1,2,3·, .... , Je 

j = 1,2 , 3 ~ ••• " , k j 'F q1 
' .. , 
l' 

for j = q, ) 
.. 

, ../) (=:rl, (~rl a - Ynqt nqt 

r" 

~ 
~. 

.1-- {~rl (~rl .1 

anq$l. Cnqt 
" 
"-

..: 
.J 

(::r1 

(~t+1 
~ 

" 
6nqR.~ + ô -

"" nqt ft 

(Ro)n-l'b (~)n+l "" + d R nq$l. nqt q • 

--- .. -
~ . . 

/ 
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1 

r" 

21 

bnj~Qos(n-m)~Oji~ r 

(2.23) ." 
~? .. " 

. 
'. 

'" 

" ,,-

'" " 
= 0 

' , 
(2.24) 

0 (2.25) = , ", . , 

1 
!..--

" 
0 (,2. 26) = : 1 ,. 

J 

= 0 . /, 

~ (2.27) 

'( 

with n :=II f/ 2 ,3, ... and R. = 1,2,3, .... , k. 
,," ~ ~ 

- . , . 
{ 

, " 'l '" i - ., 
" .:. /< 

"- .--r' 
A'" "'_..".-;v 
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1 - - ... ".. ~~ ~ 
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For equations (2.16) to (1.19), the starred summation 

excludes j = i. A1so, it is noted that the ô' s .with two 
\. 

subscripts are Kronecker'deltas. 

The set of infinite equations (2.16) te (2.27) can 

be truncated to solve for a finite number of constants to give 
, . 

a desired accuracy. A computer program known as "COUPLING" 

has been deve10ped by Suss (1977a) to handle these calculations. 
, 

The manual for this prograrn (Suss, 1977b) is avai1able. A 

modified version of this computeJ;." program called "<:xXJPRESS", which 

also gives thé pressure distribution of each cylinder in the 

system has beèn developed and is listed in Appendix A.l. 

. 2.3 IHE INVISCID HYDRODYNAMIC FORCES 

The resu1ting force due to the inviscid f10w around 
1 

the'l i th cy1inder can be decomposed into Z- and Y-components as 

.-

~ 

-{' 't.!. ,,' 
FAZi = p~ R±cos6.d6. 

r.=R. 
]., ]. 

0 ~ 1. 
" 

(2.28) , 
" . 
l~ 

". 

- {.: pi R • si';6 , de'. FAZi = 
r .=R./ ~ 1. ~ 

e . ~ 1. 

(2.29) 

whe~e pi is the fluid pressure expressed in te~s of coordinate 

" j 
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system cen-tered" <:n cy1inder i. 

From Bernou11i's equation, we can write that 

(2.30) 

Maki~g use" of equation (2.11), -and taking the, t'equired 
, \ . 

derivative to obtain p~, then substituting into equation (2.28) 

and equation (2.29), the hydrodynamic forces become: 

FAZi = P '!l' 

for i = 1,2,3, •••• , k, where 

(
R .. )n-1 -ll -
Rj 

(2.31) 

(2.32 ) 

[0. 'ncos(n-l)$ .. + S J'nsin(n-1)$ .. ] 
nJ~ ~J n ~ - l.J 

(~)n+1 ~ + (_l)nn R [y .,,008(n+1)1/I., + ô "Il sin (n+1) 1/1 •• ] , . nJ~ l.J nJ~ 1.) 
l.J 

(2. 33) 

,/ -, , 

1 

\ 

l-
I 
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k co 

eit = L:* L l (_l)n 
j=l n=l 

( Ri;j )n-l [a . /1 cos (n-!) tjJ .. + b J' n sin (n-l) 1jJ ;)' ] 
Rj. nJ~ 1) n $., . ..., 

~it = 

,n (-l)n+l <> 

+ (-1) n [c 'lIco8(n+i)tjJ., 
R. . nJ$.,. 1.) 
1J 

, /' 
~ 4 . /1 sin (n+l) tjJ, .] l 

nJ.r. . , 1J f 
1 • 

(2.34) 

k 00 

~* L l (_l)n (~)n-l 
j=l n=1 ) 

[8 'ncos(n-l)1J!i' - ex 'lI sin (n-l)1J!1')'] nJA. J. nJA. 

R, n+l 
+ (-1) nn' (--L) 

R. , 
1J 

[-ô 'nco8(n+l)I/J,)', + y 'osin(n+l)1J! .. ] l 
, nJ$., 1 nJ.r. 1J ~ 

" 

(2.35) 

r 

{2.36}. 

1 

\ 
1 , .. 
, , 
1 

• j 

i 
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2.4 rHE AOOED MASS COEFFrCIENT~ 
\ .. 

, Comparing equa~ion (2.16) with (2.33) when m = land 

'2Y1i~ has been added to both sides~ it can bè seen that 

4 • , (2.37) 

<Il> ' 

S~ilarlYI from ,quation (2.17) with (2.34) when 

m := 1, 'Ile have 1 

(2.38) 

Also, from equation (2.18) and (2.19)~~~th m ='1, 

we obtain 

1 
,r--" " 
~iR, = 26 1 19., (2.39) 

\ 
(2.40) 

where ô iR, i9 the K:b:mecker delta. 

We may now reiwrite equations (2.31) and (2.32) in 

the final simple forms: 

"' ."' 
k 

PAZi = P ,iT R~L 
·1=1 

(2.41) 

, ·1------r .. 

.' 
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(2.42) 

, 
are the non-dirnensional added mass coefficients for cylinder 

i corresponding to the ~ component of the force associated 

with the a~celeration (a~u~t2) and (a
2vt /ât2) in the Z- and 

d . '. f h th l' d . . -1 y- ~rect~ons 0 t e ~ cy ~n er, respect~ve y . 
.1 

Simi1arly, 2Qli~ and (ôH, + 2dlH,),or ~iR. and- fi~' 

are the non-dimensional added mass coefficients for cylin~er-i 

corresponding to the Y component of the force associated with 

the accelerations of the ~th cylinder in Z- and Y-directions, 

respectively - to be found on p. 27. n 

These non-dimen'sional added mass coefficients, , 

for convenience, can be expressed in matrix form as in 

equation (2.43). 

An alternative algorithm for obtaining the added 

ma-ss coefficient matrix of the same system has aiso been 

de~eloped using the Finite Element Method. - Details of this 

work can be found in a report by Suss, Pustejovsky* and 

Paidoussis (1976). 

*A report concerning the genexation of the mesh for the 
F.E. Method computer program written by M. Pustejovsky (l9?7) 
has also been listed as a reference. 

1 
1 
1 

1 ,6 
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CHAP'l'ER 3 

, .' 

EXPERIMENTAL EQUIPMEN'l' 

. t -
The experimental equipment used in this study was 

designed to have a cluster of up to three cylinders, irranersed 

j horizontally in a rectangular water tank, with one of the 

cylinders forced to oscillate veFticàlly in harmonie motion. 

Part of the experimental system is instrumentation for 

measuring the pressure around the surface of any cylinder, 

28 

acceleration of the oscillating cylinder, as weIl as the phase 

angle between the two signaIs. Such an experimental set up 

shown in Pict~ l is composed mainly of the following five 

Slub-uni ts : (i) water tank, (ii) shaker with control system, 

Ciii) three hollow cylind~rs, (iv) structural components for 

holding the cylinders, and (v) the associated instrumentation 

for measurements. These will be described in sorne detail 

below. 

3 • 1 THE WATER TANK 
$ 

The rectangu1ar water tank (picture 2) , made' 'of ' 

0.95 cm (3/8 in.) thick Plexiglas, has internaI dimensions of 

38.10 cm x 85.09 cm x 39.'37 cm (15 in. x 33 1/2 in. x 15 1/2 in.) 

with ~wo sheets of 1.26 cm (1/2 in.) thick Plexiglas as a 

removable cover. In order to stiffen the tank, three lines 

< i-l ---- .-. ''')" , 
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of aluminum belts and strips of Plexiglas have been added to 

the walls. The tank_ sits on a steel frame, with leveling 

~crews at the four corners, giving it certain mobility in its 

positioning un der the shaker. A valve is prov~ded near the 

bottom of the tank for draining the liquid after a test. . 
) 

3.2 SHAKER WITH CONTRot SYSTEM 

The shaking system (picture 3) ~ncludes a shaker, 

29 

an exciter control unit and a power amplifier. The shaker is 

a Brüel and Kjaer type 4801 electrodynamic vibration exciter, / 

On it, a type 4812 exciter head is mounted. This head has 

a force rating of' 444.82 N (100 Ibf} , a displacement limi t of 

12.7 cm (5 in.) and a resonance frequency at 7200 Hz. Usin~ 

this head, the shaker is capable of performing simple harmonie 

oscillations at different amplitudes and frequencies up to 

10 KHz with 10w cross distortion and 10w cross motion. The 

shaker, with its own support, rests on a four-legged inverted , 
U-shaped steel frame with features 1eveling support screws 

and four whe~ls at the bottom a1lowing the shaker to move 

easily. 

Equipment for controlling the shaker includes a 

B.&K. type 2707 power amplifier and a B.&K. type 1947 exciter 

controller. The exciter controller'generates variable 

sinusoidal.voltage signaIs to drive the vibration exciter .. 

J .( 



() 

( ) 

30 

through the power ampli"fier in the frequency range of 5 Hz to 

10 KHz. 

3.3 THE HOLLOW CYLINDERS 

There is a maximum of three cylinders involved in 

these~experiments. Each cylinder is made of aluminum with 

outside and inside diameters of 6.35 cm (2 1/2 in.) and 4.45 cm 
~ 

(1 3/4 in.), respectively. The two stationary cylinders are 

cm (20 1/2 in.) in 1ength, while the oséi11ating one is 

6. 5 cm (2 1/2 in.) shorter. To prevent water from going into 

th se hollow cylinders, plugs made of either aluminum or 

teflon are provided for both ends. 

A high sensitivity pressure transducer (described 

in 3.5 of this chapter) is p1aced inside the pressure measuring 

cylind~r (picture 4) at a hole 8.89 cm (3 1/2 in.) from one 

of its ends. A cross-sectiona1 view Of~.CY1inders, at the 

position ~here the pressure transduce~is set, and the lock 

nut used ~,o keep the transducer stayed properly in the cyLinder 
\ 

are shown ~n Fig. 4.1. Pressure is sensed through a 0.0635 cm 
\ 

(0.025 in.) \diameter pinhole on the top surface of the lock nut 

to the chamb~r where th; diaphragm of the ;pressure transducer 

r~ceived the ignals. The pinhole has a depth of 0.254 cm 

(0.1 in.) to p event the transducer from sensing those 
/ 

fluctuating components not normal to the surface of 

r; 

r 

,r 
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the cylinder. 

'-' 
, 

0,. , " 
'. 

3.4 ,STRUCTURAL COMPONENTS FOR HOLDING ~HE CYLINDERS 
G 

For the syst~ consisting of two or three cylinders, 

the stationary cylinders are supported ~t both ends: Each 
~. 

support has ,two pieces (pictures 5 and 6). The top one is a 

rectangular piece with two holes having,a dimension good 

enough to providé a clearance of 1. 27 x ià- 2 cm (5 x 10-3 in.) 
f 

for the cylinders to rotate. A steel ball-and-spring index 

rn4Fhanisrn built inside the inner surface of the hole, along 
"""".1 ~ 

with 40 index holes around the circular surface of the cylinder 

end-plug (picturer4), enable the cylinder to rotâte through 

360 degrees with a stop at every 9 degree!s·. The bottom pieces 

and the bottom,a1uminum plate h~ve been designed in such a way 
1 

~hat they a1low the ~ylinders to have fdur different geometric 
, 

arrangements ,(Fig. 4.5 and Fig. 4.6), as weIl as variations 

in cylinder gap. These supports are joined together and 

attached to the alurninum plate at the bottom of the water tank , 

using socket head screws~ 
• 

_ As to the oscillawing cyl~nder, it is held horizontally 
'\ 

..... by an a-Iuminurn tube of 3.81 cm (1 1/2 in.) outside diarneter, 

2.54 cm (1 in.) inside diameter and 25.4 cm (10 in.) long, 

mounted to the shaking table of the shaker by rneans of a squa~e 
... 

piece with four- screws at the corners (picture 7). Two·' 
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triangular alumi~um fins have been addeàto increase the # 

stiffness of this tube. The mot~pn of the shaker is then 

transmitted through the tube to the cylinder attached to it, • 

thereby creating a pressure field in the liquid medium in which 

this and the other- cylinder's are immersed. 

In one single-cylinder test, the pressure measurements 

.were taken around the surface of the osc~llating cyl~nder 

itS~lf. Hence, the rectangular piece (picture 8) which joins 
. 

the tube and the oscillating cylinder was in this case 

~ especially made of two pieces held together- by four O.6~? cm 
( 

(1/4 in.) diarneter socket he ad screws at the four corners. 

For rotating the cylinder, the holding piece has' to be loosened 
, . 

by unscrewing the screws and relocked after the cylinder has 

been rotated through the desired angle. The bottom part of 

this holding piece also bears an index ~echanism, sarne a~ the 
~ * 

one in the supports for the stat<ionary cylinders. H"owever, 
r< 

there are only 36 index holes and are located on the circular 

surface o~ the cylinder (picture 4) instead of on the cylinder 
i· 

plug. ~ 

INSTRUMENTATION FOR ~ASUREMENTS 

The instr1:llllents used in the experiments and ar circ,uit 

diagr~ of\the measuring system are shown iu picture 9 and 

Fig. 4.3, respectively. 

The pressure field was measured by using a high 

J 
." 
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sensit.ivity peB quartz pressura ptransducer,' ~0del 106.B. This 
, " 

Qigh-lével-output transducer is designed to measure pressure 

perturbations in air or in liquid in severe-environments, e.g. 

in a high vibration envirpnment. A built-in seismic mass 

acting on another quartz crystal effectively cancels the 
,? 

spurious signal produced by the acceleration of the mass of 

the 4iaphragm anè end piece acting upon the very sensi~ive 

crystals in the presence of axial vibratibn inputs. This 

,design produces an extrernely high level output signal with 

good resolution, relatively free from unwanted vibration effects. 
1 

The main specifications of this transaucer are as follows: 

-S~nsitivity 257.7 mV/psi , 
Res6lution 0.0001 psi (nus) 

1 
~sonance frequency 60 • KHz 

) 

w 

Maximum pressure 300 psi v 

Acceleration sensitivity cr.0012 psi/go 
'"' A .. , . 

AlonC{ with thi~, t.ransduçer ~s a peB 482A Power' 
" 

Supply, which provides a 22 Volt D.C. power source. 

. Two piezoelectric accélerometers pre useâ in these 
." l 

ex~eriments. One, with\acceleration sensitivity equal ta 
> . 

74.8 ~V/g, is mounted ~t the shaking table of the shaker and 
1 

_,gives a signal to control the shaker through the control, 

system. The othér, having an' acceleration sensitivity of 
'\.r 

53.3 mV,/g, is mO\J.?,ted inside the oscillating cylinderl iwi th, 

\ ,.. 
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it~\~ountïng surfac~ face down1 to measure the accelerat~on 

of this cylinder in the vertical directi:on. A Brüel and Kj aer 

(B&K) Type 2805 Power suppll is utili~ed to provide a 28 Volt 
\ " 

D.C. power souroe for the accèlerometers. SignaIs corning out 

from the ~ccelerometers are fed into a B&K Type 26'25 vibration 

pick.up preamplifier, which warks as an irnpedance transformer. 

In order to see the effect of the boundary on the 

rneasured pressure ,distJ;Tibutions" tests were alsa done wifh a 

circulat'- outer channel. This was accomplished ,by inserting' 
1 

, a cylindrical b~rrel (pictu~e 10) into the central portion of 
~ 

the tank. This barrel, was made of 22.86 cm (9 in.) diameter, 

0.9525 cm (3/8 in.) thick alurninurn cut into two pieces to 

make things easy for assembly~ 
l, , 

A hole on its top provides 

clearance ,for the ~ube carry~ng the osc~llating cylinder to 
1 j 

• î 
pass tf1rough. Fouropieces of lin. thick Plexiglas were built 

, ,r 
\ 

to suppo~t the barrel, and also to keep it 'sitting securely 

" in the tank, at the correct position: Two photographs exhibit 

~he arrangement of this boundary chànnel in the water tank 
~~ ~ 

," (pictures Il and' 12). During the experirne:q.ts, the top cyÜ.nd~r . / 

is vibrating, while pressure readings'are ~aken on the blue 
J ~ .. 

, cylinder below. 
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C!HAl?TER 4 , 

" 
EXPERIMENTAL PRGCEDURE AND DATA ANAL YSIS 

This chap,ter consists of two sections. The ~ first 

f one outlines the ~teps undertaken ta' complete an expe/riment, 
"1" 1 

wherein the pressure di~~ribution on cylinder~ in the system, 
~ 

the acceleration of the os~illating cylinder and thé phase 
l , 

angles- betwee;n pressure and accelerati,on signaIs were measured. 

The second des.cribes the 'rnethod used in this study for 

deriving the added mass coefficients ffom the rnea,sured data. 
1 

EXPERIMENTAL PROCEDURE 

1 

,The proced:ure outlined ,here ·is the typical -pî:ocedure 
1 

for measu~iog the pressure profile on one of the stationary/ 
~ 

cylinders in a cluster of three cylihdets; it proceeds as 
, \ \ 

. 
1. An accelerometer is placed,inside the oscillating 

cylinder. This ~_cyliri'der is then mounted to the shaker tnrough 
, 

the tube structure (see picture 7). 'j 

2. ~he stationary cylinder without pressure 

, . transducer is mounted to the cylinder support components which 
, J 

stand on the bottom aluminum plate of the water tank. 

3. The tank is now fi1.1ed with water. 

4. ~he sensitive pressure transducer is placed into 

••• _ '" n'- .. __ _ ~~T _ ~ , . ', .. : 
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t_~e pressure-measuring cylinder be;ore this cylindér is put 

into the tank. 

S. The lock nut.. (Fig. 4.1) is then screwed to the 
" 

top of the pressure-measuring chamber to keep the pressure 

transducer in position. This procedure is done while the 

cylinder is in water, to avoid air bubbles being trapped in 

the pressure-measuring chamber. 

6. The cylinders are aligned in proper position 

by adjusting the leveling screws either on the support of 

the shaker or on the steel frame of the water tank and aIse 

by sliding the cylinder support components. Two level gages 

and twe sets of aluminum pieces, with three holes drilled 

out. in the prescribed geometrical configuration (picture 8) 

.. are used to facilitate this job. The cylinder support 

cornponents are then attached to the aluminum plate at the 

bottom of the water tank with socket head screws. 
1 • 

7. The top of the water tank is covered wi th two 

pieces of Plexiglas using five screws. Care is taken to 

ensure that no air bubbles are trapped. 

8. The shaker control system and the HP Digital 

Signal Analyzer are set as follows: 
/ . 

(i) Exciter Control Type 1047 

Compressor rate: 
Max. compressor speed: 
Sweep control.: 

'Output voltage: 
Mode swi tch: >4 

1 db/s 'per Hz 
30 db/s. 
manual. 
maximum. 
acceleration. 
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Mode level: 
Cross over switch: 
Input: 

Output: 

(ii) Power Amplifier Type 2707 

Current range: 
Head constant: 

Displacement limite 
Current Emit: 
Output impedance: 
Direct current output: 
Amplifier gain: 
Voltage range: 
Phase: 
Exciter interlock: 
Signal reference: 
Input: 

Output: 
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100 g (max.) 
.. Ali pos i tion. 
Signal. from 
accelerometer attached 
on the shaker through 
the Vibration Pick-up 
preamplifier Type 2625. 
ta Power Amplifier 
Type 2707. 

30 A (rms). 
2 in./v.s. (v.s. = 
volt sec) . 
0.5 in. 
18 A (rms). 
low. 
5. 
7. 
30 V (rms). 
0°. 
in. 
chassis. 
signal from Exciter 
Control 1047 
to the shaker. 

(iii) Vibration Pick-Up Preamplifier Type 2625 

Mode knob: 
Gain & channel selector: 
Input: 

acê'eleration - IOm/sec2 • 
o ta 20 db, x-channel. 
x-channel. 

(iv) HP Digital Signal Analyzer Type 542.GA 

Mode: 
Channel no. 1 : 

Channel no. 2 : 

\ 

Transfer.function. 
signal from the 
accelerometer inside 
the moving cylinder, 
through Vibration 
Pick-Up Preamplifier 
2625. 
signal from the 
pres~ure transducer 
through Power Supply 
PCB 482A. 

j 

1 
i 
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phase. Coordinate board: 
, Set up status: see Fig. 4.2. 

9. An accelerometer is attached to the fIat surface 

on the shaker head, which will provide a signal forcing the 

shaker to operate'at the chosen constant magnitude of 

acceleration, even though the frequency i5 varied. 

10. The wiri~g for the shaker control system, as 

:1 weIl as the measuring system is qonnecte~ as in Fig. 4.3. 

11. The p~essure readings and the acceleration 

amplitude of the oscillating cylinder are taken down, while 

the cylinder is oscillating. These readings are read «f two 

high-resolution digital voltmeters. Aiso taken down are 

the phase angle, between pressure and acceleration signaIs, 
,. 

reaâ off the Digital Signal AnaIyzer, by placing the cursor 

at the opera ting\ frequency. 

12. By rotating the pressure measuring cylinder, 
... 

thus changing the azimuthal orientation of the pinhole on the 

38 

~ top of the lock-nut, the pressure and the rest of the readings 

. described in step Il above are taken at a location go away. 

T~e procedure is repeated until all the above reàdings are 

taken around the surface of the cylinder at 9° intervals. 

l~. The te~t i5 ~peated for different frequencies 

while the amplitude of acce1eration of the shaker is kept 

constant at 2 g. 

'R~nce, for each configuration, if eight frequencies 

CJ 
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j 
l 
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are chosenl.~ total number of 648 readings (pressure (320), 
~ 

phase angre (320), accelèration (8)) ~ave·to be taken down 

before the added mass coefficients can be calculat~d. 

In addition, a study of the variation with 

39 

·frequency of the phase angle, between pressure and acceleration, 

was also done. The procedure is similar except that the 

"Repeat" button on the sweep control panel of the Exciter 

Control 1047 has to be at the "in" position, with sweep ratè , 

range at ~-IO Hz/sec and sweep rate at l'Hz/sec. Also, the 

upper limit and lower lirnit knobs are set at the desired 

frequencies. When the shaker is in operation, the "Up" button 

is then pressed, and the oscill~ing frequency will sweep up; 

it will t~en sweep down when the frequency hits its upper 

limit value. This frequency sweep will keep going unless th~ 

.. stop" button is pressed. For the phase response invest-

igation" tests with difÎerent angles as weIl as acceleration 

amplitudes of 1.5, 2, 4.5 g have been carried out. 

For the case of measuring the pressure profile on 
~ 

the oscillating cylinder itself, this cylinder is replaced 

by the pressure-transducer-bearing cylinder, and a s~ilar 

procedure was then followed. 

4.2 ANALYSIS OF THE EXPERIMENTAL DATA 
i 

This sectioh describes the rnethod for deriving the 

'. 
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added mass coefficients' fr~rn,the experimental data. In each 

experiment, a pressure field about the measuring cylinder is 

measured. This press~e field, induced either by the 

oscillation of the measuring cylinder itself or by other 

~ylinders in the system, together with the acceleration of 

the oscillating cylinder' are then used to determine the added 

mass coefficients. 

• 
4.2 • .1 Calc~ion of the Acceleration 

As previously discussed, the output of the 
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accelerometer located in the oscillating cylinder is connected 

~o a voltmeter. The peak magnitude of the acceleration of 

this cylinder can easily be ca~culated as follows: 

Accel. readinas (mV) x I! 
Accel. (g) = Accel. sensitivity (rnV!g) 

Here it should be noted that the digital voltmeter 

gives à.root-mean-square value; this is why aIl the readings 

are multiplied by 12, as shown above, to get the peak values. 

4.2.2 Calculation of the Pressure 
o 

As previously stated" the instrument used for 

measuring the pressure is a high sensitivity qua~tz p'ressure 

~- ~ ..... --~ ... _-~ -
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t 
transducer, ,\,1ith a sertsitivity of 257.7 (rnV!psi). Although 

the pressure is srnall in magnitude (o.i 'V 30.0 rnV), the signa:ls 

~ c~ be pic~ed up clearly There is 

a phase difference between the press e and Acceleration 
; -

signals. As a matter of convenience, we chose the pressure 

.~: corresponding to peak acèeler~tion to calculate the added mass 

coefficients. Thus, the true values of these pressur~ readings 

are assGciated with th~ component which is in phase with this 

peak accelera~ion, and are given by: 

Press. (-psi) r Press. readings (rnV) x 12 x cosp 
Sensitivity of Press. Tr.ansducer (mV /psi) 

where $ is defin~cl as the phase angle between the acce~eration 

and pressure signaIs •• , 

4.2.3 Calculation of the.Hydrodynamic Forces 

In each test, the pressures around the Eturface of 

the cylinder were taken at each interval of·9 o. Thus, each 

experirnental set provides 40 pressure readings. With these 

'readings one can obtain the hydrodynarnic forces from-trhe 

following equations: 

.. 
f~ 

• j.-
(4.1) 

o ',' 

t The pressure transducer was not calibrated by the author; 
the manufacturer's calibration was accepted. 

------ p 
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(4~2) 

where P (a) is the pressure reading t~en on cylinder i at the! 

angle a; R. is the radius of cy1inder i/and de is the rneasure
J. 

ment interval (9°). (It is noted that in the case of a 

single cylinder, pressure readings were taken '-at \l10 ° intervals, 

. instead of gO). 

The integration of the above equations was done by 

using Sirnpson's Rule. 

4.2.4 Calculation of the Added Mas$ Coeffiêients 

Referring to Chapter 2', the force per unit 1ength 

.. due to the inviscid flow field acting on cylinder i in Z and 

y directions are: 

FAZi = P li' 

k 

R~~ 
t=l 

; 
(4.3) 

FAY! = (4.4) 

for i ~ 1,2,3 •... ~~ where e:iR,' e iR., E;it and fiR, are the non

tHmensioiial added mass coefficients and a 2UR,/at2 , ô2v R./at2~ 'are' 
• 
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the accelerations of ~ th cylinder in Z apd Y directions, 

respecti vely. 
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Considering a system of two cylinders (Fig. 4. 2a) 

as an example, if. the oscillating cylinder is accelerated 

harmonically in the Z-direction, the acceleration in the 

Y-direction 1s zero. 
J 

Eq~ations (4.3) and (4.4) then become: 

\ 
\ R2, ( a2u~ ) FAZ ],"= P ~ E'n ----2 

], l.h at 
(4. 5) 

(4.6) 

î 
1 • 

Thua, the addedl mass coefficients in the Z-direction are: 

. 
E,iR. = 

FAZi 

P 1T R~ ( a2
U t /9t2) 

1. 

(4.7) 

... FAyt 
~iR. = 

p 1T R~ ( a2~R./at2) 
1. 

(4.8) 

Simil~rly, th~ added mass coeffieients in the Y-direction are 

given by: 

(4.9) 

- ---_._._._-_._--- -" 
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the ,experimental data as described above. A listing of th~s 

pr~ram.and outplt can be fourrl in ApJ;:endices A. 4 and C. 4, respectively. 

4.2.5 Calculation of the Effective Radius of the Boundary 

Channel 

.. 
In Suss' analytical solution (and in the "COUPRESS" 

program also) , the added mass coefficients are calculated for 
. 

a group of cylinders oscillating in a circular boundary 

channel. Since rnost of the experirnents were conducted in a 
l, 

rectangular water tank, an approximation for the effective 

~dius of thé outer~channel is necessary. This is done by 

setting the lengths of sol id walls of the cross section~of 
< 

<;) , 

the water tank equal to the'circumference of the circular 

channel. Such an approximation is illustrated for the 

configuration shawn below as an example. 

T 
c T "cp 

l 1 
~b-1 

Sketch 4.2.1. 
'Cross-sectional view 
of the tank. 

a+b+c=2 1T R , 0 
, 

where Re is the effective radius of 

the outer channel; 

(4.11) 

-1 
1 
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hence, 

a + b + C 
= 2 'If (4.12) 

< -

This is, of course, approximate. 
. 
How~ver, as will be.· shown 

1ater the value of R (because R »R.) has litt1e i~fluence 
o ,0 ~ 

on the ca1cu1ated added mass 'coefficients. 
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CHAPTER 5 

. THEORE~ICAL RESULTS 
• 

, 
, 
\ 

In this experimental investigation, two majbr~sets 

exper~mental data are emp10yed ta compare with theory. 

46 

These are the pressure distribution on the surface of èylinders 

in the system and the added mass coefficients. Theoretical 
,/ ' 

resu!.ts used for comparison are obtained from Suss' (1976) 

analytica1 solution. These are presented and discussed in 

tJlis chapter . 

5.1 THEORETICAL PRESSURE PROFILES 

Theoretical pressure profiles are calculated using 

the computer prograrn "COUPRESS", which is a modified versij>n 

of the program "COUPLING" (S'uss, 1977a). "COUPRESS" gives Ù:S 

the pressure distilbution on any cylinder in th~ system, in 

addition ta the added mass coefficients. The algorithm used 

in the program is described in Appendix B. It should'be noted 

that the pressure values, obtained from the program output 
" 1 .', 

(an example is shown in Appendix C.I) are normalized by the 

product of the acceleration of the oscillating cylinder and 

the density of f1uid. 

A typical set of pressure profiles for the c~s~ of 
\ 

three cy1inders is shawn in Figs. 5~1 to S.S. In order to make 

( 

1-

" " 

l . 
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~ it easy to understand, these profiles are plotted 180 0 out 
~ , , 

of phase (by changing the signs of ,the pressure v~lues) with 
f 

respect to the outwts obtained from "COUPRESS II
• That means 

; 

these pro'files correspqnd to the peak accE}leration of the 
'. 

moving cYlinder, which is in the direction shown with a long 
r / 

~rrowi (this, it should be noted, is opposite to the output, 

as given by Il COUPRESS II
). The inner (small) arrow indi'cates 

\ " the cylinder on which th~ pressure profile was taken. Also, 

for certain 'profiles, such as the two in Fig. 5t8 plotted in 

red, it is difficult to be ab~e- to perceive when they aré 

, plotted with exact values from the proqram output using 

conventional polar-coordinates. Therefore, a dummy value was 
1 

added to make the suction part sh~w explicitly {n a special 

47 

pol"r-coordinate witli a ne"ative value ~ortion in the oriqin. ] 

These are no~ plotted in green. . 

Examining these pressure prof~les, one will notice 

that there always is a suction zone at the back of the moving 
. 

cylinder when it moves forward, as shown in Figs. S.la,. S.2b 

and S. Sa •. These figures also exhibit a Il st ronger coupling lt 

towards the'inner region of the cy11nder system, manifested 

by ~ somewhat larger pressure~t the in-r-er region. As t~ 

the coupled press'ure profiles on the: stationary cylinders, ), 
" 

w different profiles are optained for diff~rent locations. For 

the stationary cylinder which.stood i~ the front of the moving 

cylinder. The pressure distribution yields a positive reading 

) 
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at any oriàntation. However, negative pressure (or suction) 
l-, . 
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. '"appears on the back 'surface of the pressure measuring cylinder 

when it's .not located directly in front (with_respect to the . 
direction of the oscillation) of the shaking cylinder. These 

• 
effects can,be seen in Figs. S.3a, S.2a and S.Sb. 

In o~der ta study the effect of the outer boundary, 

four di 9tinct pressure profilès with the radius of the enclosing 
/ -

channel (R') equal ta 11.43 cm (4.5 in.), 23.368 cm (9.2 in.), a ' 

and 2<;,S4 x 10,4 cm (1 x 104 'in.) are plotted in black, 'ted and 

ib1ue, res~ectively, as shown in Figs. 5.6 and 5.7. Evidently, 

the pressure profiles for Ro equal to 23.368 cm (9.2 in.) a~~ 

'4 4 2.54 x"lO cm (1 x 10 in.) are similar. This implies that the 

boundary effect of an enclosing channel with the f9rmer radius 
-" 

. for such a system, essentially approxirnates a channel infinitely 
/ 

far away, i.e., the case of unconfined fluide Moreover, it , 

seems that the existence of the enclosing channel wit~ a srnaller 

radius enlarges the pressure profiles; this effect is more 
, 

prondUnced on the stationary cylinders than on the "self-cou'pled ll 

profiles r~lating to the rooving cylinder - af. Figs. 5.6b te S.6a. 

5.2 THE ADDED,MASS COEFFICIENTS 

For the purpose of comparison ta experiments, the 

l ' theoretical added mass coefficient Jrnatrix is calculated making 

use of the computer program "COUPRESS". A listing of the 

-, 

,.,. 
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1 

prograrn as-weIl as output 'samples ·can ~elfound in Appendices 

A and C, respectively, The results are shown in Tables 5.1-

5.3, for one, two anft three cylinders, respectively. For 

simplicity, only the terrns used ta compare with experirnental data 

in the add'ed rnass coefficient' rnatrix are shawn in the tables . ..- , 

Table 5.1: Added mass coefficients (A.M.C.)· for one viDrating 

cylinder system. R = radius of the vibrating cylinderi 

Ro = radius of enclosing channel . 

.. 
R (in. ) Ro/R A.M.C. Configuration 

0 , 

) 

a 6.2 .4.96 :1;11 = -1.0847 

~l L 6.8 1 5.44 fIl = -1.0700 
Z 

, 

Sorne of the added mass coeff~cients in these tables may have a 

different sign when compared 

with the experirnental results. 

The reason is that the 
.... 

orientation of the configuration 

is different for the experiment~ 

as compared with'the one in 

theory (e.g. the cylinder numbers 

change and the orientation of the 

, 
............ ""- ._,. ......... _--..... "' ........ 

Sketch 5.2 .r. Cylinder 1 
vibrates in the direction 
shown by the solid arrows, 
whereas the direction of 
coupling"is shown by the 
da shed arrows. 

z 
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Table 5.2: Added mass coefficients (A.M.C.) for the two-

cylinder system. +-+: Vibrating cylinder i " 

. . 
cylinder on which pressure measurements were made; R = radius 

of tHe cylindersi Ro = radius of the enclosing channel; Gc = 
cylinder mihimurn gap/Re 

, 
A.M.C. t Conf iguration 

0.375 0.3 e: 21 = 0.39211 

1.0 0.8 e: 21 ::':: 0.235,73 

2.0 " 1.6 e: 21 = 0.12735 

50 
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) 
Table 5. 3 : Added mass coefficients (Â. M:C.) for the three-

cylinder system. ++: Vibrating cylinderi ,: Fixed cylinder 
, 

on which pressure measurements were made: R = radius of the 

cylindersi R = radius of enclosing channel; Gc = cylinder 
. 0 

minimum gap/radius. 
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axes may be different for experimental convenienGe). Taking . . 
the fi~ures shown as an exampIe, E 21 o~ the left conf~9urati~ 

and f 21 'Of the right configuration are iàentical, but the y are, 

of opposite signe It should also be mebtioned that the adqed 

mass coeffici~nts in the printouts of the IICOUPRESS" program 

are arranged in matrix.form as: 
1>.' 

EOO · ., EOk 

E11 

· É 22 · 
· .. 

.' '. 

€kO · ". E:
kk 

1 

~OO · ~Ok ,.. 

~ll .• 

· t 22 · 
" 

: 

~kO ~kk 

,eOO 
. · ~Ok 

..1 

. ell . 

. . . e22 - • 

· . . 
ekO . · ekk

' 

fao f Ok 

.' fIl 

f 22 . 

f kO f kk 

where the elements subscripted with 0 are the added mass 

.. 

, 

coefficients for the enc10sing channel, which are of no interest 
1 

" 

ta us in this thesis. ../ 1 

1 

! By making use of the "COUPRESS", it was found that 

l, 

1 
i 
! 



--------------------~--~--~~~~~~~~~~~~~--~-----

1 
1 l ' 

( ) 

, 
l, 

( J 

" 

the existence of the enclosing channel, reasonably close to 

the cylinders, increases the coupling effect in one direction 

and decreases it in the other direction.' Consideri~g the 

two-cylinder cases as an examp1e, the "COUPRESS" output, 
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shown in Appendix C.2 indicates that closeness of the enclosing '. 

channel causes coup1ing in the Y direction to increase while 
\ 

coup1ing in the Z direction to decrease, as compared to the 

output in Appendix C.3. 

Since the theoretica1 added mass coefficients used 

for comparison are obtained from Suss' ana1ytica1 solution, 
, , 

it is of particular impo~tance t~a~~~ sho~1d check the 

re1iability of this theory - furthe~ the checks already 

undertaken by Paidoussis et aL· (1977), who cOmpared this . 
. t;heory to that of Chung and' CHen (1977).' There are two .. 

theoretical models availab1e for doing this job, a new IIviscous" 

model by Chen (~976-) for the, case O'f one sin<Jl,e cylinder, 

and anoth~r by Mazur' (1970) for 'the two':'cylinde:r case. A 
'~ 

brief description of the final results of these theories are 

out1ined in what fol1ows. L 

S.s. Chenls Theory 

In this theory, Chen defines the àdded mass 
, 

co~fficient for an infinite1y long éyl~nder oséill'ating in 

viscous fluid confined by a cylindrical annulus as: . 
. ~ 

~ . ' 

• 1 
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CM == Re (H) ; \ (5.1) 

.-' 

H is given by: 
~ 

2 2 2 2 .t 
H = [a (l+Y )-8y]sinh(S-y}+2a(2-y+y )oosh (S-a)-2y /liS - 2alâlS 

a2(1-6?;8inh(s-a)-2aY(l+Y)oosh(S-a)+2y~/as + 2alalS 

provided a and a are large, where 

a = kr , 

f3 = kR , o 

k = liw/v 

( 5.2) 

(5.3) 

(5.4) 

(5.5) 

in the àbove, Re(H) represents the re~l part of H, w is the 

frequency of oscillation, v is the kinematic viscosity of 

the .. fluid, rand Ro are the radii of the oscillatinç cylinde;.r 

and ,the confining outer cylinder. A computer ~rogram written 
, 

to handle these calculations is listed in Appendix A.2. It 

is noted that tHe 'added mass coefficient, 'obtained from Chen f s 
"",," 

ViSCOU9 theory, is a function of frequency, while the one' 

from~suss' is frequency independent. However, the effect, of 

frequency is not. significant, as can be seen in the followi~g 

table. 
Il , 

tAs pointed out by one Qf the Examiners, the last terrns on both 
numerator and denominator should be 2ayIY [Errata, J.APpl.Mech., 
19 7 6, ,,2.,ê, p. 7 a 0] . 
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Table 5.2.1: Co~parison of the Added Mass Coefficients 

obtained frorn Chen's theory to the ones from Suss' theory. 

\ 

Frequenc:y 
~o = 6.2 in. (Rcf'R = 4.96) Ro = 9.2 in. (RdR = 7.36) 

(Hz) 
fU (Chen' s) discrepancy fU (Chen's) discrepancy 

50 -:1.090200 0.50% ~42802 0.50% 
-

70 -1.089355 0.43% -1.041999 0.42% 

80 -1.089057 0.40% -1.041716 0.39% 

90 -1.088810 0.38% -1.041480 0.37% 

-
100 -1.088601 0.36% -1.041282 0.35% 

UO -1.088420 '0.34% -1.041112 0.34% 

130 -1.088126 0.31% -1.040832 0.31% 
0 

140 -1.088003 0.30% -1.040714 0.30% . 
150 -1.087893 0.29% -1.040610 0.29% 

160 -1.087791 0.28% -1.040514 0.28% 
'-. . 
170 -1.087702 0.27% -1.040427 0.27% . 
180 -1.087618 0.27% -1.040349 0.26% 

190 -1. 087540 0.2'6% -1.040276 0.26% 
1 

200 -1.087469 0.25% - -1.040209 0.25% 

The percentage discreparicy in the above table is defined as, 

. () Chen's A.M.C. - Suss' A.M.C. 
D~screpancy % = -----=:----r-:--=-=--:------ X 100. Suss' A.M.C. 

'\ 

,\, (5.6) 

1 

1 
! 
1 



1 
>') 

L 
i 
j , 

\ 

( ) 

.--- -

56 

with the Added Mass Coefficients from' S'uss" :theory a 

for Ro = 6.2 in. (Ro/R = -4.96) 1 f ll = 

for Ro = 9.2 in. (Ro/R = 7.36), fl~ = -1. 03762 

Agreement for the coefficients betwe~n the two 

theories is excellent (less th an 1%). The discrepanCf becomes' 

smaller as frequency increases. In other words, v'aria'tion of 

the coefficients can be neg1ected when the osc~llating 

frequency is high. ~This is consistent with the fact that, 

viscous effects can be expected to be most important at low 

Reynolds numbers - i.e. for a given amplitutde, the rms 

velocity of the cylinder is lower, when the frequency is 1ower. 

Comparisons between Chen' s the ory and the experimental results 
\ 

have also been made and shown in Tàbles 1 to 3 (pp. l08-~lO). 

Mazur 1 s Theory 

This theory is easily found by referring to Chen' s 

paper (1975a),' in which Mazur' s theory is app1ied to the study 

of the dynamic response of two parallel circu1ar cylinders 
, 

in an unconfined fluide Mazur obtained the hydrodynamic 

forces based on a two-dimensional theory - assurning that the 

three-dimensiona1 effects are very small for large wave-length 

motions, as discussed by Chen (1974). Thus, the theory is 

e sarne assumptions as Suss' or, Chen 1 s, but the result 

- - - ~ - .. 1 ........ _~'... __ ............ __ ' __ 

, , , 

" 

, 
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.' 
obtained is'in a neat closed form - at least only for this 
" 
case of two cylinders. 

as'follows: 

(a) for in-plane motion 

long axes) , 

The hydr9dynamic forces are expressed 

(i.e., in the plan1! of the cylinder 
i> 

a 2u 
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(~(}a2u~ 
FI -M1J.l1 

1 + MI J.l 3 
(5. 7) = 

at2 ;R at2 , 
( '-\ 

a2u (;)2 
2 

~ (5.8) F 2 -M2J.1 2 .2 + M2J.1 3 

a U1 = at2 • at2 

. , 

(b) for out-of-plane motio1'l;I 

a2u (;/ a 2u 
Fl = -M J.I 

l 
- MI J.l 3 

-2 (5.9) 1 l 'at~ ~ 
, 

• a~~2 
(RI )2 

2 

F 2 = -M2J.1 2 

a ul 
(5.~O) 

at2 ) 
M2J.1 3 ' R' ~, 

a~ 

where :1 and F2 are the hydrodynàmic forces on-cy~inder land 

2, respectively. R here is the center-tc-center ,distance 

betweeI:1 the two cylinders, M .. ,~ is the ,displaced mass of fluid 
--;; ~ 

by cylinder l with radius ~ 'whil~, M2 is the displaced ~ass 
~ 

of fluid by cylind~r 2 with radius R2• The J.I's in e~uations 

) 

• 

," 
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(5.'7) - (5. 9t ar~ given by: 

_R_4 ___ 2.R_2_(_R-=-2_+-:R~2..,.) +~( R--..2 ___ R---.2_) _2 { ~ClO > exp [ -k (h +h l ) ] 1 2. 2 l 
1.1 1 = 1 + k 

R~R12 1 sinh (kh) 
~ ik=l .. 

} . 

,. . with, 

h, = 

1 

'. (5.11) 

Q) 

"'" exp [.,.k (h+h2) ] 

~~ sinh (kh) 
k=l 

(5.12) 

{"tkt exp (-2khl coth (khi } 

k=l 
(5.13) 

p 

(S.14) 

(S.lS) 

,( 5 .1?) 

• j • 
Now, reca11~n9 equ~t10ns (2.31) and (2.32) ~f Chapter 2, we 

have: , . '. , 
'. 

\ 
t ~ . t' f diS Ch 1 it h Id b k q pr~n 1ng error was oun n .S. en s paper, s ou e 
instea~ of h. 

. '" 
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k 2 a'v 

J 
FAZi = M. L { a u~ R- (5.17) E:iR, ~ + eiR- ~ 1. 

R,::;1 dt 

k { a2 a2v 

J 
FAYi = M. L" ~iR, 4 +- fiR, 

R- (5.18) 1. 
R-=1 at Il ~ .... 

~ 

'( 

For so-called Il in-plane" motion, with coordinate5 shown in 

~ the figure on the R. H. S., the ~cceleration in 

th Z d · t" ..1 a2u lat.2 '= 0 e - l.rec l.on 1.5 zero, -". e. , , 
i , . 

and equation (5.17) becomes: 

/' 

(5.19 ) 

~ 

Similarly, for out-of-plane motion,' a2
vR, l ôt2 = 0, and equation 

(5.17) become's: 

(5.20) 

Now, comparing equation, (s.7). to (5.19) and equation 

(5.9) to (5.20), one may find that the non-dimensional added 

mass coefficients between the two theories can be correlated as: 

(5.21) 

" 

0' 

-, Il __ 

z 

i 
1 

- . 1 

1 

1 
J 
J , 
1 
! 
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1 

e:
12 = _ Ml II "{ ~ t 

M2 3 R (5.22) 

~l~ . 

fIl = -lJ (5.23) 
l 

f 12 
Ml (:2f (5.24) == -].13 M2 

where once again, it i8 noted that Mazur's notation is used 

on the R.H.S. of the equa~ions (in our case, R is defined as 

, R
l2 

and so on) . 

If the acceleration as weIl as the radius of the two 

cylinders are the sarne, there will be no difficulty to prove 

that FI = F2; alsq III and 112 are then identical. Calculations 
li 

of e: ll and e: 12 are handled by using a Hewlett-Packard digital 

computer program. A listing of this prograrn is given in 

Appendix A. 3. 
{\ 

One should be·reminded here that the 'system 

which S.uss considered' is a cluster of cy~inders oscillating 

in fluid with a confined boundary f' In order' to be able to 

compare wi th Mazur 1 s resul ts, the coeft'ïcients are calculated 

using "COUPRESS" with the assumption that the radius of the . . . 

enclosing channel is essentially infinite, 'accomplished by 

: 

~ploying a value 8,000 times the radius of the cylinders 

(10,000 in. to 1.25 in.). Results obtained from Mazur's theor~ 

for different cylinder center-to-center distances are tabulated 

in Table 5.2.2 below. 

\ 



, J 

1 , 
1 
\ 

L) 

.} 

, ' 

L 

• • 

• 
61 

Table 5.2.2: Added Mass Coefficients for the two-cylïnder 

syste~ obtained using Mazur's theory. 

Cylinder center-to No. of terms for 
center distance (in. ) so1ving the equation 

2.815 K = 8 -
3.5 K = 5 

4.5 K = 4 

5.0 K = 4 

A.M.C. 

" 
El! = -1.1218 

E12 = -0.4174 

Ell = , -1.0441 

E12 = -0.2628 

E Il = -"1. 0141 

E12 = -0.1556 

E11 = -1.0089 

= -0.1256 

, 
The added mass coefficients calculated by "COUPRESS" 

turn out to be exactly the values obtained from Mazur's 
, 

solution (to four significant digits). According to this, it 

is rea~onab1e to say that Suss' theoretical model is re1iab1e 
,'J 

for-the two-cylinder cases, at le~st in the case of unëonfined 

f1uid. As there is nothing spec{a1 between the two, three or k 

oylind~rs, it can be said that Suss' theory stands up weIl, 

when compared to the others. 

.. 1 
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CHAPTER 6 

EXPERIMENTAL RESULTS 

t 
'ln this chapter, three sets of experirnental res~lts, 

classified according to the number of the cylinders with 

conf-igurations shown in Figs. 4.4 to 4.6, are presented. 

Through all the cases, the moving cylinder was oscillating 

vertically at a frequency ranging f~om 70 to 250 Hz (disp1ace-

-3 -4 . ment ranging from 2.96 x 10 R to 2.08 x 10 R; the rad,~us 
, 

of the cy1inders (R) is 3.175 cm (1.25 1n.», with the 

magnitude of acceleration of the shaker (defined as As) kept 

constant at 2 g. Perfect sinusoidal signals were obtained 

for both the pressure signa1s measured on the stationary 

cy1inder and the acceleration of the moving cylinder (defined 

as Ac). In addition to the added mass coefficients, several 

other aspects are explored, such as the pressure distribution 

around the surface of the ,stationary cylinder, the phase angle 

(defined as ~) between the pressure and acceleration (Ac) 

signaIs, and the pre~sure and phase angle res~onse to frequency 

change. .... J 

6.1 ONE CYLINOER 

For this test 1 besides the acceleroIt}eter-, a pressure 

transducer was also placed inside the oscillating cylinder to 

. J 
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, 
mea~ure~the pressure field induced by its own motion. The 

experLments have been per!ormed with three different 

configurations (Figs. 4 .• 4a to 4. 4c). The moving cylinder was 

oscillated at a frequency varied from 50 to 200 Hz, where in 

the readings of pressure, acceleration,' as weIl as the phase 

angle between them, were taken down at each 10 Hz interval -

except at 60 and 120 Hz at which resonances existed (the 

for~er mechanical and the latter probably electrical). The 

pressure transducer used in this experiment is a highly 

sensitive quartz pressu~e transducer having a sensitivity of 

257.7 mv/psi and acceleration sensitivity of 0.00121 psi/g, 

as stated previously. Since the transducer was mounted on 

the moving ~ylinder, the pressure component due to the 

acceleration of the transducer itself must be subtracted when 

we calculate the pressure values. These small acceleration-

induced pressure components were obtained by oscillating the 

cylinder in water with the pinhole on the top surface of th~ 

lock-nut sealed, when no water was in the pressure-sensing 

chamber (see Fig. 4.1). With the cylinder oscillating with an 
( 

acceleration magnitude of 2 g, the magnitude of these sma1l 

components was found to vary from 0.0 up to 0.005 psi, 

63 

depending on the orientation (9) of the pinhole (where pressure 

signaIs were sensed) while the "true" pressure readings - with 

the pinhole uncovered - vary from 0.0 to 0.15 psi. Here it 

is .noted that the acce1eration compensating feature of this 

! 
1 

" t 
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1 , 

transàucer 'is adequate, qnly as long as the pressure measured 

is relative1y ~igh. For our case, where very smal1 pressure 

signaIs are invo1ved, the added correction described ab ove 

(for each 8) is necessary. 

As it can be seen from Suss' theory, the added mass 

coefficients shou1~ on1y be geometry-dependent. In other 

words, the pressure shou1d not be affected by a change of the 

64 

\ 

oscillating frequency. However, the pressure curves plotted ;-

against frequency (Figs. 6.1 to 6.3), show a high and low peak 

appearing at 110 and 130 Hz, respective1y. The curves are not 

straight as expected, but go up and down as frequency changes. 

Another, ini tially unexpected observation 1 is that 

a phase angle (~) exists between the pressure and acce1eration 

signa1s. The variation of this phase angle with frequency is 

small (within 30°). On the top half surface of the moving , 

cylinder, 4> varies between 30 and 10 0, whereas the bottom half 

has a variation of 170 0 to 180 0
• However, for the region near / 

6 = 90 0 and a = 270°, the variations of ~ are twice as largè. ~ 
. Such typical distribution of the phase angles around the 

cylinder is shown in Fig. 6.4. These phase variations are 

thought to be related to viscous effects; theoretically, 

according to inviscid theory, the upper surface of the cylinder 

pressures should be in-phase and the lower surface ones 180 0 

out-of-~hase with acceleration. 
\ 

The pressure distributions around the surface of 
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the moving cylinder for the arrangements of Figs. 4.4a to 4.4c, 

àt~ different frequencies, have been plotted in Figs. 6.5 to 

6.7. These pre=rure prof:i"les were taken at the moment that 

the moving cylinder reached its peak acceleration. As was 

mentioned earlier, the phase angles, ~, at the bottom half 

surface have a value about 180°, which give the pressure 

readings at this half portion of the profile nègative values 

when they are multiplied by 008 ~ (see the calculation of 

pressure in Section 4.2.2). This implies a suction occurs at 

the bottom of the cylinder when it moves up, which is physically 

reasonable. At the p0sition where the cylinder'reaches its 

peak acceleration, the negative part (suction) of the pressure 

profile is almost equal to the positive one. 

For 30 and 40 Hz oscillation, the p1;ofiles are not 
, 

symmetric as shown in Fig. 6.5, both in size and,in direction. 

The situation improves as frequency goes above the resonance 

frequency zone (about 60 Hz). Theoretical prediction of 

the pressure profiles is in good agreement wi th experimental 

results for aIl the three cases (Figs. 4.4a to'4.4c). 

A comparison of the experimental added mass 

coefficients fIl for the configurations in Fig. 4.4 to the 

theoretical results obtained from the computer prograrn 

"COUPRESS" are shown in Fig. 6.8. Agreement for aIl the câses 

15 excellent, with an average discrepancy* within 5%. These 

results indicate that the water tank is large enough to avoid 

* 
Ave. discrepancy = Suss' A.M.C. - (Exp. A.M.C.l ave·· x '100%. 

Suss' A.M. C. 

,t 
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any s!gnificant side effect to the measurements due to the 

existence of a free surface; (as shown in Figs. ,4. 4a to 4. 4c 

one-cylinder tests were conducted with the tank not covered). 
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Also, the approximation of a rectangular tank by an equivalent 

circular channel i5 evidently acceptable. 

It shquld be noted that the signs for the added 

mass coef~icients used in aIl the coefficient plots in this 
• 

thesis correspond to theo,etical values obtained from 

"COUPRESS", and are not necessarily those obtained from the 

exper iments (" raw" values) as already explained in Section 5.2. 

r' 

6 . 2 TWO CYLINDERS 

To study the coupling effect induced by (he moving '\ 

cylinder, we start with a simple system of two cylinders. The 

experiments were carried out with the" six distinct configurations 

shown in Fig. 4.5. For each configuration, six to eight 

different oscillating frequencies were chose~. The moving 

cylinder oscillated vertically while the pressure measurements 

were taken on the' stationary cylinder. 

The tests were first conducted for the geometries 

of Figs. 4.5a, 4.5d, 4.5e and 4.5f. The variation of pressure 

with frequency behaves somewhat similarly to the case of 

one cylinder, i.e. the curves are not straight as expected, 

" as shown in Fig. 6.9. ~reo~er, the acceleration of the moving 

, . 
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cylinder (Ac) does not remain constant with frequency, but we 

obtain a zig-zag curve instead. T~iS unusual phenb~enon urges 4 

-
one to question the stiffness of the experimental setuPJ in 

particu1ar the tube which carries the oscillating cy1inder. As 

described in Chapter 3, this aluminUrn tube has a 1ength of 

25.4 cm (10 in.) with outside and inside diameters of 3.81 cm 
, 

(1.5 in.) and 2.54 cm (1 in.), respectively. It seems too 
... , 
'----~ heavy for such a sma11 tube to carry a 4.55 kg (10.0 lbs) load 

1 

'tt,he oscillating cylinder) and to osci11a;te it at an 

acceleration of 2 9 with frequency up to 200 Hz. 

To eliminate this weakness, two aluminurn fins were 

added to stiffen the tube. Also, a certain amount of material 

was removed from the inner surface of the oscil1ating cylinder. 

As a result, it~ thickness is now reduced ta 0.635 cm (0.25 in.)' 

and its weight reduced proportionally. Moreover, to ensure 

that the pressure transducer mounted in the moving, cylinder 

does not sense f1uctuating velocity cornponents tangential to 

the cylinder, i.e. anything other th an the pressure normal to 

the surface of the èylinder, the ,depth of ~e pinhole in the· a 
lock nut (see Fig. 4.1) was increased to 0.38 cm (0.15 in.) 

for the original 0.254 cm (0.1 in.), which is six times the 

diameter of the hole. At the saroe time, sorne additiona1 steel 

bars were we1ded ta the supporting structure of the shaker. 

Remarkable improvements were seen in Figs. 6.10 and 6.11, as' . 
compared with Fig. 6.9. On the other hand, a significant 

'/ 
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~resonance oceurs to the shaking system at a frequenoy near 

85 Hz~ Hence" the f~equency range chosea for measuring the 

p~essüre was 'now changed te CQver ioo. ta 250 H?:. 
1 J" III 

Ari investigation focùsed on the behavior of the 

68 

phase angle (denoted by ~) versus freguency with e as parameter; 

it is' recalled that ~ lS the p/ase lag between pressure and 

acceleration (Ac) signaIs. During the test, the shaking control 

was set in the "auto frequency. sweep mode", with a frequency 

range of 100 to 300 Hz~ Under this control, the moving 

cylinder is oscillated with a change of l Hz/sec in frequency. 

The response of ~ was taken dewn fram the transfer function 

using a HP 4520A Digital Signal Anàlyzer. Two configurations . " 
"-
were studied. For the arrangemen,t of Fig. 4. 5a, values of ~ 

, 
plotted against frequency at different e are shown in Figs. 6.12 

ta 6.15. It was found that at the measuring point where the 

pressure signal is strong (e.g. a = 0°) , the phase angle 

between pressure and Ac is small and sensibly constant with 

frequency (within 5°), whi'le at the less sensitive region such 

as e = 45° and 315°, ~ varies between 0° and -20°; it then ,. 
increases ta between 90 0 and -20 0 at 9, = 135° and 225 0

, and 

reaches its maximum at e = 180 0
, where the variàtion of 4> 

verSU8 frequen'cy (fl~) is between 165 0 and -10° for frequency 

changes fram 100 ta 300 Hz (Fig. 6.15a). It should be not~d 

that for al! the cas~s,. ~ curves are stable and répeatable • 
-" Also examined was the response of $ ta changes in Ac. Large 
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changes in the cp-versus-frequency curves with varying Ac were 

obtained only at the bott'om half surface of the stationary 

cylinder, as is illustrated by tWQ typical plots shown in 

Figs. 6.16 and 6.17. 

For the conriguration of Fig. 4. Sb, the strong 
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couplin.g region (i. e., the region of streng pressure readings) 

was feund for e between 0° and 180°; at this sensitive region, 

the ~ curves shown in Figs. 6.18 to 6.21 have smaller 

fluctuations wi th frequency than those at the rest of the 

.circumference. However, there is an exception at e = 90° 

(Fig. 19a) , where the pressure sensed by the pressure transducer 

is the one normal to the direction of the acceleration of the 

oscillating cylinder. At this particular measuring point, ~<P 

seems to violate the previously mentioIj~d variation trend, i. e. 

the weak signal region always yields larger II <p. The influence 

of Ac on the ~-v ersu s-frequency, shown in Figs. 6.22 and 6.23 

is similar but smaller than that of Figs. 6.16 and 6.17 due 

te the fact that coupling ~ffect is weaker for this configuration. 

Consistent resul ts' were obtained for the same configuration 

with cy1inder gap increased. 

Pressure profiles for the various two-cylinder 

configurations are displayed in Figs. 6.24 to 6.28. The 

black curves represent the theoretical pressure profiles 

obtained from the computer 'program "COUP~SS" -~fter rnu"ltiplying 

by the values of the density of fluid and the acceleration of 



r 

( ) 

, 
l' 

'-

/ 
,..,-~~,"""~-"""' ...... ~~,,, .. ;.,.,,.,,,,~ --.,,..:.,... 1'--..1. 

the moving eylinder at the corresponding frequency, whereas 
, 

the :r;ed ones are the experimental resul ts. / Of aH the four 

pro!l!les in Figs. 6.24 and 6.25, two are not symmetrici they 

also exhibit a srnall concavity at the bottom left. The other 

two profiles are in agreement, in terms of shape, with the 

theoretical data. In certain frequencies, the €oncavity of 

the pressure profile becomes lar~er. A possible explanation 

for the asymmetric profiles is that when the moving cylinder 

is oscillating at a frequency which happens to be one of the 
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l''~sonance frequencies of any part of the system, the neglected 

side '(horizontal) motion of the moving cylinder becomes 

enlargedi hence, an asymmetric pressure dist,ribution was 

obtained. It is very encouraging to see a consistency in 

pattern between the experimental and theoretical pressure 

profiles for all the two-cylinder cases. The change in shape 

predicted by theory when the cylinder gap increases, as weIl 

as the concavity (which exists only for small cylinder gaps) 
\ 

at e = 45 cl, a1:e well reproduced by the experimental pressure 
.~ 

profiles. 'No improvernent was found after the experil~r~ntal setup 

was modified, as can be seen in Figs 6.25a and 6.25b and alsa 

Figs. 6.27a and 6.27b. In general, better agreement between 

theoretical and experimental profiles· is obtained for 

confi'gurations wi th larger inter-cylinder gaps. 

The graphs in Figs. 6.29 ta 6.32 are the added ma~s 

èoefficients plotted against frequency for all two-cylinder 

..1 
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cases. In these figures, the movin~-cylinder osci11ated in 
, 

the-directionoshown by the solid arrow, while the dashed-line 

·arrow indicates the direction o'f~- the ca1culated force on the 

stationary cylinder and hence of the added rnass coefficient. 

[This alsd app1ies ,to the three-cylinder cases ta be "discussed 

later] . In exarnining these results, it should be pointed out 

that the experimental added ma~s coefficients are a1ways 

iarg~r than the theoretical ones for the in-line configurations 

(e.g. Figs. 4.5a and 4.5c) and smaller for the side-by-side 
Il 

configurations (e.g. Figs. 4.5b and 4.5d). Moreover, coupling 

as "measuredll by the experimental coefficients for the in-line 

configurations 1 ïs larger than coupling for the side'-by-side 

configurations, while the theoretical values exhibit the 
• 0 

1 
reverse tendency. Also, configurations of larger inter-

cylinder gaps seem to be in better agreement with theory th an 

smaller ones. The rnodifi~ati9n of the experimental setup 

discussed earlier in ~his section does show an improvernent of 

,agreement between theory and experiment for the configuration 

of Fig. 4.5a, as shown in Fig. 6.29; however, it ~~rns out to 

rnake agreement worse for the configuration of Fig. 4.5c, as 

shown -in- Fig. 6.31. Th~~e~ite the fact that the'p~essur~
versus-frequency curves were irnproved by the modification, 

" o 

'the added mass coefficients derived from the pressure 

distributions,09are hot" nec~ssarily cl oser to the theoretîcal 

~esults; in any case, the ~arne added mass coefficient can be 

, ,) 

." 



" . 
( ) 

( f 

72 

obtained'fro~many possible pressure distributions. 

6.3 THREE CYLINDERS 

In order to proceed further in this study of hydro-

dynamic coupling forces, a sys~em of three cylinders was 

considered next. Tests were first conducted with t~o different 

cylinder arrangements and a free surface on the top, as shown 

in Figs. 4.6a and 4.6b. The shaking system was arranged in 

such a way that it gives the moving cylinder a vertical motion 

(shown in the figure by the long arrow) with a constant 

acceleration of 2 g magnitude. The inner arrow indicates the 

cylinder where pressure measurements were taken. It is 

recalled that the cylinders used in aIl the experiments 

discussed in·this thesis have the same radius of 3.175 cm (1.25 

in.). Since the cylinder system is symmetrical (in the sens~ 

that the geometry is that of an equilateral triangle), the 

coupling effect on either of the stationary cylinders due to 

the oscillation of the moving cylinder should be the same. 

Therefore, only one of the stationary cylinders was chosen 
, 

on which to take the pressure measurements .. 

Later, tests were done with the same cylinder 

geometries as ab ove , except that a Plexiglas cover was put on 

the water surface. In addition to these, cases of three 
~ 

cylinders enclosed by a circular channel were also investigated. 

The geometrical configurations for these latter cases-are 
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illustrated in Figs. 4.6c to 4.6f. 

Figures 6.33 te 6.42 show the pressure at different 

e plotted ag,ainst frequency for different configurations. 

Those shown in Fig,s. 6.33 and 6.34 were taken from the tests 

before the modification of the experimental setup. A 

resonanee frequeney zone oceurs at 100 to 150 Hz, where the 

aeeeleration of the moving eylinder does not correspond to 

that of the shaker. Henee,' the pressure behaves in a peculiar 

way. Pressure taken at positions where the signal is strong 

(e.g. e = 0° to 108°), inereases gradually with frequency, 

while at weak signal regions (e.g. e = 243° to 270°), the 

pressure tends to decrease with inereasing frequeney. The 

~itu~tion improved after the modification of the experimental 

~ setup, especially, for Ac as plotted in Figs. 6.35 and 6.36. 

'\ unfortunately 1 no similar improvement in the pressure eurves 
\. 

could be observed, contrary to e~ectation. For the éase of the 

cylinder geometry of Fig. 4.6d, a fairly straight line for 

the variation of pressure with' re~pect to frequeney change is 

obtained, as shawn in Fig. 6.36; on the other hand, the 

eorresponding eurves (Fig. 6.35) for the ~rrangement of: 

Fig. 4.6e do not. This irnplies the aforernentiened resonance 

in 'the syste~ is not the only cause that gives rise te th~ 

strange behavior of pressure as a functien of frequêncy, but 

that cylinder geometry is aIse an important factor. 

ï"'·< 
~ , 

For the cases of three cylinders arranged in the 

1 
1 
1 
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center of an 11.43 cm (4.5 in.) radius circular channe~1 two 

additional fluids other than water were used to extract more 
," 

inforrnatibn concerning the effects of density and viscosity 

on the added mass coefficients. The properties of these 

fluids, as.well as of water for comparison, are given in the 
. ' 

following,table. The viscosity units of C.S. stand for 

centistbkes. 

Liquid Specifie Gravit y Viscosity 
at 15.6 QC (60 OF) at 40°C (104°F) 

. Ethylene glycol 1.115 • 20 C.S • . 
Water 1.0 1.0 C.S. 

Lùbr icating oil 0.860 10 C.S. (ESSO (NUTO ,A-IO.) ) 

In Figs,. 6.37 to 6.39, we can see a sharp drop of 

the acceleration of the moving cylinder (Ac) at 270 Hz for the 

tests with water and ethylene glycol, but for ail, it shifts 

10 Hz higher. The drop in acceleration i5 assumed to be the 

result of antiresonance, and the shift in frequency ta be a 
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combined effect of the density and viscosity of the fluids, 

where viscosity limits this sharp drop whilé density exaggerates 

it. Moreover, it shows that fluid with lighter viscosity 

gives the Ac curve a steeper slope. 
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Another interesting feature to point out is that, 

after a sharp drop, Ac goes up again as frequency increases. 
1 

Howeyer, the three different fluids give three different kinds 

of response. 

As to pressure n;easurements, the biggest signaIs 

are obtained at e = 54 0
, while at e = 243°, the readings are 

the smallest. The effect on pressure of density changes is 
./ 

expected: the higher the density is, the larger are the 

signaIs. Also the variation of pressure ve~sus frequency is 

smoothertfor ail than for water or glycol. 

For '"Figs. 6.40 to 6.42, which are for a different 

as 

arrangement of moying and measuring cylinders, we notice that 

both pressure and Ac curves are not a~ smootn as those in 

Figs. 6.37 to 6.39. Several peaks appear between 100 and 200 

Hz; a similar drop in Ac (antiresonance trough) occurs at 

270 and 280 Hz. Nevertheless, oil exhibits "better", i.e. 

smoother beh~ior. With this configuration, the maximum 

pressure readings were found at e = 108 0 and the minimum at 

e ~ 270°. No remarkable distinctions of the~ressure curves 
J 

can be seen that could be attribhted to'the effect of density 

or viscosity of the fluids. According to these results, one 

may say that fluids with lighter density and higher viscosity 

give better performance, eventually leading to a closer 

+ 
agreement with theory,' as will be shown later in this section. 

A significant difference in performance of both the 

t 
These results are contrary ta expectation and cannot be 
explained. 
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pressure and Ac versus frequency was observed when comparing 

Figs. 6.35 and 6.~6 to Figs. 6.37 and 6.40" respectively. 

Pressure and Ac curves have higher slopes with frequency for 
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clusters in a circular channel than in a rectangular bo~ndary, 
" 

and are also smoother especially for the latter case. A~~a; 
1\ 

a big jump after a minor drop at about 270 Hz for the h 

~ectangular boundary system rather than a tremendous drop 

observed only for the'circular channel system. 

It is difficult to suggest the true reasons for the 

unexpected behavior of the pressure, as weIl as Ac, with 

respect to frequency ~hange. However, results reveal that 

cylinder geometry and the boundary effect play important roles 

in this strange p~rformance. 

The cases of three cylinders in the rectangular tank 

with a cover-on the top and in a circular channel.were chosen 

, to s~udy the variation of phase angle (defined as ~$) versus 

frequency. Results in Figs. 6.43 and 6.44 show that large ô~ 

( 

only existed at the region of the cylinders where the pressure 

signaIs are weak. With a circular boundary channel, the 

behavior of $ remains more or less the sarne as for the 

rectangular channel. The increase of vis90sity of fluid seems 

to have a darnpi~g effect on the fluctuation of ~ versus 

frequency, which seems reasonable, a~ may be seen from Figs . 

6.45 to 6.50. Although no significant effect is fQund due to 

the difference in boundary, the pattern of ~ curves in Fig. 6.48 
/ 

.' -

, -

i 

·1 
î 
" 

J 
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is' rather different when compared with Fig. 6.44. Also Cl <P 

seems larger for the arrangements enclosed by the circular 

channel. 

A few additional tests were made to observe the effect 

of changes in acceleration on the phase angle between pressure 

and acceleration. Three plots shown in Fig. 6.51 illustrate 

that the difference in acceleration has no effect on ~ for 

the arrangement of Fig. 4.6e, at the azimuthal region where 

coupling (i.e. the pressure signal) is strong. Outside this 

region, there is a small effect on ~ as Ac is changed. As 

for the arr angement of Fig. 4.6f, even at the pressure sensitive 

region, two distinct but sirnilar ~ curves are obtained - shown 

at the bottom graph of Fig. 6.5l. 

The pressure distributions, on the surface of the 

stationary cylinders are considered next. Sorne typical ... 
exarnples taken at chosen frequencies were plotted. From 

Figs. 6.52 to 6.55 it is clear that, as long as the cylinder 

geornetry rernains the same, pressure profiles of similar pattern 

are obtained despite the difference in channel boundary, as 

weIl as with smaller acceleration levels Ce.g. 1.5 g). At 

high frequeney, there always is a srnall concavity at 6 ~ 270°. 

Theory (plotted in black) gives the sarne shape; however, the 
, 
1 

,eoncavity is faint and oceurs about 30° higher (6 ~ 300°), as 

compared with experimental results. Furthermore, the theore~ical 
" ~~ . 

maSc'imunùva.).ues of pressure were predicted to oceur at e = 4S d
, 

", i 
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rather than 54 0 as observed in the experiments. No improvement 

can be seen from the tests done after the experimental setup 

was modified. (It is recalled that in this modification, the 

tube was stiffened, the lock nut was modified, the weight of 

the moving cylinder was reduced and the shaker supporting 

structure was welded with additional steel bars to increase its 

stiffness) • 

Aiso of interest are the pressure profiles of 

Figs. 6.56 to 6.58. A suction takes place between e = 135 0 to 

270°, except in the case with free surfaces on the top; this 

is believed to be the effect of the free surface. Another 

important fact to be noted is that the experimental pressure 

profiles are always smaller than those predicted by theory. 

o No extraordinary difference can be found between 

pressure profiles obtained from a cluster in a circular channel 

or ~ rectangular boundary. Notwithstanding, a smaller boundary 

does give a little influence, on the shape of the profiles. 

By examining Figs. 6.59 to 6.61, one may see that the part 

of profile at e about 180° to 270 0 is flatter than it is in 
, 

Figs. 6.52 to 6.55. Also, the profiles in Figs. 6.62 to 6.64 

are more "slender" than those in Figs. 6.56 to 6.58 in Z
\ ... 

direction. Furthermore, pressure readings do increase as a 

result of a s.maller boundary, which agrees with theory~ 

The added mass coefficients derived from pressure 

profiles for aIl three-cylinder cases are plotted and shown 
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in Figs. 6.65 to 6.78, where the values of the theoretical 

added mass coefficient9 is represented by a da shed straight 

line since it is frequency independent. Results in Figs. 6.65 

to 6.67 show that, at high frequency (above 150 Hz) 1 the 

coefficient e3l is a1ways greater th an th€ theoretical value, 

while f 31 is le5s than the theoretical one. This i5 also true 

for test resul ts obtained after the experimental setup was " 

modified. Neverthe1ess, the modification does give better 

agreement with theory, as may be seen by comparing Figs. 6.68 

to'6.G7. Tests using two different levels of acceleration 

(i.e. Ac = 1.5 and 2.0 g) yielded similar results, as shown 

in Figs. 6.65 and 6.66; that means ~he added mass coefficients 

varied in a similar way as frequency changed. No significant 

difference can be seen from results in Figs. 6.66 and 6.G7 

(showing the effect of having the tank covered or uncovered)i 

in fact, the existence of a free surface does not create any 

unwanted side effects, but paradoxically gives results in 

slightly better agreement with theory, as compared to those 

with a cover on top, especia11y at high frequ~ncies. The 

added mass coefficients e 31 and f 31 fo'r these two configtrations 

(i.e. Figs. 4.6a and 4.6c) yield an average discrepancy of 15%. 

Another study of the effect of free surface fo'r 

three cylinder cases was done by measuring the pressure 

distribution on both bhe stationary cylLnders for the 

configuration shown, along with results, in Fi~s. 6.69 and 6.70. 
,,"') , 

'1 

d 
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Similar variations of the added mass coefficients with 

frequency change were obtained; ~3l is in better agreement with 

theoretical value~ than 8 31 , with an average discrepancy of 

20% for the first and 50% for the latter. Keeping the same 

cylinder geometry, but putting a cover on top of the water 

sur~ace, ~3l improves to an average discrepancy of 14%, and 

e 31 to 15%, as shown in Figs. 6.71 and 6.72. It is finally 

noticed that tests do ne after the modification of the 

experimental sétup produce a notable agreement with the 

theo+etica1 values for S31 at frequencies above 150 Hz. 

Results in Figs. 6.73 to 6.78 reveal that the added 

mass coefficient e 3l decreases as frequency increases and f 31 

is always greater than the theoretical value, but both 8 31 and 

~3l are smaller th~n the theoretical values at aIl frequencies. 

As far as the effec~s of density and viscosity on the added 

mass coefficients are concerned, no particular remarks can be 

made; however, results obtained from mineraI oil agree better 

with theoretical predictions than those in water and ethylene 

glycol. 
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CHAPTER 7 

DISCUSSION 

The test results presented in the'previous chapters 

will be' discussed under the fo11owing four headings: ' (i) .. 
Measurements of the pressure versus frequencYi (ii) Phase angle 

between pressure and âcce1eration; (iii) Pressure distribution~; 

and (iv) The added mass coefficients'. 

7.1 MEASUREMENTS OF THE PRESSURE versus FREQUENCY 

"\. 
Measurement of the structural natural frequencies 

was made in o~der to study the response of the e7Perimental 

setup and its likely effect on" the pressure measurements. An 

accelerome~er wa? attached to each component of:interest of 

the experimental setup. When the shaker was shaking, a signal 

was picked up and fed to the Hewlett Packard 5420A Digital 

Signal Analyzer, where the'power' spectral density of the 

vibration was obtained. The output was displayed in the form 

of a spectral plot of magnitude v~rsus frequency on the screen. 

A hard capy could be obtained by using the HP pIotter interfaced 

to the system. As shown in Figs. '7.1 to 7.6, several peaks 

appea~ in the frequency ~e af 0 ta 400 Hz for ~aCh component, 

which happened to be the working frequency zone of the 
.. 

experimental study of the added mass coefficients. Further, 
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82 .. 
different natural frequencies were obtained for the sarne 

component in different 'directions as illustrated in Figs. 7.1 .. 
'and 7.2. Due ta the many natural frequencies which occurred 

in ~he testing frequency range and the complexity of the 

experimental setup, a small exditati6n will induce a significant 

resonance to the system, exhibited for example in Figs. 7.2 

to 7.6. lt is difficult to claim tha~ tne resonances and the 

complexity of the system are the major causes for the haphazard 

observed variations of pressure versus frequency. However, 

it cannot be den'ied that they will have sorne effect on the 

pressure readings. 

l,t should .... be noted that the measurement ,of natura1. 
, , 

frequency of the experimental setup described above was done 

before the modi'fication. As the tube ",,!as stiffened, the 

thickness of the hollow oscillating cylind~~ was reduced, and . , 

the support of the, shaker was stiffened, certain improvernents 

on the respon~e of pressure to frequency w~re obtained as 

shown in Figs. 6.10 and '& .11 for two-cylinder cases and Fig. 

6.36 for three-cylinder cases, except for Fig. 6.35. 

'On the other hand, comparing Fig. 6.35 to 6. ~ 6, 

obtained with the sarne rectangular boundary but with different 

J • 

cylinder geometry, the pressure curves of the latter ,show better 

behavfour with respect to frequensy chânges than the first. ' 

Also, comparing F~g. 6.36 ta 6.40 with the sarne cylinder goemetry 

but different b~undary, the pressu,retrurves ~re ,~iffer~nt. ,'. ' 

" 

'" 
,; 

l" , 

i 

:'1 ! :" 

1 

1 
1 
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These observations imply that it is not only the cylinder 

geometry, but also the boundary proximity and shape that affect 

the pressure response to frequency change. In addition, the 

density of the fluid seems to play a role in this peculiar 

performance. Oil with lighter density yields better results 

than water and ethylene glycol as can be se en in -Figs. 6.37 to 

6.42. 

-In the tests, pressure réadings were taken around 

the surface of the pre~sure-me'asuring cylinder; hence, "the pressur~ 

transducer bearing cylinder has to be rotated through 360 0 'with 

a stop at each 9° interval. Such rotation was done by 

reaching the cylinder at the opposite end from where pressure 

was measured, and rotating it manually. It is interesting to 1 ! 

find that no change in the fluctuating pressure can)be sensed 

while the cylinder is being rotated and the hand is immersed 

in the tank, except at low frequency (below 70 Hz for example). 

\ "" Even then, oIily a maximum variation of 5% was found. 

" 

7.2 PHASE ANGLE ($) BETWEEN ~RESSURE AND ACCELERATION 

In the experiments, there was a phase difference 

between the pressure signal and tfe acceJeratiqn signal of 
, 

the moving cylinder. The value of ~ varies with the change 

of the orientation of the measuring point as weIl as frequency. 

Results of the phase angle versus frequency study suggest 

.. 
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the possibilitY·9f wake formation on the surface of the 

stationary cy1inders in~ the area, facing the enc10sing channel, 

,rather than the moving cylinder (e.g. the area at e = 135 0 -225 0 

for the cylinder geometry shown in Fig. 4.5a). In this region 

the fluctuation of ~ with frequency is significant. To test 
) 

this possibi1ity, an experiment was conducted with 1iquid dye 

to monitor the motion of fluid on the stationary cylinder. In 

arder ta sirnp1ify the test, we considered the case of two-

cylinders in the configuration of Fig. 4.5a. The instrument 

. arr~ngernent is shawn on the right-

band side. The pres~ure transducer 
\ 

Ibushing shown in Fig. 4.1 was 
~ 

replaced by a bushing with a tube 

through with the dye was injected. 

The pressure of the injection was 

adjusted by l~eling the bottie. 

During the test, the dye came out 

of the pressure sensing hole with 

"a pressure as close to the pressure 

on the surface of the cylinde~ as 

possible. 

Cross-section view of 
the stationary cylinder 
with dyd injection 
instrumentat1on. 

The figure on the left-hand side of the following

page shows the trace of the dye injected through the pressure 

sensing hole on the stationary_~ylinder .while the top cylinder 

is not shaking. As the top cylinder starts Qsci1~ating up 

and down, the dye tends to flow up a little, while previously 

( 
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. it fell down by gravity. 

-" 

l , 
.~. 

Since the >dye Was dissol ved "./' 

, into a solution with a 

density almost eq~ivalent 
, , 

to water ab the same 

temperature, the plunging 

of the dye under gravi ty 

was véry 'slow. 

.' 

-- -----~ ...... --~-_ ... ~ -- ~ 

~, . 

Both cylinders 
are stati0I?-ary 
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Top cy linder 
is oscillating 

For a dye injected at the bottom position, or t'he 
\ 

so-described as pressure-insensitive region, the trace of the 
~ ,.. .1 

dye did go up, and then sf-nk down ~ it moved away from the 

motion affected region. The results indicate a suction exists, 

which tentls to draw the fluid.particles upward., However, 

such a force is weak and the affected region is small. Thus, 

as soon as the fluid particles move away from that regiotl, the 

dye sinks again as a 'rèsult'of gravity. A possible explanation 
, . 

of this upward suction is that, because of the resistance of 

the stationclry cylin~er below and the absence of a simi.lar 

cylindèr ab~ve, \ the ne't 

" 
force c::>n the fluid in the 

. 
down~ard direction (when 

. 
tbe top cylinder ,goes 

down) is less thap that in 

the \lpward direct~on .(when 

tlle top cylinder goes up)'. , 

/ 
! 

! 
1 

,-- -- 1._ , _.>~t~~!.' -.- l' 

o 
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Both cylinders 
are statio~a.I;Y 

':.. 

.' 

, 
~op cynnde'r 
is 'os-cillating 
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Bence, for eaqh cycle, a net force' upward is prod~ed. ' . 
" 

Anbther interesting p~rt of the test was ta rota:t~ 

the stationary cylinder slowly while the dye wa~ c'ominq out 

'of" the pinhole and the top 

c~linder was oscillating. 

The trace remained at the 

saroe 'place about one to tw.o 

minutes bef9~e it disappeared. 

No remark~pIe difference ... 

can be seen for this test as 

the osci11ating frequency 

changes from 100 to 250 Bz, 

, , 

• 

. , 

The dye kept cominq out P 

while th'e cyl inder was 
rotating. 

, 
a d also, as the amplitude pf the acceleratidn of shaker (As) 

ries .from 1.5 g to 4.5 g. 

For the test of . 
t side-by-side configurat~6n 

o Fig. 4.5b, sinc~ the ~ 

". 
C uplil'lg is weak for this 

-c nfiguration, .no obvious 
Cl 

p ,t~ern' can be ·seen. Nev~~-

-the less, as the ampli tv.de of 

acceleration of the shaker 

increases te 4 _ 5 g, ,a wake-

forro of fluid pattern occurred. 
\ :,..' ~ 

It is not:~d that in aIl the 

, 

010 
{ 1" Bot:h cy l.nder sare 

stationary. . . ' 

~ ... -,. ..... " 

~(~O~:"") , 
l'. 1 

The lef,t side cylinder is 
oscillating~ while the dye 
comes out from the; pinhole 
of thè ri9ht side cylinder. 

, , 
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pressure ~easuring e~periments, the maximum amplituQe ,of 
~. - )\ , -

acceIer~tion is no more than 3 9 (displacement,of the 

osciIIatinq cy1inder .ranging fro!ll 2.6 x 10-4 to 3.7 x 1.0-3 

in.), hence no true wake formation is like1y -to have happened. 
~ 

Results of ~hese flow-pa~tern tests rhow that the 

aheoretical assumption of no separation is upheld, at least . \ 

for the stationary cylinder when the acceleration of' the 

vibrating one is 'small; evidently, the hyPothesis of wake. 

formation at the so-called pressure-insensitive region (the 

ar,ea facing the enc10sing channel) of the stationary cylinder 

is not true. 

In principle, the phase ~ngle~(~) is considered as 

the ~ime lag between two signaIs (in our. case, p~essure and 

acceleration). However, the cylinder distance in ou~ tests 
~ -

is too small, compared to the speed of sound in water (~ 1500 

rn/sec), to~be able to previde 'a'~ignificant va~ue of ~. 

" Besides, it w~s feund that ~ is sensitive to frequency changes. 

Therefere, instead of claiming that time lag is the cause of 

th~ ~ccurrence of ~, one would rather suspect that it is mainly 

due té the viscous effects. Apart from the se comments, it 

appears that ~he values of ~ aIse de pend on boundary condition 
1 

and cylinder geemetry. This may be seen by comparing Fig. 6.480 
, 

to 6.44: in Fig. 6.48, variations in'~ of over 360 0 appeared 
.'-. 

~ " 
lat e = 270 0 ,a~d 3l5°~' in Fig. 6.44, on' the ether hand, . 

v.ariations in tP'~of'ove_r,360o .occu~r~d at e = 225~ and 270°. 

/ 
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'" 'Similar effect of the' cylinder geometry can-be.seen by comparing 
-

tige 6.48 to Fig. 6.45, -iIf which the variation of ~ is much 1 
., 

less for the· latter at any 6. 
, 

As to the d4stributions of $ around the surface 'of 
-. 

the èylinders, measu~ements on the oscillating cylind~r (e.g. 

Fig. 6.4) agree well with the ones predicted by the inviscid 

, 1 

...-f 
/ 1 

/ f , 
J 

, : 

theory: ~.e" the upper surface of the cylinder pressures \ 

are in-ppase and lower surface ones l8~o out-of-phase with 

_·""'7\-.,a-~ation j~ee. Fi~';"-6-.·4). However, the distribution measured 
..... 

on the stationary cylinder, shawn in Fig. 7.7 as an examp~e, 
~ , 

does not give ~he pattern expected, but an attenuated forme 

PRESSURE DISTRIBUTIONS 

rio should be recalled here that the p,r ssure prOfil(.'" 

shown in the last chapter correspond to p~ak acceleration of 

7.3 

the moving cylinder at certain frequencies •. Durin9 the tests, 

both the pressure and accrlerat'ion readings were taken at ' 

their peak values. Tn order to ob~pressure corespond

ing to peak acceleration, these~ressure readings were hen 

multipl~ed by the cosine of the phase angle ~$) betwee the 

two signals. Since the val~es of ~ vary tremendously around 

the circumference, the values of pressure will b~ affec~ed • 

Fortunately, it is 

of $ with .fre~ 

" 

.. 
noted that in the region where the variations 

are large occur where the pressuré signals 

\ ' 

\ 
l 
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are ~ak. " 
• Hence, on the 'wl}ole, the effeét of ~ on the overall 

~ " '1 
pressure profile is not that serious a matter as was initially 

thought,; this may be considered to be suppor'ted by the fact 
~ 

that:the'pressure profiles obtained' from all the experiments 
.... . 

agree we'll with theoretical predictions. Also, it should bl 

'mentioned that the consistency in shape of the profiles . 

betwe~~heOry and experiment, indicates that Suss' the ory 

wo~ 'even for a cluster with such small intercylinder gàps 'as 
, 

0.95 cm (0.375 in.), which is about one-seventh of t_he,diam~t~l'< .•.. . , 
of the cyli~ders that were used in ~ll the ~xperiments. · 

As to the response of pressure profile to the 

acceleration'of, the moving cylinder (Ac), results show that a 

large Ac produces a b1gger pre~sure p~ofile as expected; thi~ 
• 

can be seen through all the configurations, especially for 

two and three-cylinder cases. In other words, the pressure 

increases as 
1 

Ac increases. Such a response of the pressure 
1 

Ac change is shown in Fig. 7.~. 

/ (, 

. ) 

7.4 TH! ADDED MASS COEFFICIENTS 

Experimental added m~ss coefficients derivea from' 

pressure profiles for diffèrent configu~ations were plotted~ 

'00 

" J ., ," 

against frequency arid~ compa-red with theoretica,l 'values. e, 'In . 
• 0 

l ' 
\ 

Suss' theory, the adPed mass coefficients should only b~, . \ 

geometry-dependent, and _should ..not he 4~t..ed ~ .the.- change -.. -. , 
l' 
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1 

in the frequency of os~illation. , 
1 • 

However, experi~entall r 

.~ow that :hese coefficients a~e highly sensitive to 

- and thàt they change in a haphazard way, in particular fo 

clusters of two-cylinders and three~cylinders. 

A "visco'us" theoret·ioal modeJ. for one oscillati 9 

cylinder in a confined ,fluid by Chen (19.76) shows fhat th~ 
added mass coefficients are almost frequenCy-indep~ndent; they . , 

decrease smoothly and very sli~htly as frequency increases. 
- "-' 

Results obtained from this theory for one cylinde» yield 
"', 

differences within 1% for the added-mass coefficients at 50 Hz 

and 200 Hz with Ro/R = ,4.96 and.much less than 1% for Ro/R = 
7.36, ~ere Ro anq Rare defined as the radii of the enclos1ng 

, J 
channel,and,of ~he cylinder, re~pectively. 

~ - 1 ! 
1 

Inspite of the frequency effects- shown in the 
li 

'expe~iments, results~ for one oscil1ating cylinder are in 
l' , 

1 8 
agreement (with 5% off) wiüh theoretica~ prediction. Hence, 

disdussion will he focused on t~e cases'of two- and threer 
.l"' 

cylinaer systems. 

, With the in-line two-cylinder COnf~g~ation shbwn 
J , 

in Fig. 4.5a, one should expec~ a symmetrip pressure profile 

• (with respect to Y axis); yeti ~xpe~iment~1 data\show fon

syxmnetric profiles at spme frequencies. ' As" a result, ~ coupling 

component in the Z-direction was found which does not exist 

in ~eory. The cause or oauses of this fac~ are unknowni 
. 

however, :tliey may be attrib,uted to side motion Qf the oscillating 

1 • 

, 
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,cylinder created. by e dynamic'u~balance of the cy~inder 

apy, since this cylinëler 'wi th ~ube structure (8ee p,i'cture 

was -bal'anced stat' ally), as weIl as to small..:ainplitud'e 

,resonance of som~~on~nt" of t.he" Vibrat~n~' 'SYS'7:nn or '7he À • 

water tank shaker su~port system. ~ att.empt' t.o prove 

mathema~cally the existence of s~?h an effect was 'conduct.ed 

by mak~ng use of equ,ations 
r ",) .. 

t~ firee~·CYlinder c~se of 

prJssure profiles taken on . 

(2.31) and (~.32). Considering 

Fig. 4. 5d....as_ an ex~ple with the-. , 

t.he ~tationaiy cylinder (in our 

case, it Is cylinder 3), the t.wo equations for the forces on 

this cylinder are: • 1 

", 

FAZ3 , . (7.l) 

(7.2) 
, . 
, ' 

.' where F AZ 3 and F AY3 are t.he hydrody~amic forces exerted on 

cylinder 3 in z- and Y-direètions; resp~ctivelY.' , 

Tpe method u;:;ed in this simulation ~ssumès a ~al, 

\ side-ways. c:'-cceleration (aZ ::a 0.05 â y ) occurred ,while cyliIl?er 
, ' ,-' ), 

l osci~lâ'Çed"in Y-direc;:t.ion i then with the experimental " Q, 

, 

\. 

hyd~odynamic forces F~Z and FAY (comput.ed from the me~sured 

pressure profile) a'nd' the theoretical e: 31 ân~ ~31' the, 

coefficients e31 and f 3'l can b~ ?btained by equatio~ (6 .j!i _a~d.~". 
equation (6.2). These are stated mathematically' as' fOliPff,s: {fi h. 

G ~~: , 
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Equations (7; 1) and {7. 2} are writt~n a$: 
~ 

(7.3) 

'. 
, 

(FAy3 ) exp. = p 'Ir 
2 ~ . 

~3 [O. as aY1 {t 3'l 'thec;>r. + a Y1 f 3l l . (7.4) 
" .. ~{ -" \ 

c~ 
,> 

r' f 
(~AZ3) e!E. . 

(-t: 31 ) ~heor • e 31 = 0.05 . 
R2 - , 

p 'Ir 3 aYl 

(7.5) 

v 

• 
, (7.6) 
~ 

, . The main point of this method is assuming the 

, experimenta.l: .F AZ and FAY are the hydrodynamic forces as a 

result of both the accèleration a1p and a~ of the moving 

cylinde,r 1 instead of a y alone. If -e31 and f 3l obtained from 

this calculation agree better wi 

the ·purelY ~xp~~ime~tal e 3l and f 3l 

oretical values ~han 

, 0 • 

theoretical ones; the existence of the side motïon effect of 

the moving cylinder is t:h~n proved. Unfortunately, no constant 

;' relation between these modified ,experimenta1 added mass . 
c,?efficients and the theoretical dat:.a can be seen from th~ 

~I ~ 

resu1ts of this calculation. At some ~reque~ciest' these 
" 

modified e3'l and f 31 improv~d, but become worse at others. 
, " , .. 

(The resultant changes are' of the order of 10%) • 
, 'r 
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. T?US, it ~s. diff:cUlt to claim validation of this effect. 

Although the experimental added mass coefficients 

for the two- and t~ee-cy1inder cases are not in good agreement 
o , _ 

with theoretical values, it is in~eres~ing to observe the 
~~- . 
, dynamic response of the system for- such expe~imerita1 results , ~~~ 

and compare it to the theoretical one. & study was carried 
1 , 

out by u'sing results obtained from the -cases of three-cylinders. 

The frequencies of the system were co~p~ed based on so1ving 

the equation of motion of the cylinder system considered. A . ~. 

computer p~ogram called "SÇ)lution ll ~ritten _-O? SU~~ (l977~) 
was emp10yed for these computations. In this program, the 

added mass coefficient matrix (as mentionèd in Chapter 2) is 

one pf the required inputs to calculate the eigenvalues (A 

user"s guide for this program hal been presented ~y Suss (1977b). 

- " " For aOthree-cylinder system, the added mass coefficient matrix .. 
consists of 36 elements. Because of the symmetric nature of 

" 
, some of the elements in the matrix are ide~tica1. 

sixteen elements in this theoretical added 

icient matrix obtained ~rom ,IICOOPRESS" were replaced 

by experime ta1 values inspite of the fact that only four 
. . ~-

exper~ental coefficients, name1y E 3l , ~3l' e 31 and f 31 are 
1 

~vailable for each system. With this so-called semi-experimenta1 

added mass coefficient ma~rix as input and using three comparison 
1 

functions, the eigenva1ues (which are the frequ~n~y w~multiplied 

by -i (i = ~) of the system were calcu1ated. A comparison 

oJ'.- G.' 
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of these'results for th~'circular enc16sing channel case, with 
, ' 

the theoretical eigenvalues obtained b,y using the theoretical 
, " . , 

~ added mass coefficj,.ent matrix as '~Iution"' s rinput, 1-s shawn 
,- \ 

in 'Table 7:1_ (p. '95) '. 

Remarkable agreement was found -regardlessof the 
, , 

discrepancy between the t~eoretical an~ eXperime~tal açded 

mass coefficients. Another set of frequQnci~ obtained b\ 

using the maximum values of the experimental~added mass . 
J 

, . 
coefficients (among those obtaîned at differ~nt oscillating .. 
frequencies) for ~he so-called semi-experiment~l added mass 

, 
coeffieient matrix was campared with theoretical dat~ • .,-
Agreemen~ is also quite reasonable (± 6.5%) as shown ip 

Table 4 (p. lll). For the same' system but dif'ferent boun~ary 

radii (e.g. R = 17.27 cm (6.8 in.) and R = 23.37 cm (9.2 in.», o 0 - <J 

results are also tabulated in ~ables 5 to 7 (pp. 112'-114). An 

important fact revealed by this analysis is that, even if 

hilf of the off-diagonal elements in,the theoretical added 

mass coefficient matrix were replaced by the experimental 

values, of which several have a discrepancy as large as 67%, 
1 

the frequencies obtained from such a system are still within 

reasonable range • 

• Here let us recal~ the work by Jendrzejczyk and 
. 

Chen (1978) in an experfmental study on fluidelastic vibration 

cantilevered tube bundles. However, the method in that case 

reversed. Theoretical added mass coefficient matrix 

.. 
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Table' 7 .1: The nat~al frèq~~n~iés ol three-cylinder cases with 
, . 'circu1~r enc10sing channel (Ro = 11. 43 -cm (4.5 in.». 

* 

. ~ . 
Discrepancy 1%) ~ Theor.-Freq. - Semi-exp. Freq. x .100 
, Tneor. Freq. 

.; 

lst mode 
qroup 

2nd mode 
group 

3rd mode 
group 

Theor~tical 
rrequencies 

18.335601 

19,.128095 
. 

D 19.128104 

22.473622 

22.473626 

24.,J27658 

50.542"2.,48 

52.727286 

52.727309 

~ 6r.949351 

61.94~~3 
66.784415 

99.083970 

103.366536 

103.366584 

121. 4~5468 ' 

., 121.4454~ 
130.924123 

S~i-eXp. frequencies 
( • . )'* 

o uS1ng av«. A.M.C. 

.. ~8571.7d 
1~ .)49628 

19 .. 676233 

22.418528 

23.287012 

23 ;'41:0995 

o 

49.223936 

52.786638 

~4.238247 

61.197483 

64.191490 

64.533254 

~6.498572 

103.482891 

106.328625 

121.147745 

125.840957 

126.510949 
\ 

- ( 
1 
1 

" 

f 

\ 

( 

I? iS,crepancy 
(%) 

2\ 61 

-0:\1 

-2.81 

0.25 

-3.62 

3.37 

2.61 

-0.11. , 

-2.87 

0.25 

-3.62 

3.37 

2.61 

-0.11 

'-2.87 

. 0.25 

·-3.62 

3.31 

The average. values'of the added mass coeffic~énts obtained 
fram difterent frequencie~. 
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(Chung and Chen, 1977*) was used to calculate the theorebibal 

values of the nat~ra1 frequencies of the tube 'bundles through 

the equat}on of motion,' And these natural frequencies are 

96 

then compared with the me&sured .natural frequencies from the 

test:s., Excellent ag,reeroent was obtained. Thus, the comparison 

of theoretical and experimental added mass pbefficïents - and 

concluding ~hat_they' ar~ in good agreement' - through comparrson 

of the corresponding natural frequencies, is seen to be weak,_ 

in the sens~ that very large discrepàncies "in the added mass 
1 

coefficients can be·masked by'agreement of ~requencies. With 

respect to our own foregoxng analysis r it may also be sa id 

that the diagonal elements, which were taken from the ory in , 
aIl cases, are dominant in determining the natural frequencies 

correctly~ 

.. o , 
1 
1 

,1 

1 , 
• l' 

1 

1 

* . Chung and Chen (1977) 's th~ory is equivalent te the ,one 
derived by S. Suss (1977a). 
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CHAPTER 8 

CONCLUSION 

-
Thi~ the,sis describes an experimental deri vation of 

sorne of the added Maas coefficients for a· cluster of cylinders 

vibrating in still' fluid contained by a rigi~ rectangùlar 
> " 

tank. The added mass coefficients were evaluated through - . 
measurements of the pressure distributions on the circular 

sutfaces of the cylinders in the. system. Studies also include 
1 

t'he cases of three cylin~ers inunersed in fluid enclosed by an 

fl.43 cm (4.5 in:) radi~~- shell. .In arder ta obtain extra 

~nformation concerning the ef~ect of vjsco~ity and density of . -
/ f,luid to the values of added mass coefficients, the tests were 

conducted in three different fluids, i.e., water, l~icating 

oil"and ethylene glycol. 
\-

Unlike preV'ious~ work by Pustejovsky' (1978) and~Barbir 

and Pham (1979), the pressure measuring system was designed 
, , 

ta detect the pressure signaIs more directly and'it was 

possible to eliminate t~e difficulties associated Wibh~lOW 

oscillation and air bubbJ:e~' trapped in the pr,ess'ure sens~? 

chamber. Also, ~y employing a highly sensitive pressure 
. 

transducer_and eylinders with larger radius, elear arid perfeet 

sinusoidal pressu~ and acceleration signaIs were obtain~. 

Furthermore, a better understanding of the behaviour of the ~ 
~. 

... -1 ' 
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, '1 ' 0 

phase lag between pressure and,acceler~tion signals:was'atta!ned 

with the hel:p of a Hewlett-Packard 5420A Digital Signal 

Analyzer • 
, 

'.Among three sets o~ exp,~rimental results disti~guished 
y 

~y the nOInber of cylinè!-ers', remarkably good agreement between 

experimeht and theory was attained only for the cases of one· 

single cylinder. Despite the fàct tha-tt results for the' studies ... 
of two - and three-cylinder systems are ·somewhat inconclusive~ 

" 
certain valuable information related to the characteristics 

of the cylinders vibr.ating in liquid were obtained. 

As shown in, .. th~Lexperiments, pressure signaIs are 

ve~y sensi~~ve to'frequenoy change and response in a haphazard 

manner, w~iCh ia believed to ,he at~ribU~~d to ~he flexibi~;ty~ ~ 6 

of the system. Hence an attempt to stiffen several componeWTf~' 

of the experimental setup has been done. Reasonable improve-

ments were -observed, the values of press~re iflcrease·'linearly 

with respect to frequency, and 'with the magnitude of acceleration 

of the oscil.J.ating cylinder. However 1 there are a few 
. ' 

exceptions, especially in the ca.se of three cylinders enclosed 

by a circular she1l:. For- the tests with different fluids, 
, 

lubricat~g oil exhibits better pressure r,espon,r to .frequency 

as dOmpared with water and ethylene glycol, suggesting viscosity 
, ~ 

, 

and density of fluid ~re imPoit:nt ~actors, 

cylinder qe6inetry. '. < \, ' 

in addition to 
-' 

oThe phase angle ($) distributidns on the circular 

) 
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surface of the.pressure measuring cylinder, are quite reasona~le 
< , 

. ·for one single cylil}der at three distinct configurations. 
~ 

. The ~op hal.f surface has a value ~ ::: 0°, 
. 

'cp ~"180 0 • In the cases of two and three 

while' the bot tom half 

cylinders, ~e values 

of cp at points on the pressure measuring cylinder ~epend on 
, , 
i 

the cylirider geometry as well as on the boundary (i. e., either 

rectangu:lar' or circular !boundary) . Studie:s of the response 

of ph~se angl~ té frequ~ncy show that large variations with 

fr~quency' o.f the value of' cp occur at the surface region where 

'the pres~:re signaIs are weak and are smatler at the points 

where the pressure' si1na1s ar~strong. T~iS would irnply a .... 

wake formation at \ thJ so-cal~eÇl( pressux;:e-insensi tive region. 
1 

However, a flow vispalization study for the vibration-induced 

flow for the cases 'of two cylinders has been done. NO' wakes 

.can be' s';:n un~il/the ma'.'nitude of acceleration of the 

oscillating cylitder incr~as~s to 4.? g. H~ce, evident~y, 
, 1 -

the assurnption lof wake formation at the' pressure-insensitive 
, / . , 

region is unltkely ",fo\", ~the present studies, where the 

accelerati0l for, a1.1 th~ tes~s i s no grea ter ~aJ;l 3 g. In 

general, t~e phase angle is the time lag between t:wo signaIs 

(in our ase, the tiree l.ag between pressure and'acceler~tion 

signaIs Nevertheless, it is noted that (i) the distributions 

of ph se an~le are different for differe,nt cylinder geometries, 
• 

(ii) variations of <p with frequency of over 36O,P occurred only 

i the three-cyl~nder cases with cylinder "rangements such ~s 
~ 

1 

.1 
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these shown in Figs. 4.6d and 4.6f (for'frèquency changes from 

100 to 250 Hz), and (iii) the'damping effect of 

1ubricating oil on 4> is considerable. All these indicate that , 

phase angle is not a matter of time 1ag only, but that it is 

also affected by the arrangement of the cylinders in the 

,system, the boundary conditions, the viscosity of the fluid 

and perhaps by the structural response of th~ remainder of the 
c 

system, through resonances within the frequency range tested. 

The most success~ul part of the experimental study 

is the measurement Offpressure distributions on the 

surface of the cylinde s and in particu1ar for the single

cylinder case where e ellent agreement between experimental 

and theoretical prediction-was' attained. The presence of a 

free surface for some cases does not produce any significant 

effect to the pressure prof:i.,les (as seen in the pressure 

distribution pl~ts). Moreover, the pressure field patterns 

follow the predictions of ·Suss 1 the ory a's cylinder geometry 

changes, and the magnitude of the pressure signaIs ~easured 

do increase as containment becornes tighter. 

As far as the added mass coefficients are concerned, 
, 

.experiment~l. results obtained from al~ the single cy1indef 

cases agree weIl with theoretical values computed by using 
.. \ 

Suss"classi~al method. This1is as expècted, since measured 

pressure profiles demonstrate both qualitative and quantitative 

similari ties te '[he theoretical ones.. For the system 

• 
.. ---_ .. ---
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consisting·of two or three cylinders, agreemen~ with 
. , 

theoretical,results is somewna~ inadequate. The average 

/ discrepanc~ ranges 'from ±6% to ±67%. Natwithstanding this, 

sorne positive conclusions can be drawn. Results for 

configuratiorfs shown 'in Figs. 4.5a, 4.6a and 4.6c are' always 

. greater than theoretical values and smaller for configur~tions, 

such as those of Fig's. 4. Sb, 4. 6b and 4. 6f. I~creasing the 
1 # • 

stiffness of experimental setup did exh~bit certain positive 

improvement in'the agr~ernent between theory and experiment. 

Nevertheless, resul ts become worse as the enclo'Sed boundary' of' 

th~ cylinders decreases, although this may be due to having 

additional structural elements which could respon'd to the 

fluid excitation. On the other hand, tests conducted in 

lubricating oil gave better performance insofar as pressure 

and phase ang~e are concerned and,consequently, yield better 

agpeement with theory as compared with those of water and 

ethylene glycol. 

, 

By reviewing all the,experimental results piesented 

in,Chapter 6, several generai remarks can be màde, 'as 'follows. , 
1. ~n the analysis, the fluid field is considered 

to be two-dimensional; that is, .the axial motion of the fluid 

" ts neglected. This is jpstified ,in our case, since only the 
~. 

length anà the diameter are of the sarne order of magnitude 

that three-dimensional effects of the flow should be consider.e 
,i' 

as shawn fY S.S. Chen (1974). 

\ 
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1 2'Jt is found that the pressure distributio~ an~, 

accel~ration f the moving cylinder, phase angles as well as 

pressure distributions on the pressure-measuring cylinders, 

are sensitive to frequency changes, and consequently, so are 

\ the values of the added mass coefficients. In this respect; 
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~ cylinder geometry, enclosing boundary of the cylinders,' 

properties "( i. e. viscosi ty and density) of the f luids and the 

structural response of the experimental setup are the likely 

factors giving rise to thesè va~iations with frequéncy . 
• 

3. Although no positive conclusions can be drawn from 

the flow ~ation tests, the results indicate that 

separation is unlikely to have occurred in these tests, where 

t~e magnitude of acceleration of the oscillating cylinder was 

always less than 4.5 g. 

4. The method used in this study to der ive the added 

mass coefficients from the expe~imental data is not straight- .~ 

forward. The measured pressure profile, a result of the pressl .... ~ 

readings taken at poin~s around the surface of the considered ' 

cylinder and the corresponding phase angles, are integrated 

to obtain'the inviscid hydrodynamic forces. The added mass 

coefficients are then calculated from these force cbmponents , . 
with the associated aéceleration of the oscillatin9 cylinder: 

By this method, 40 pressure readings and 40' phase angle 

readings are required to der ive one sing~e added mass coefficient. 

If the instrument error of each reading is 1%, it would not be 
! • 



( 
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surprising to obtain the added mass coefficients far away from 

" the theoretical values due to the accumulation of instrument-

ation errors. 
. . 

5. Since the pressure, acceleration, 'phase angles and 

pressure distributions are sensitive to'Qfrequency changes,' one 
• 

would expect that the added mass coefficients should also be 

~requency dependent. However, at least fqr one cylinder, the 

theoretically predicted change in our experimental range of 

~requencies is small. This implies that the mathematic~l mode1s ~ 

developed by Chen (1976) and Yang and Moran (1979) shou1d 

yield,on1y slightly more reliable results than those derived from 

potentia1 flow theory. 

, Apart fran the results discussed in tœ last two chapters, an 

additional experiIrent was done mile this thesis was being written for the 
) 

two-cylinder SYS1;-an with the configuration of Fig. 4.5c. The pressures 

...re taken Ç<l tre oscillating ~1indeJ; instead of the stat~ 
as dcne previous1y. Good agreenent with theory i5 ootainErl in both the 

distribution of Iilase angles and the pressure profiles; the experimental 

, added mass coefficients show élJ1. average discrepancy of 5% as canpared with 

theory. 'Ihls su:Jgests that Suss' theory is able te pr~ct the diagOnal 

telJllS in the added mass coefficient matrix better than the off--<li;agooal ones. 
, . 

In general, results exhibit consi'stency, and relative 

success in correlation between the experimental and theoretical , 
, 

( 

derivation of the added mass coefficients. However, b"et ter 

performance can be expected if certain components of tqe 
"'J 

r 
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present experimenta~ sefup were replaced. These include a 

~tro'~gly buil t stainless 'steel water tank, a permanéntly 

ground-moun,ted support for the shaker 1 a light but rigid 

oscillating cylinder, and an improved supporting tube and 

components for the oscillating cylinder which cou1d hold it 

tightly without giving any disturbance to the pressure ,ield 

exerted on the fixed cy1inders; yet allow the oscil1ating 
, ( 

104 

cylinder to be rotated for measuring the self-coup1êd pressure 
f 

field in the cases of cylinder clusters wi th sma11 cy1inder 

center-ta-center distances. 

In a fu~ure study, a new technique shou1d be developed 

ta evaluate the added mass coefficiqnts more directly, by 

hydrodynamic forces instead of the pressure 

distribution This could eliminate problems 

~, su,ch as discre anc.:Ï:es due to integration· errors, accumulation 

of the errors, eta •• ' 

• 

1· 
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Table 1: Comparison of",5. S. Chan 1 s rasults with R := 15.75 cm _ 0 

~ 

(6.2 in.) and experimenta1 resu1ts with single-

cy1irfder configuration shown in Fig. 4. 4a. 

piscrepancy (%) = Exp. A.M.C. ~ S.S. Chanls·A.M.C. x 100 
S.S. Chenis A.M.C. 

L .. ) 

Frequancy Added Mass Coefficient (fIl) Discrepancy, 
(H'z)' , 

Experimental S.S • Chenes (i) 
. 

-
50 . -1.024762 -1.090200"> -6.00 . 

~ 
-1.107135 -1. 089355 1.63 

.~ - . 
80 -1.013844 -1. 089057 -6.91 . • 
90 ' ' -1.107848 -1. 08'8810 1.75 " 

100 -1.079440 -1. 088601 -0.84 
- 1 .. 

> 

1:1;0 -1.046105 -1.088420 . , . -3.89 
( . 

WO -1.1~7206 -1.088'003 1.76 

~:: 
150 -]....071773 -1. 0878~3 

160 -1.089622 -1. 087791 

170 -1.098203 -1.087702 .97 
0 . 

180 -1.110977 -J. ~ 087;618 2.15 

190 -1.107218. ~1. 087540 1.81 . • . 

200 -1.113121 -1.087469' , . 2.36 . 

, .. 
f 

.. 

\ 

r 
( 
1 

i 
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Tablè 2: Comparison' of S.s. ~henls results, with Ro =,17.27 cm 

(6.8 in.) and. experimenta1 'resul1;;s with sing1e

cy1inder configuration shown in Fig. 4. 4b. 

", 

D~screpancy (%) Exp. A.M.C. - S.S. Chenls A.M.C. x 100 
= . S. , Chen i sA.,M. ë . 

Frequency Ad.ded Maas Coefficient (fIl) Di.sc~epancy 
(Hz) 

Experi.mental S. S. Chen's (%) . 
~ 

~ 

" 
l 

50 -1.072021 -1.075317 -0.31 

70 . -1. 090671· -1.074486 1.51 

80 -1.141970 , -1.074192 6.31 

90 -1. 095527 -1.073950 2.01 

:1.00 , -1.090163 -1.073744 1.53 
1 

110 -:-1,;081437 ~1. 073561 0.73 

140 -1.135948 -1.073155 5.85 

150 -1.117563 -1.073048 4.15 

160 -1.105882 -1. 072948 . 3.06 

170 -1.106183 -1.072859 3.11 

180 -1.104795 -1.072776 2.98 -
~ 

190 -1.101491 -1.072701 2',6a, 
, 1 

" 
, 200 -1. 096601 .-1.072630 2.23 

1 
, , 

1 
! 

• 1 
i -. 

1 
~ 1 

. • - K~,~~,~_-,,-~~_~~,~ __ .... r ................ , .. _, .... ~ ... __ ~ .. _, __ _ ,... ---, -------~ -----
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~ab1e 3: Compari son of S. S. Chen' s resul!ts wi th Ro -= 17.27 cm 

(6.8 in.) and experimentai resu1ts with sing1e

cylinder configuration shown in Fig. 4.4c. 

_._Piscrepancy (%) = EJ1t A.M.C. - .S.S. Ch~n's. A.M.C. x 100 • ' s.s. Chanis A.M.C. 

,., 1 ,~' -

Frequency Ad ed Ma~s Coefficient (fIl) Discrepan~ 
(Hz) 

Éxper~enta1 S.S. Chen' s (%) 

" ~ 

50 -1.158337 -1.075317 , 7.72 

70 -1.146795 -1.074486 6.73 , 

80 -1.137051 -1.074192 5.85 

90 -1.135966 -1.073952 5.77 

100 . -1.140692 -1.073744 6.24 
~ 

-1.110469 -1.073567 3.4f 110 

-1.073155 
. 

140 -1.101587 4.65 
" 

150 -1.105204 -1.073048 . , 3.00 

160 . -1.091693 -1.012948 1.75 

c' 170 -1.103530 ,-1.072859 - 2.86 . -

180 -1.108376 -1.072776 3.32 

190' : -1.112181 -1.072701 3.68 
) . 

200 -1.114672 -1.07263à \'t.3 • 92 
~~ 

... 
.~ , 

r , 

'. : 
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Table 4; , frequencies of the three-cy1inder system . 

# = 11.43 cm (4.5 in. ) • 

J' 

= Theor. Fre6· - SWi - exP • Freg. x 100 i; 1 

" T eor. req .. 
..... 

Theoretical Semi.-exp. ~requÉmcies Discrepancy 
1 • Frequenc;ies (using max. A.M.C. ) (%) 

lst mode 1~. 335601 17.163750 6.39 
group 

19.128095 19.152209 -0.13 

\ ) 19 .. 128104 19.313515 -0.97 
.-

22.473622 22.435269 0.17 
Q 

22.473626 23.910804 -·6.39 

24.2276.8'8 25.263518 -'4.28 

. 2nd mode 50.542748 47.312496 6.39 
group 

5'2.793757 
",,! 

52.727286 -0.13 

. 1 • 52.727310 53.238402 '-0.97 1 ".' , 
l , 
1 61. 949351 61.843631 0.17 j 
1 61. 949363 65.910996 -6.39 

·66.784415 69.539801' -4.28 

3rd m~de, 99'.083970 92.751386 6.39 
1 

group lO30366i 102.496846 -0.13 

103.36658 104.368528 -0.97 
1 

121.445 8 121.238213 0.1:7 
• t~' 

~ 121. 445491 129.211873 -6.39 
) '. '; , 

130.924123 )..36.521820 -4.28 
." , 

. -
. 
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T~:' Natura1? fe uenc~es of t~e three-cylinder system 

with Ro = 7.27 cm (6.8 1n.) . 
. 

,? 

Discrepanc (%) Theor. Fre~. - Semi-exp. Fr~q. x'lCO 
y = T eor. Freq. 

,1 • 
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Theoretica1 
Frequencies 

Semi-exp. frequencies 
(using ave. A.M.C.) 

Discrepancy 
(%) 

("'lst mode 
group 

2nd mode 
group 

3r.d mode 
group 

18.416629 

20.151764 

" 20.151786 

23.010816 

" 23.01085'4 

24.3-û6414 

50.766102 

55.549066 

55.549127 

63.430146 

63.430251 

67.001509 

99.52183~ 

108.898353 

108.898472 

1240348h17 

124.34 g!624 

131. 349715 

18.795823 

19.4957414 

20.120321 

22.368302 

22.996501 

25.634739 

. 51.811367 

53.740722 

55.462391 

61.659032 

63.390687 

70.663083 

101 • .570970 

105.353277 

108.728435 

120.876327 

124.271061 

138.527861 "" 

-2.06 

3.26 

0.16 

2.79 

0.06 

-5.46 

-2.06 

3.26 

0.16 

2.79 

0.06 

-5.47 t 

-2.06 

3.26 

0.16 

2.79 

0.06 

-5.47 

\ 

- -'-'--------."'- -- J 



-1/' 

• 

Table 6: Natura1 frequencies of the three-cy1inder system 

'wi th R = 2 3 ~ 3 7 cm (9. 2 in.) o 

Discrepancy (%) = Theor. Fre*. - Semi-exp. Freg. x 100 
T eor. Freq. 

113 

Theoretica1 Semi-exp. frequencies Discrepancy 
Frequencies (using ave. A.M.C.) (%) 

po 

lat mode 18.42195 
p 

18.32526 0.53 
group 

20.38719 20.38066 0.03 
, 
20.38720 20.63316 -1.21 

23.15300 23.14015 0.06 

23.15305 23.35880 -0.89 

24.31157 "23 ~2620 1.59 

2nd mode 50.78077 50.51423 0.53 
group . 

56.19802 56.18002 0.03 
-f 

56.19807 56.87604 -1.21 

63 •. 82210 63.78665 0.06 

63.82221 64.38934 -0.89 

67.0157~ 65.95344 1.59 

lrd mode 99.55059 99.02807 0.53 
group 

110.17056 110.135,28 0.03 
~ 

110.17065 111. 49976 -1.21 

125.11679 125.04730 /. 0.06 
"' 

125·t1702 J26.22883 -0.89 .. 
13'1. 37760 129.29509 1.59 

-- - --~,-.-......,.. ... _~- .... , 
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Table 7: N~tural frequencies of the three-cy1inder system 

with Ro = 23.37 cm (9.2 in.). 

Theor. Fre . - Semi-ex • 
Discrepancy (%) = ~~~~~T~h·e-o-~-.~F~r-e-q-.~-+~~· x 100 

114 

Theoretica1 Semi-exp. frequencies Dis,crepancy 
Frequencies (using max. A.M.C.) (%) 

1 

lst mode 18.42195 18.99535 -3.~1 
group 

20.38719 19.05209 6.55 

20.38720 20.37953 0.04 

23.15300 22.05758 4.73 

23.15305 23.14781 0.02 
li 

,/,24.31157 23.92620 -12.98 

. 
2nd mode 50.78077 52.36137 -3.11 

group 
56.19802 52.51779 6.55 

56 __ 19807 56.17692 0.04 

63.82210 60.80252 - 4.73 

l 63.82221 63.80776 0.02 

67.01573 75.71199 -12.98 

3rd mode 99.55059 102.64920 -3.11 
group , . , .... 
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Fi']. 6.7: Experimental' pressure profiles (red) of a single 
cylinder oscillated at qifferept frequenci~$ and 
accelerations. '(a) ~req. = 70'HZ, Ac = 1.80 q; 

_ r -" , 

(b) Freq. = 200 Hz, Ac = 2.22 g. Theoretical 
profiles' (black') were added for comparison. fi 
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Fig. 6.24: The~tical (bl1rck) and measured pressure profiles 
(red) of the stationary cylinder . (with iimer arrow). 
Profile ip (b}'was taken fro~ the tests done after 
the experimental setup was modified, as described 
in Section 6.2. (a) Freq. = '100 Hz, Ac = 2.18 g; 
(b) Freq • = 200 Hz, Ac = 2 _ 2'7 CJ., 
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Fig. 6.26,: Theoretical (black) and measured pressure profiles 
(red) of the st~tionary_cylinder (with inner arrow). 
Measured profiles were. obtai'ned from the tests done 
after the exp~ri~ental setup was modifiéd, as 
described in Seceion 6.2. (a) Freq. = 100 Hz, 
Ac = 2.06 g; (b) Freq. = 230 Hz, Ac = 2.38 g. 
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( a) 

(Configuration of 
Fig. 4.5d) 

(b) 

Fig. 6.27: Theoretical (black) and measured pressure profiles 
(red) of the stationary cylinde~ (with inner arrow). 
Measured profiles were obtained from the tests done 
after the experimental setup was modified, as 
described in Section 6.2. (a) Freq: = 180 Hz, 
Ac = 1.98 g~ (b) Freq. = 150 Hz, Ac = 2.21 g. 
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Fig. 4.5f) 
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Fig. 6.28: Theoretica1 (black) and measured pressure profiles 
. (red) of the stationary cy1inder (with inner arrow). 

(a) Freq. = 90 Hz, Ac :: 1.30 g; (h) Freq. ;;: 180 Hz, 
Ac :: 1.40 g. 
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• l 

'Ave. exp. E 21 = 0.53 

*--Theor. value = 0.39211 
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Fig. 6.29: 
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1 ~ 

(b) 

EXper~ental added mass coefficients ver8US 
frequency, compared with theoretical values. Average 
discrepancy: ~or (a) 15'. 34%: for (b) 5.38% Results 
in (b) 'were obtained from the tests dône after the 
'exper~ental setup was modified. 
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Fiq. 6.30:" Experimental added mass coeffi~ients v~rSU8 
frequency, compared with~~heoretical ~a1ues. 
discrepancy: for Ca} -3~73; for (bl 21.~6%. 
results were 6btained from the tests after the 
~xpe.rimenta'l. setup was modified. -- ...... 
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Ave. ,exp. f 2l :a -0.23 

*--Theor. value = -0.31205 
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\0.0 , 

Fig- 6.31: 

(a) 

',-

* * • * * 

, Ave. exp. f 2l = -0.19 

*--Theor. value = -0.3l205~ 

(b) 

* • 

Experimental added mass coefficients versus 

..J 

frequency, compared with theoretical values. Average 
discrepancy: for (a) -26.07%; for (bl -3e.33%. 
Results in (b) were obtained from the tests done after 
the experimental setup was modified. 
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Ave. exp. f 2l = -0.11 

*--Theor. value = -0.16516 

100 150 200 
(b) 

250 

Experiment.al. added mass coefficients V61'8U8 

aoo Hz 

frequency, compared with theoret;i.cal values. Average-
discrepancy: for (a) -6.96%; for (h) -35 .. }o2%. 
Results in. (b) were obtained from the tests do ne 
after the experimental setuR was modified. 
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Measured profiles were obtained from, the tests do ne 
with oil after the modification, as described in 
Section 6.6>. (a) Freq. = 100 Hz, Ac = 2.06 g; 
(b) Freq. = 25Q Hz, Ac = 2.47 g. 
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Measured profiles were obtained froID the 'tests done 
with ethy1ene glycol after the modification, as 
described in Section 6.2. (a) Freq. = 100 Hz, 
Ac = 2.09 g; (h) Freq. = 250 Hz, Ac = 2.56 g. 
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Sec~ion 6.7. 1 (a) Freq. = 100 H~, Ac = 2.05 g~ 
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(br Freq. = 250 Hz, Ac = 2.50 g. / 
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modified. 
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Average discrepancy: fo~ (a) 28.94%; for (hl 66.89%. 
The tests were done with ethylene giycol after the 
modification. 
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Picture 1: Overall Vlew 

of the experimental setup. 

The water tank sits on the wooden base of the 

'" steel frame wlth leveling screws at the four corners. 
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Picture 3: The shaker 

with support (left) , the 

exciter control (top right) 1 

and the power ampllfler 

(bottom rlght) . 

. /., 
L~ "" The pressure transducer bearing cylinder. ~ 

. 
1 
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P icture 5: Support s for 

the statlonary cy1inders 

where the rectangular 

pieces stand ve~iCallY 

on the I-shBped supports. 

(on the left-hand slde 

shown was the osclllatlng 

cyllnder) . 

Supports for the stationary cylinders where the 

rectangu,lar pieces lie horizontal1y on the I-shaped 

supports. 

J 
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Picture 7: Oscillating cylinder with the tube components. 

(Note that the fins on two sides of the blue tube 
were added ta increase the stiffness of the tube. 
This was -done in the later experiment). 

':';~~j;~ 

~ ~<;,' ,!,~ "</ 

Picture 8: The components joining the oscillating cylinder and 

the tube (left) used for experiments with a single 
~ 

cylinder. The triangular pieces for alignment 
" 

purposes (right). 
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Picture 10: The boundary 

----'" -.-~-~.--,. - ~'- ~ ... .......... ~ ~ .~ ...... . " 

channel with Plexiglas 

supports. 
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picture 11: A view 

~22 

of 

the cluster of cylinders, 

arranged i.n the center of 

the boundary channel, at 

the pressure measuring 

side. 

Picture 12: A view of 

the cluster of cylinders 

consid~red from the 

, other side of the tank. 
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APPENDICES .FP 

-( 

, 

The ~ppendices in this thesis include three part~: 
/ 

(Al Listings of the computer prO<Jrams: 

A.1 "COUPRESS" 

A.2 "SSCHEN" 

." . A.3 ' "MAZUR" "t- ", 
" . ..., . 

~ 

A.4 nEXPAMC" 

(B) Algorithm for the computer proqram "COUPRESS". 

(\ 

(C) Typical outputs of the computè~ program~: 
\ ,1 

C.l "COUPRESS" with pressure rd"istribution 
1 

\ 
C.2 "COUPRESS" using Ro ~= 9. 2) in. 

C.3 "COUPRESS" uSing Ro = 10,000 in. 

C.4 nEXPAMC- for the case of three cylinders with "'0 
configuration of Fig. 4.6c using water. ~ 

"COUPRESS": A computer program fpr calculatingothe 

added mass coefficient matrix for-a cluster of cy~inders 
, 

vibrating in fluid based on S. Suss' theory. This program 

a1so gives us the pressure distribution Qn 'th~ surface of 

any cylinder in the system. A listing of the subroutines used 

-in this program; exeept Subroutine Press, cart be found in 

S. Suss (1977a). 
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• 
"SSCHEN": A computer program for calculating the 

unknown H in'S:S. Chen's "viscous" mathematical model for an 
'. 

infinitely long cylinder o~~illating ~n viscious fluid confined 
, ' . ~ 

by a cylindrical annulus, of which ~,real part (Re(H) is 

the added mass coefficient. ~ 
"MAZUR": A computer program for calculq~ing the ,added 

~"''''''
c' rnass cgefficients according to Mazur's theory, especially 

written for the case ,of the cylinders having the sarne radius 

as weIl as the same magnitude of ,acceleration. , 
, -

"EXPAMC": A computer p~o9i:am for obtaining the added 
, 

mass coefficients from the exper1mental data, also based on 

s. Suss' theory. 
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0004 
OOO~ C 
0006 C 
0001 C 
OOOS C 
0009 C 
0010 C 
0011 C 
0012 ç 
0013 C 
0014 C 
001~ C 
0016 C 
0017 
0018 
0019 

,0020 
0021 
0022 
0023 
0024 
002!5 
0026 
0027 
002S 
0029 
0030 C 
0031 
0032 
0033 
0034 
003~ 

0036 C 
0037 
0038 
0039 
00.40 
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"\ 

APPENDIX A.l 

PROGRAM "COuPRESS" 

o 

IHPLICIT REAL*S(A-H,O-Z> . 
t************************************************************_********** * K IS THE NUMBER OF CYLINDERS & ~ 
* MNaNUH9ER OF CYLINDER AT CENTER OF ARRAY * * RO-RADIUS OF ENCLOSING CYLINDER ~ * Cl(I>=CH(O,I), RA(I>"R(O,I>, RnI)=RADIUS OF CYLINDER 1 * \ * DIMENSION A(MH,MH,K),8(HH,MH,K),Wl(MM,MH),W2<HH,MM),W3(HH,HH),W4(HH,MM) 
* DIHgNSION S(~MM+l),CO(~HH+l),F(2HM),R1(~HH+2),R2(2HH+2),R3(2HH+l) * * DIMENSION G(2MPK,~MPK),W5(~MPK,2K),W6(~MPK),VC(2K,~~) * * DIMENSION CH(K,K),R(K,K),RI<K),RA(K),~l(K) * 
* DIMENSION Al(HM),A2<MH),A3(~,:MP(K-l»,A4(2,2<K-1» * * DIME~SION VC(~K,25).AM(~*(K+l),2*(K+l» * 
************************************************************************ DIMENSION A(lS,lS,3),B(15,1~,3) 

DIMENSION WU 15, 15) ,W:!( 15,15> ,W3( 15, 1:5) ,W4( l~'rlS) 
DIMENStON G<6ô,6ô),W5(66,6~,W6(66) 
DIMENSION VCCôr6) 
DIMENSION AMCS,S) , 
DIMENSION CHC3,3),RC3,3),RI(3),RA(3),C1(3) 
DIMENSION Al(~S),A2(2S),A3C2,44),A4(2,4) 
DIMENSION S(SO),COCSO),FCSO),Rl<50),R2CSO),R3(SO) 
DIMENSION AA<3,3),BBC3.3) 
READ 99,K,I1N 
REAtl 99,MM,MP 
PRINT 109,K,I1H,I1N,HP 
READ 99,IDEA,IPUNCH 

READ CH(I,J) AND C1<I) IN DEGREES 
READ200, «CHCI,J),RCI,J),J-l,K),I-1,K) 
PRINT 110 
PRINT 102,C(CH<I,J),J-l,K),I-1,K) 
PRINT 111 
PRINT 102,C(R(I,J),J-1,K),I-l,K) 

READ R<I,J),RI(I),RA(I),RO IN THE SAHE UNITS OF LENBTH 
READ 201,(RICI),Cl(I),RA(I),I-1,K) 
PRINT 107 
PRINT 10e,(I,RICI),RA{I),C1(I),I-l,K) 
READ 202,RO, . 

," 

) 
" 

" 
~ ) 
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.A.;.I 

O· 

" . 

n 
1 

0041 C 
0042 C 
0043 C 
0044 
0045 
0046 C 
'0047 
0048 
0049 
0050 
0051 
0052 
0053 
0054 
0055 

'0056 
'0057 
0058 
0059 
OOôO 
0061 
0062 
..0063 
'0064 
0065 
0()6ô 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0076' 
0071 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
.o08S 
0086 
0087 
00e8 
0089 
0090 
0091 
0092 

\0093 

301 

2 

1 

477 

A.l.2 

J. 

1 
I. 

---:------~-' IF PRESSURE P~FILE 
READ (:5,*) 1PRESS l' 

FF·3.141S9~6535898DO/180.DO 
DEGREES TO RADIANS 

DO 301 1"1,1( 
Cl <I )IIC1< 1) .-FF 
DO 301 Jal.t( 
CH(I,J)=CH<I,J)*FF 
éALL FACT<HH,HP,F) 

il 
\ 

t \ 

,: :.'~TJ 
, " 

(., 

IF'RESS-

HI-UHP*t{' _ . 

226 

) 

CALL FIXUP(MM,K,A,9,Wl,W2,W3,W4,RO,MN,Rl,R2,RJ,RI,RA,Cl,S,CO,F> 
IF(IDEA.EG.O)GOTO 477 
DO 1 IDEA-l,K 
I<K-2*0<-1 ) 

• 

CALL FIXUP~(MM,HP,K,~K,Hl,A,~,Wl,W2,W3,W4,CH,R,RI,Rl,R2,R3,S,CO,F, 
*0,W5,W6,IDEA) • 

CALL VISCOU(MP,KH,K,IDEA,Hl,S,CO,R,CH,Rl,RI,Al,A2,A3,A4,W5,A,8) 
IX"1DEA+~ 
JX-O 
KK-2*K 
DO ::! J-I,Kt< 
1F(J.EG.IDEA.OR.J.EQ.1X>GOTO ~ 
Jx."JX+1 
VC<IDEA,J)--A4(1,JX) 
VC<IXIJ)·-A4(2,JX) 
CONTINUE 
VC(IDEA,IDEA)al.DO 
VC<IX.IX) .. l.DO 
VC (IDEA. IX ).(). DO 
VC(IX,IDEA)-O.DO 
CONTINUE 
PRINT 105,RO 

• 

PRINT 102,«VC(I,J),J-l,K),I-l,KK) 
Kl"'K+1 
PRINT 105,RO 
PRINT 102,«VC(I,J),J-I<I,KK),I-l,Kk) 
IDEA-O 
I<K-2*1< 

..... 
l 

CALL FIXUP2(HH,H~,K,KK,Hl.A,8,Wl,W2,W3,W4,CH,R,Rl,Rl,R2,R3,S,CO,F, 
*a, W~,W6, IDEA> 

IF(1PRESS.GT.l) OOTO 222 
DO 90 II-l,40 
THETA-CII-1>*9.0DO 
PRINT 114,THETA 
THETA-THETA*FF 
CALL PRESS(HP,HH,Hl,K,S,CO,R,CH,RlrW~,A,8,Rl;AA,8D,Al,A2.THET")' 
PRINT 11S 
PRINT 116,«AACI,J),J-l,K),I-l,f() 
PRINT 117 
PRINT 116,«B9(I,J),J-l,K),I-l,K) 

90 CQNTINUE 

• , , 
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1 A.~.3 227 
~ 1 .. 

, -
, ' . 

... 
00'''' 222 IX-! 
OMS 1\2-1\+2 

'"" 0096 DO 81 I-t,111,HP 
0097 IX-IX+! 

q 009.8 DO 82 J-1rKK 
0099 JX-J+1 

, . 0100 IF<J.GT.K)JX-J+2 
0101 IF(IX.EQ.K2>IX-IX+1 
0102 ,; AH(IX,JX)=2.DO*WS<I,J) 
010:3 82 W5(I,J)-2.0DO*W5(I,J) 
0104 J. (I-1+HP >/MP ,l' 

0105 AH(IX,IX)-1.0DO+AH(IX,IX) 
0106 W5(I,J).1.0DO+W~(I~J) 
0107 El1 CONTINUE 
0108 KI-I\+2 
0109 AH( 1,1 )--1.0DO 

'\ 0110 AtH 1, KI) -0 .ODO , . 0111 AH("!,l) -~ODO 
ou:l AH(Kl,Kl)·~1.0DO 

0113 DO 83 Jat ,II. 
OU4 JX-J+l 
OU5 JP-JX+t<+1 

, 0116 FF-(RI(J)/RO>**2 • 
0117 AH(1,JX)-FF " 

0118 AH(l,JP)-O.OOO .... ,'. 
.: , 0119 AH(Kl,JX)"O.ODO 

0120 AH(l<l ,JP) -~F 
0121 AH(JXPl ) .. 1.0DO 
0122 ,AH ( JP rl ) .. 0. ODQ 
0123 AH<JX,Kl)-O.ODO 
0124 AH(JP.t<l)-l.ODO 
0125 DO 84 ,1-1,1< 
0126 IX-Hl 
0121 IP-IX+K+1 
0128 FG-(RI(I>/RO)**2 t. ... 
0129 AH(I,JX)-AH(l,JX)-FO*AH(IX,JX) '" 
0130 AH(l,JP)-AH(l,JP)-FO*AH(IX,JP) 
0131 A!1(Kl,JX)-AH(Kl,JX>-FO*AH(IP,JX) 
0132 AH(Kl,JP)-AH(Kl,JP)-FO*AH(IP,JP) 
0133 AH(JX,I)-AH(JX,l)-AH(JX,IX) 

, '0134 AH(JP,l)-AH(JP,l)-AH(JP,IX) -;.-. 

0135 AH(JX,Kl)-AH(JX,Kl)-AH(JX,IP) 
0136 AH(JP,Kl)-AH(JPiKl)-AH(JP,IP) 
0137 84 CONTINUE 

" 
Il 
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. . -
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;-'J 
" -~"j 
· 1 

1 

.1 

· i 
'1 
"'1 
:~I 

j 
1 

'1 
1 , 

: 
:l' 

1 

1 

"j 

.", 
.' 
1 

\. 

o 

V 

'\ 

) 

( 

• 1 

0139 
0139 
0140 
0141 
0142 
0143 
0144 
.0145 
.0140 
.0147 
.0148 
')149 
.015.0 
0151 
.0152 
.0153 
.0154 
.o15S 
0156 
.oIS7 
.0158 
.01:59 
.0160 
0161 
.0162 

, 0163 
.0164 
.0165 
0166 
.0167 
.0168 
.0169 
.017.0 
.0171 
.0172 
.0173 
.0174 
.0175 
.0176 
.0171 
.0178 
.0179 

" . 

A.l.4 

o 

AH(1,1)-AH(1,11-AH(1,JX) 
AH(1,~1)·AM(1,K1)-AH(1,JP) 
AH(Kl,l).AH(Kl,l)-AH(Kl,JX) 
AH(Kl,~1)·AM(~1,Kl)-AH(K1,JP) 

83 CONTINUE 
K1·KK+~ 
PRINT 103,RO 
PRINT l.o6,«AH(t,J),J-l,Kl),I-l,Kl) 
PRINT 99, AM(A,2),AH(B~2),AMC4~6),AH~a,6) 
IX-O \ 
IF(IPUNCH.EQ • .o) GOTO 629 
DO 529 I s l,Ml,HP 
IX .. IX+1 

529 PUNCH 2.oO,(WS(I,J),VC<IX,J),J-l,KK) 
629 STOP 

o 

" .. ' 
, ~. ' 

98 FORMATCII'.o',2X,'EPSI~ON(3,1) • ',F12.S,I,3X,'XSI(3,1) 
*3X,'E(3,1) .. ',F12.5,/3X,'F(3,1) • ',F12.5l 

99 FORHAT(::!I3) 

• 

1.02 FORHATC'O',3F12.S) 
106 FORHATC'.o',8D12.S) 
1.03 FORHAT(//I,10X,'THE HATRIX OF ADDED HASS COEFFICIENTS WITH THE ENC 

*LOSING CYLINDER AT RO-',FlG.1,1/) 
1.04 FORHAT('l') • 
lOS FORHAT(//1,10X,'THE VISCOUS COUPLING HATRIX WITH ENOLOSINO CYLINDE 

*R AT RO~',FI0.1,//) 
107 FORHATC/II,'O',12X,'I',7X,'R(I)',10X,'R(.o~I)',9X,'CH(.o,1) IN DEB') 
109 FORHAT('O',lOX,I3,3F14.7) • 
109 FORHATC'l',5X,'Ka',I2,' HH-',I2,' CYLINDER AT CENTRE OF ARRAY',I 

.a2V" HP-' ,12 ri f) 
110 FbRHATC'O THE HATRIX DEFINING CH(I,J) IN"DEGREES') 
111 FORHAT(///,'O THE HATRIX DEFINING R(I,J)') 
114 FORHAT(I/I,aX,' ** THETA·',F~.1,' **') 
11~ FORHAT(/,lX,'HOTION IN Z DIRECTION OF CYLINDER (1) * (2) (3)') 
116 FORHAT(/lX,'PRESSURE ON CYLINDfR (1)',14X,3F12.5,/lX,'PRESSURE DN 

*CYLINDER (2)',14X,3F12.5/1X,'PRESSURE ON CYLINDER (J)'.14Xf3F12.~) 
117 FORHAT(/,lX,'HOTION IN y DIRECTION OF cYLrNDER (1) * (2) (3)') 
20.0 FORHAT<2Fl.0.5>.,.. 
201 FORHAT(3FI.o.S) 
202 FORMAT(F10.5) 

END 

. . ' 

. -
~ 
1 
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, 
0180 SUBROUTIN~ PRESSCHP,HH,Hl,K,S,C,R,CH,RI,W5,A,8f~1,AA.99,Al,A2,;H> 
0181 IMPLICIT REAL*S(A·H,O-Z) 1 • 

0182 DIMENSION R(K,l),CH(K'1),W5CH1,1),ACMH'HM,~8(M",I1H,K) 
0193 DIMENSION RI(1),R1Cl),S(!),CC1),AA(K,i>,at' ""Al(1),A2(1) 
q1S4 112'"'1111+1 ;i t, , 0185 • DO 20 1-1,K l"~ 

0186 DO 15 L=l,K 
0187 AA( hL> "0.000 t, 
0188 15 ItBCI,L>"O.ODO f;. 
0189 M <I , 1 ) :or DCOS ( TH) 

11 ~j 
0190 BB(I,I)-DSIN(TH) 
0191 DO 30 J-1rK 
0192 tF(J.EO.I) GOTO 30 l' 
0193 R4-R( l, J)/RI< J) f 
0194 CALL CONT<R4,H2,Rl) l, 
0195 'CALL GEN(CH(I,J),H2,S,C) 

, c 

0196 DO 40 11-1,1'11'1 ;, ,. 
i 

0197- /'10=11+1 
0198 Al(M)a(-1.0DO>**H*C(HG>*Rl(HG) 
0199 40 A2(H>-(-1.0DO)**H*S(HG)*Rl<HG) 
0200 DO :50 Mal,HP 
0201 R4"0.0DO 
0202 R5=O.ODO 
0203 DO 60 HH-l,HH 

'1 
0204 R4-R4+Al(HH)*A(HH,M,J)-A2(HH>*9!HH,H,J) 
O~05 .!to R5 z R5+Al(HH)*B(HH,H,J)+A2(HH)*A(HH,H,J) 

\ u 0206 HG-tHl 
" 0207 R4-R4+(-1.0DO>**H*C(MG)/Rl(HO) i 0208 RS-RS+<-1.0DO)**H*S(HG)/Rl(HG) 

\ 
0209 1 p= ( J-1) *tlP+tI 

• 0210 IPP-I1P*K+IP 
1 0211 DO 70 L-1rK 

1 
. 0212 LL"L+K 

0213 AA(I,L)~AA(I,L)+(R~*W~(IP,L)+R5*WS(IPP,L»*RI(J)/RI(I> 
0214 70 BB(I,L>-9B(I,L)+(R4*WS<IP,LL)+R5.WSCIPP,LL»*RI(J)/RI<I) 
0215 50 CONTINUE 
0216 30 CONTINUE 
0217 DO 90 L-1,K 
0218 LL'"L+K , 
0219 DO 80 H-lt HP 
0220 IP"( 1-1 >*I1P+11 
0221 '" IPP-HP*K+IP 
0222 l OH-M*TH 
0223 AA(I,L)-AA(I,L)+2.0DO*nCOS(GH).WS(IP,L)+2.0no*DSIN<OH}*WS(IPP~L) 
0224 90 BB( l ,UcBB( 1 ,L>+2 .ODO*nCOS(GH>*WS( IP,LLH2. ODO.nSIH(,GH)*W5( IPP,LU " 

:;. 
0225 AA<I,L>-AA(I,L)*RI(I) 
0226 9() BB(I,L)-BB(I,L>*RI(I) 

~> 0227 20 CONTINUE 
0228 RETURN 

0 
0229 END 

Q 
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PROGRAM "SSCHEN" 

. ****************************************************************'** 

* * * PROGRAM. F0R.{0LVING THE ~OEF'FICIEtF 'H', FROM S.S.CHEN'S TJfEORY * 
:*****~*******~********************~****************************! 

COMPLEX A,B,C,D,W,X,Y,Z,H,ALFA,BETA,CONST,ARG. 
COHPLEX CONST1,CONST2 

DIMENSION FREG(lô) 
D~)A XMU/1.059E-5/,R/1~25/,RO/9.2/ 
CONST=CMPLX(1.O,I.0) 
READ (S,10)FREG 

10 FORMAT(oFI0.4) 
GAMA=R/RO 
DO 20 1=1,16 
WRITE(6,15)FREG(I) 

15 FORMAT(//3X,'FREG= ',FI0.2) 
OHEGA=2.0*3.1415927*FREG(I) . 
TR=(RO-R>*SGRT(OMEGA/(2.0*XHU*144.0»*3.1415927/180.0 
ALFA=CONST*SQRTCOMEGA/(XMU*144.0*2.0»)*R 
BETA=CONST*SGRT(OMEGA/(XMU*144.0*2.0»*RO 
E=SINH(TR>*COS(TR) 
F=COSH(TR>*SIN(TR) 
T=COSH<TR>*COS(TR) 
U=SINH(TR)*SIN(~R) 
CONST1=CMPLX(E,F) 
CONST2=CMPLX(T,U) 
A:iir'( ALFAl!OfC2* (1. 0+GAHA**2) -S*GAHA) *CONSTl 
B=4.0~ALFA*(2+0-GAMA+GAMA**2)*CONST2, 
C=2 O*GAMA**~*CSGRT(ALFA*BETA) 
D-2.0*CSGRT(ALFA/BETA)*ALFA 
W=AL A**2*<1.0-GAHA**2>*CONSTl 
X=2. *ALFA*GAMA*<1.0+GAMA>*CONST2 
Y=2.0 GAHA**2*CSQRT(ALFA*BETA) 
Z=2.0* LFA*CSORT(ALFA/BETA) 
H=(A+B C-D)/(W-X+~+Z) 
WRITE(ô 14)H 

14 FORMAT( X,'RE(H)= "f1~.6/3X"~H(H)= 
20 CONTINUE \ 

$DATA 
30.0 
100.0 
170.0 
Il. 

STOP 
END 

'40.0 
110.0 
180.0 

50.0 
130.0 
190.0 

7().O 
140.0 
200.0 

so.o 
150.0 

90.0, 
1~0.0 

./ 

, ' 

" 
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\ A.2.2 ~, 
" 

op, 

.', 0 ," , ./ . 
, " ,J '" 

~ï 
.... .. 'f:::' 

? ~-" . ". 
, .. 1, 

" • i" 
.f 

'f 

" 
, • ... ~f 

:.';\ Re!ul,t.: 
:1l' 
~ • • 
i" 

,. 
" 
~fl 

~ f'RSQ. 30.00 .. 
*~ RE(H). , -1.044312 tH(H>- 0.006698 
'91 

t; 

" FREO. 40.00 
~ ... ",~ RE<Hr- -1.043414 IHeH>* 0.005800 'i 

~ 
FREO- so.oo '. 

RE<H)· -1.042802 IHeH)· 0.005188 

;~ ~ 
, -
~I .. -

FREO- 70.00 tr' 
RE(H)· -1.041999 IHeH)- 0.004395 '. ,1 ' 

'f' ~':L 
1 

r'" 
F'REa- BO.OO "-\ r~' RECH)· -1.041716 IHŒ)· 0.004102 

.~ 
. , 

" 

FREa- 90.00 
~. 

~E(H). -1.041480 IHeH>- 0.003867 ft 
\ .. 
j, 

FREa· 100.00 
i RE<H)· -1.041292 IHeH)- 0.003668 

~ 
\-

F~EO- 110.00 
" RE<M)- -1.041112 IHeH)- 0.003498 " 

FREQ- 130.00 
REUil· -1.040832 IH(H)- 0.003217 

FREQe 140.00 
RECH)· I~ ';1.040714 IH(H)- 0.003100 

FREO-
, 

150.00 

.2 
RECH)· -1.040610 IH(H). 0.002995 

FREO- 160.00 
,J- RECH)· -1.040514 IH(H)· 0.002900 

FREQ- 170.00 
RECH)· -1.040427 IHCH). 0.002814 

.. 
FREa.- 180.00 
RECH)- -1.040349 IHeH)· 0.002734 

i'f. 

. -
et FREO· 190.00 

,. 

RECH)- -1.040276 Il'UH)· 0.002661 ;/. 
FRE~ 200.00 
RECH)- -1.0<40209 1"(14)· 0.002594 

~ -;! ~ . 
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g: dsp .. ~ro!ra.Pl 
for sol\Jin~ 

Mazur's A.M.C." 
1: ff11t 1, "CYlind 
i e r ce n t € r $ ,. ~ / , 

"-lIdistll.!1c.e :''', 
f6.3./, "K="~ 
f 2 • 0 

2: fl"lt 2~ "Epslnl 
1 = .. "t 8. 5 ~ 1 ~ .. Eps 
In12=",f8.S,/, / 

3: 1.25~rl 
4: ent ra 
:5: (r0t2-2*rl1'2) 
1(2* 'lt2J ior2, 

6: rel 2*r1)+r5 
7: In(r + r'2t2-
1)J~r3 

a: 2*ln(r5+r(r51 
2-1J)+r4 

9: a~c+o 
~la: f(+l~K 

11: (exp (K*r3J
exp (-K*r3J JI 
2+ r6 

121 Cexl'dK*r3)+ 
exp[-K*r3))1 
(exp (K*r3J -~XP ( 
-K*r3)J~r7 

1.3 : K * e- :": p ( - K * 
(r3+r4J) /r6+C-iPC 

14: K.\lot·7*':~<f'(-2~ 
K~r3)+D-:.O 

1 5 : 1 + ( r ° 't' 4 - 4 f 
, r I3-t2*r1'f'2L'(rüt. 

2*r.1-t2) *C"A 
16: tl+(rOt4-4* 

r0-t2*rl't2) /rl t4 
1'0) *rU'2:"-rIH2-iPE: 

1 ;' : i f r~~= 1 ; A ~ :\: ; 
8+"(; 'H.;) 1 ~j . 

1 :3 : i f A -:C 10 t' ( -
6);A+~O-;1;.Q, 10 

l',: if B ... · ... >10t(-
6.1; 9"''1'; '~t, .:. 11) 

20: ",.Jrt 16.1,r0, 
K ~ 

__ ~ ____________________ ~-=.IlAl~-
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PROGRAM "MAZUR" • 0 

ro: Cylinder canters distance .. 

rI: Radius of' the oscillating l-

cylinder. 
~ 

. ' 
r 3 : h [) ----r 4 : lh' 

, 1 

r 6 ! sinh (kh) 

. -
ri: coth (kh) 

X: Erl 
~' ... 

Y: E 12 

K: No. of terms taken for solvinq 
the equation. 

, . 

Note: This program,is only good for 
the case where the cylinders 
have sarne radius and sarne 
acceleration 

Results: 

CYlindEr .:.e'ntp.rs 
distr.tnce = 4.5(n) 
K= 4 
Ep::lrlll=-1. ~31.410 
Ep.:.l n 12=-~3. 15St.:;: 

, 

C 'i lin de- r c· .: tH P. r E 
di:sto.nce = 5.I)CfO 
K= 4 
Ep:d n 11 =-1 • eG:3'~3 
EpslnI2=-e.12$64 

" 

Cylinder ':.er,t~r·': 
dis t .,. t'fi:· e- = .:: '. ::,;' 5 

Er.o~1t11.1=-1.12t:30 
Er.-.: ln 12=-0.41 ;-'42 

8 ,.. lin cl li' r .: ~ r', t,. € t·,.:. 
di::to,t"rce- ,= :~:.5üC~ 
K= 5 
Er.·.:lnl1=-1.0...t411 
Ef)': It"r12=-ü. 2~.2:~2 

.' 
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0004 C 
GOOS C· 
0006 C 
0007 C 
OOOS C 
0009 C 
0010 C 
0011 C 
0012 
0013 
0014 
0015 
0016 
0017 

'0018 
0019 
0020 
0021 
0022 
0023 
002-4 
002Z 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
003~ 
0034 
OOlZ 
0036 
OQ37 

(i'! 0038 

---\ \ .. 

,-' 

. ' 
, '>', ' 
, .' 
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PROGRAM "EnAMe" 

'2la ..... 

, . 
0, ,-

---

~*~**************************************~************************ 
* * * PROGRAH FOR CALCULATXNG THE ADDED MASS COEFFICIENTS FROM * 
lIE THE EXPERIMENTAL DATA * 
* * *************~**************************************************** DIMENSION PRESS(40) 
DIMENSION XPRESS(40),PHASE(40) 
DAtA PI/l.14159271,R/1.2:51 
CONST-PI*lO.0/190.0 
RHO-o2.l7/(12**l) 
DO 99 HN-1, 8 
READ(5,SO)AéCEL,FREO 

50 FORHAT(2FI0.4>. 
READ(5,*>(XPRESS(I),PHASE(I),I-1y40) 
DO 22 I-1,40 
PHI·PI*PHASE(I)/lBO.~ 
PRESS(I)-XPRESS(I>*1:414213562*COS(PHI)/2Z7.7 

22 CONTINUE 
WRITE(6,12) . 

12 FORHAH/1I1I18X, '@ DERIVATION OF THE VIRTUAL l'lAS S, COEFFlCIEHTS FR 
*OH EXPERIMENTAL DATA @'III) 
WRITE<6,ll)FREQ~ACCEL 

1J FORHATClI5X, 'F'REQUENCY • ',,9X,F10.2,lX,"HZ' rl5X, , ACCEL'. <Z I:!IRECTlO 
~N) • ',F10.4,1X,'G') 

WRITE (6,15) " 
15 FORHAT</SX,'PRESSURES HEASURED AT PEAK ACCELERATION',1/3SX,'ANGLE' 

*, SX, , PRESSURE' P15X, , PHASE DIFFERENCE' /) , ~ 
DO 16 1-1,40 
IANG-9*< 1-1) 
WRITE<6~17)IANG,PRESS<I),PH~SE(I) 

17 FORHAT(36X,I3,6X,F10.4,lX.'PSI',lJX,F~1) 
16 CONTlNUE • - , 

o • 

u 

.' . 

<, 

, " 

.. 

. . . 
... ,f " . 
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, (. . ' 
, ," , " 

,.' ,. 

':;\ J, 

" i . ' . 
j 

0039 C" 
0040 C *****************.*****************.*********'*******~* 
0041 C INT~GRATIOH U~lNO " SIMPSON'S'RULE " 

-0042 C *************************,**************.************** 
'0043 C 1 

0044" FZ.2.0*PRESS(1)*1~O 
0045 FY-2.0*PRESS(1)*O.O 
0046 DO 51 N-2,40 
0047 THETA-CONSH(N-1) 
0048 IF(N/2*2.EG.N) GO TO 23 
0049 COSINE-2.0.COSCTHETA) 
OO~O r SINE-2.0*SIN(TH(TA) 
0051 ,~ GO ro 24 
0052 23 COSINE~4.0JCOS(THETA) 
0053 SINEm4.0*SINCTHETA) 

" 00S4 24 FZ-FZfPRESS(N).COSINE 
0055 FY=FY+PRESSCN>*SINE 
0056 .~1 CONTINUE , ' . 
005~ FZ-CONST/3*R*FZ 
OO~S ,FY.CONST/3*R.FY 
0059· WRITE(6,lS)FZ,FY 
0060.' 18 FORHATU/5X,'FORCE IN 'z DIRECTION. '.Fl0 .. 6,lX, 'PSI' ,/5X,/f'ORCE IN 
0461 * Y,DIRECTION • ',Fl0.6,lX,'PSI'/) 
0062 EXPTCZ-FZI(RHO*PUR**2*ACCE!.> ' 
0063 ,EXPTCY·FY/(RHo*pr*R**2~CCEL) 
0064 WRITE(6,19)EXPTCZ,EXPTCY 

, / 

0065 19 FORHAT(/~X,/COEFFICIENT IN Z DIRECTION • ',FtO.6,7X,/,X,'COEFFICIE 
0066 *NT~IN Y DIRECTION - ',Fl0.6////) • 
0067 99 CONTINUE 
0968 STOP 
0069 END 

.;? . 

. . . . 

... I~ 

- ''':'' ~ 

" 

, :' , , 
r 

r, r . 
1. 
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UPENDIX B 
" . 

ALGORITBM USED IN THE "COQPRESS" PROGRAM 
"'\ 

, :a.1 THE ADDED MSS COEFFICIENTS 

This ~r~gram is a modified version of- Suss' "COUPLING" ,. 
, . 

comp'uter program (S. Suss' Master Thesis 1977a), where an 

extra part was added to predict the pressure distribution 
~ 

1a'around the surface of a particular eylinder in the system. . . 
The rnaip jOb of this progr~ is to so\ve equations (2.i6) 

to (2.27) for 0nj.t' anji , YnjR.' ânjR,' anjR," bnjR.' enjR.' dnjR,° 

'l'he entire system of tÎlese equat,ions may he written as :the 

single matrix equation 

Il 

• 

CC] [W] • [T] , (B.l) , 

wit;h 
, . . 

[r i~ l, [A ij1 , [0 lj 1, [t<:ij] 

_ [A ij] , [r ij] , i' ~ *ij ~ [Cl • - [ac J], - [n, ] , 
[A j ] 1 

[sj] [e j ] [D j ] 

[à j ] ,- [A j ] [Djl. -[C j ] 

, 

{Q}l{Q}2····{a}k{a}1{A}2····{a}k 

fB}1{B}2····{B}k{b}l{b}2·4.~{b}k 
,[W1 • , 

{Y}l {y}2···· {Y}k{c}l {e}2°'··· {o}k 

'" 
{ô}1{ô}2··:·{ô}k{~}1{d}2····{d}k 

Q 
o , 

"'" 

.,. 
.q 

' . c 



o 

0,--'. 

. ['1'] ':II 

B.2 

-. 
'{ôln\}I{ôlm}2····{ôlm}keo }l{ O·}2····{ 0 }k 

{O }l{ 0, }2····{ 0 }kUlm}1{~lm}2····{6lm}k 

{ 0 } l { 0 } 2 • ",,' • { 0 } k { 0 } l { 0 12 •••• { 0 } k 
" . 

{"O ll{ ° }2"P.{ 0 }k{ 0 }l{ 0 }i····.{ 0 }k 

c 

where [W] is a (4*MM*k) x (2*k) matrix of aIl thé 'unknowns, 

[T] ls a (~*MM*k) x (~*k) matrix of ~he right-hand side of 

equations t2.16) ~o (2.27), and CC] is a (4*MM*k) x (4*MM*k) 

matrix of the coeffiçients comœon to each column of [W]; 

ô~ is ~ronecker's deltà~ the sub-matrices in (C] will be 

defined later in Fhis appendix. 

The solution of this matrix eq~ation is straightforward. 

However, it is found that for obtaining an accuracy up to 

, three digits, the values (MM) of the indices, m,n in equations 
, . 

(2.16) to (2.27) may have to be as great as ten. For a 

modest system of three cylinders'owith the ~knowns being 

\8~MM*k, seven hundr~d and twenty unknowns have to be determined. 

Hence, a saving in computation to solve Bhis problem i5 

particularly desirable. Fortunately, the equations for the 

unknowns anj~ to Ônj~ and anj~ to dnj~ are n~t coupled. Thus, 

we can solJé them separately. Also J the coefficients of the 

anj ~ to ônjR, are inde,pendent of R. and are identical in 

corresponding equations to tpose of the anjt to dnjt • These 

will be proved later in the appendix. 

.' 

'~, 
,> 

- , 

.-
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An attempt to simplify the so»ution of ,quation .(B.l) 

was made by utilizin~ some of the properties of matr1x [Cl. 

Let us consider the rélation (A.L) ~or just one column of 

[w]. 

[Cl 

., 

o 

{ 0 } 

{ 0 } 

The elements of the lower 2*MM*k rows of [C1 are the 

coefficients of the (lI S, 8' S 1 yi S and' ô' s in equation (2.20') 

and equation (2.22). Coefficients in equations (2.24) and 
. 

(2.26) must a180 be inc~uded if there is a cylinder in the 

center of the array. 
1 

In terms of sub-matrices, equation (B.2) c~n ~e exprjassed, 

as: 

... 

where, 

~-----------
--'~ 

(B.3) 

[Ajj{A} + [oj],{v} [cj.]{R}~n _ {O} . (e.4) 
P jt 1 jt ~ u J~ .r;1 

n-m m-l R, R {-l) ~-mnl 

• / .... 1) rn-mIl OJ 0 " ( ).r. n-l 008 n-m "oj 
Rj 

"'" 

fo~ n .! m 

, 

• 0 for n < m (B.5) 

. , 

,. 0 

" 



" 
,J/f ... ~" .,. - ~ 

" 

, 
1 r ~' 

=- O. 

-ml Rm- n an+1 
11(1 oj· j 

m+1 
(n-l) 1 (m~n)-R 

- 0 • 

• 0 

, = 0 
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for n ~ m 

for n < m (B.6) 

for n ! m 
, .; 

for n >, m (B.7) 

sin (m-n) ljI oj for n ~ m 

for n > m (B.8) 

j • ~,2,3 •.• k; j ''f- q. 

If j .. q, we have from equations (2.24) ,and (2.26) that,\ 't. . , 
" . 

for n • m 

c 
• O' (B.9) 

otherwise, ~i' 
Bq .• 0 for all m, n, mn 

(B.10) 

\ 
cq .• _ ( ~ )n+l for n - m 

mn Ro 

• 0 (B.~l) 

. 1 
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, , : 

, . 
l, ~ _ 

"".1 f if 

,\ 

, (B.,12) for all m, ,n, . 

" 
'It can b, seen fran 'equations (A.3) and (A.4) that . 

~ 
{a}j R. and {B} j 1 May b~ expres sed ~ te.tt11s of the corrésponding 

{,y} j R. and {cS '} j 1 as 1 

, ' 

{B} j 1 - -[yj] {y} j 1. + [X
j

] {cS} j t' 
.. \~ 

where, , ( 

. 
Now attention is centeted on the upper part of mat~ix 

t 
'" le]. The elements of the upper 2*MM*~ rows of~] are the 

(B. Il) 

(B.14) 

• 
(B.16) 

coefficients of t~e ClnjR, -to I5nj1 in equations (2.16) ,and (2.18). 

Similarly, the se matrix equations may be written, 

,k k k 

<E rrijl {Cl}j1 + l: '[Aijl {!3}j1 + E rnij
] {Y}j;' 

j-l j-l' j-l· 

k 

+. " l: [K
ij

] {6} jR. • {d lm} U, " 

j-l 

.' . 
• (B •• 17) 

, " 

- rfr:: 
:~ " 
1 

, , , 

'. 

'" 

',' 



o 
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o 
1 

X d't, ft J" 

' .. ( , ' 
B.6 

.. 
. k k k 

- 1: "[Aij]{a}jt + E [r
ij

l{a}jl + l: [K~jilY}j1 
'. -j-l 

, 
(B.18) 

i • 1,2,3 ••• k, 

where k i8 the number of cylinders in the, system, and 

for i ,. j, n ~ m 

• 0 for n < m, i ,. j 
" 

• m for n :II m, i ~ j 

, . :II 0 for n #,m, i = j , (B.19) 

for i ,. j, n!m 

. \ 

• 

• 0 for n < m or i Il j 1 (S.20) 

.. ,~'. 
" ' , ! 

t { 
! ' 

, . 
1 

i 
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.J 
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;j 
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î 
'j 
1 
j 
J , 
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-1 

1 
'1 
; 
• 1 

'1 
-1 
1 
'j 

i 
: 
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• 

, 

" 
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o 

. .' 

.. 0 
• 

lIIl 0 

, ' 

J', '. '.' •• B.7 

, . 
( 

'1\ 

'for i .. j # ri • m 

for i .. j" ri JI m, 

for i ~ j, 

'" ..... 

/for i .. j , ê 

S1,n (n+m) 1P ij 

for i • j. 

.. 
" ' 

, . 
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.' . . ;:. 

CB.21) 

, 
(B.22) 

. 
,. l 

for i",t j 

(B.23) 

. 
" Replacing {a}jR. and, {~}.jR, in equations (B.17) and (B.1S) 

by {Y}jR, and t~}j1,'we obtain, 

(B.24) 

(B.25) 

where, 

k .. 

[G] - 2: ( [r ij ] (Xj ] [~ij] [yj] + [nij ] ) "(:8.26) 

j-l 
J 

/' . 
1 k 

( [r ij ] (Y~l 
.. 1 

tH] .- E + [Aij ] [Xj ] + [lI:ij ] ) (B.27) 
. j-l • . , 

J .. 
\~ 

~ ,~ 

'"' 



tj l 

.j 
~ 

J 
~l 

ij 1 

,1 
1 

,,1 
i 

f 
1 

,1 
,1 

" , 

, 

0' " 

, 1 

~ ~ > \.; , ~ .. ' , 

~. 

. B. 8 
,. 

, ' 

. "'k 

(Pl • k <-rrij ] [-y;j] ... [Aij] [X j ] 
e '" 'jal 

.. 
k 

[Q) • E ([r~~] [Xj ] _ [Aij] [yj] 

j-l 

Simtlarly, the relation between {C}jL and ,.. 
equations (B.26) to (B;30) ~ay be written as: 
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+ [Kfj ]) , (B.28) 

[Q*ij]) • (s. 29) 

(B,.31) 

.. , 
Combining equations (B.24) , (B.25) , (B.30) and (B.31) , 

we arx-ive at: 
• 

.... 
[G] [H] [Yl [c1 [ô

1m
] [ 0 J 

• (8.32 ) 

[Pl [0] [cS] [dl [ 0 ] [ô
lm

] • 

" , . ' '. 

With Y1iL' ô11L ' C1tt, an4 d1iL kn~wn from the above 

equation, the added mass coefficients can now be calculated, 

sinee: 

"-.. ..0,,, 

l' 
L 
1 

.' 
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;t 
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H t ~ • o 
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1 

,i 
'1 

~ 
',1 
" ï 

() 

-~---"-

" \' 

! ' 

, . 

'. .' 
" 

" , 

, , 

'#' ,', 

B.9 

6 il, + 2'Y lit 

26 1it 
2c1it 

l ' 

.-
-'" ." , 

,< 

(B.33) 

') 
~~ i1 + 2dlit 

, i,1 • 1,2,3 •... k . . 
\ ' 

where ôit is the K~onecker's delta. . ~vy 
Comparing ~B. 3t w~th (B~l), i.t can e~sily be,~fen that 

we now only have fO solve the upper half of (B.1Y/ instead o.f 
',- ~ 

solving the whole matrix equation in order to obtain the 

°added mass coefficients. 

For the oase of the boundary channel free to move, the 

added mass coeffic;ents for this channél are calcu1ated by 

using the fo11owinq equations. ~ 
\ 

&01 Ôjt - &jR. 

~ot 
Ï:(tT 

- ~jR. 
'II 

eot j=1 0 - ej.t'. 
(B.34) 

fot Ôjt - fjR. 
<> 

---

E EOI 1 00 
J 

too k ;01 0 

= E + 
eoo 

l' 8
0t 

0 1.-1 

(B.35) 

. foo fot -1 

, 
. 
0 

• P' 

. 1 

. , 

l ' 

1 

. \ 

, , 
". 

! ,~ 1 

." 
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'1 
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'1 

i 
,1 
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- , 

0 

'. 

/ 

. J o 

1,sr""f-'" 'U" • , CG 

" " \ 

B.IO • ''if 

.' 
.. 

" - '.,. 

&io eif. - d if. 

r k 
~io ~" ,~ it :E = . . (B. 36-> 

e io -.t-l eU, 
'·z- , 

fio fi.t Ô ii 

------- - - - -- --

\ ,1 
Details of the derivati~Ik6~ the se equations cab be 

, 

found in" Appendix A of Suss ,', (1977a). 

B~2 THE VISCOUS COUPLING COEFFICIENTS 

To calculate the viscous coupling coefficients, we also 

have to deter.min~ r's, ô's, c's, d's. The procedure ia similar ~ 

exèept th~t the system has only (K-l) cylinders, that means 

the system is considered as if the particular pth cylinder 
v' 

were missing. In order to express this fact, these unknowns 

. are superscripted with P as r P, ôP, cP and dP• 

lieferring to Suss 1 (l977a'), the viscout coupling 

coefficients May be writtén as follows: 

k 
p ,~ 

~ R. ,- f.,.J 

j=l 

CD 

l:l 
n=l 

" , 

1 

(8.37) 

, " 

) 

1 
! 

, ' 
, 
r 

1· 
1 

i 
! ~ 
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,1 
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,1 
1 , 
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8.11 " • 245 

o n 1 (~)n+l P p l 
+ (-l) n Rpj (Cnj1008(n+1)~pj + dnjtSin(n+1~~p~) ~ , 

1 • 

R.,P .,1,2,3 ... k, t i- P. 
lP 

(B.38) 

(B.39) 

(B.40) 

As in mat.rix lorm, the se equations become: 

k . 
,.P' ~[{,P}T{}P +- {P}T{D}P + {lIP}'1'j{'V}P'/I +' { P}T{~}P ) 
'.t :ra 4J A j Cl 'j 1 TI j ~ j.t t" " J ~ v j U j R. ' 

j-l 
(8.41) 

, . " 
" 

1 .' 

',

.' 
" , . 

.' ;-,; 
~''; !1:1 

1 ~~!{ 
'1" 

" 

1 

f' 
" 

l ' 

1-
~~, 

I~' 
" 

, " 
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~i 
~ 1 

ri 

'./ 
! 

J 
1 
1 
j 
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1 
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/' 

( 

0' 

---~~ .~-------:--------""""'ii, 

• 
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.,(8.42) 

./ k 

qi = ~[-{nP}~{~}~t + {ÀP}~{B}~1 + {vP}~{Y};1 + {~p}~{~}~~~, 
.l - j-1 

(B.44) 
. 

With, 

P '1' n 1 (R . )n-1 . 
(O. }.) -a (-1) - n, r. "OB <,n-1) lPpJ' , 

l n J 
(B .. 45) 

P T ( 'r1 
({n }j)n = (-1)~-ln Tt- sin(n-1)Wpj , , (B.46) 

,:, 

(R. r+l . : . , 
p '1'--

({Il }j)n = (-1) nn r 008 (11+1) W . , 
. Pl . Pl 

" "' 'V 

. 
(R )n+1 ' ( {vP }'!') 

. n i?:- . 'sin (n+l) lJt • • (-:1) n , 
j n PJ p.J 

• 
(B.48) 

: .... .. . 
n - 1,2,3 •••• MM. 

'If 

. ' 

• .!!;I 

''}.''. 

'. ~ . 
" 

" 



" 
" 

o 

\., 1 

, < ~ Î .. \ 

.r ,'C 

" 

" '. ,~ 

, , 

'. '" 

'. , 

-, 
". < 

- ,P ,'p.' - P' ," p. ,: 
~eplae1n~ {a} j1, and {B.} j.t by {y} j.t~ and {61 j.t' equa~ions 

l \ " l • t ' 

(B'.41) ~to (B.44) may be written a,a:. '. ---,/ 

{EP}T{Y}i t {F
Pl'l'{"6 li ' (B~49) 

1 '.' ,-

a~ -
{EP}T{c}~J+ {rP}T{d}P , 

1i [ R. 

(B.51) 

(B.52) 

- .. 
wheré: • • e,_ 

(B. 4) 

(B.56) 

, 
J;:xpresa1nq 'equations (B. 4~) to (B. 52) in matrix form, we arrivé 

, . 
at: 

:li,. 
.... ,'1 

-, ,-L' 

-



\' 

1 , ~ 

n 

j 

'.. . 

i, 

, : 

"with': {~p} T .. 

and:. {sp JT • 
• •• 

. ' 

'" . 
CS. 57) 

H~nce, the viscous.coup11nq coefficients ~, a, 9 and)s 

can be determined as soon as yP, ôP, cP and dP aFe known." 

, . 

B.3 CALCULATION OF'THE PRESSURE 
t 

• t The pressure distripution &round the surface 'of·any. 
, ~ 

cylinder' in'the sy~temois 'calcülated by makinq use of the values 

of anj! to dnjt Qb~ained from the solution of. e~atio~s (2.16) 

~o (2.27) to determine the veloc~ty potential of that pàrticular 

,'··'cylinder. , " 
The pressure May then be evaluated fram the relation: 

\) 

== - (B. 58) 

B.eferrinq . to Chaptér 2', the total pot~ntial writt~n in 

te~s of coordinates centered on ~ylinder i can be expressed as: 

where! 
" 

o 

", ."( 

-, 

, . 
. i . 
<II. + ~i 
J,~ 

) 

(a.59) 

.' 
., 

•• 



J , 

, 
,_! 

, 
), 

, c 

A 
V 

, . '" 

',~ 

" 

• 1 0 

, j B •. 15 

. CD 

+ Bnj sin [me'! + ~n-lIl) ~Ù-l !. + E ,E 
... n-l m-O 

, 
, , 

(-1) ~ (n"*:m-l}~ 1 r~ 
. n+m. 

(n-l) ! (rn-l) ImRij 
• 

tcnj co. [m9 ~- (n';"" ljI ij 1 - ~nj sin [me ~ - (I\~) ~ i j d · 
, 

b ' 

. Dn' 1 + n'J. sinn6 i 
.'" rr 

, . 
" \ 

• 
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'(S.60) . ' .. 

(B.61) 

and where the'summation with the asterisk indicates that it 

excludes i - j. 

In the above, A~jl Bnj' Cnj and Dnj 'are defirted ,a$: 

, ' 

'. . 
" 

... 

'", 

.. 
. .., 

(B-. 62) 

\ 

. ) . 

. ,. 



r' 

j 
l 
" l 

'----- . , 
.. 

'B.16 '. " 

'? "',10.' 

• (B.64) ... 

(B.65) 

where: 
auR, \ 
lrt: a acceleration of cylindèr R. in z direction, 

av " 
3tR. = acceleration of cylinder t inUy direction. 

Since we conside~ the pressure profile of the particular 

ocylinder due to the oscillation of cylinder R, ,in one direction 

at eaéh time, say the z dife~t~on, then the Anj' Bnjl C~j and 

Dnj become: ' 
; 

J 

k 
~ (" auR, ) 

Anj • r n-l Tt'" ' R ~. 

j-l j " . 
(B.66) 

k 

B~j • 
~ (auR, ) r .tj' 1'1-1 Tt 1 

j-l Rj 

(B.67) 

k 
n+1 (au! ) . C j :II r , 

. Il YnjR,Rj '1t' (D.68) 

j:6 1 
q 

k .. ~ 
• : n+l ( au! ) 

. Dnjo • r- ânjR,Rj' 'Tt . 

.. 
(B.69) 

j*l 

", ' 
',' 
" . . , 
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J 

In the program, subroutine FIXUP.2 only gives uS Y, 6, c 
" and d, however, Q and B can ~be replaced by y and 6 ëhrough the 

relation (Bol3} and (B.14)' 
-

Substituting equations (B066-69) into (B060) and "(S.61) , 
, , 

i " 
~ is determinedo Thenr'by taking 

~i, ~i can be ca1cuiate~; 
the requi~ed derivativë of 

, ' , 
Subroutine PRESS- in this "COOPRESS" ~rog~am carries out 

• 
all the above calculation. " It should be noted that the 

pressure distribution obtained from th1s subroutine is 

normalized by the product of the acceleration of moving 

cylinder t and the density of fluide 

. , .. . . 

. / 

/ 

,J' 
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;J , . 
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:. . . , 

• 
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. 

1 

. , 
S .. 18 

FLOwgm or :ru ALGOàITRM 0SlD IN "C~UPg§§" 

START . 

/ READ ,DATA 7 - " . \ . 
;-

, 
) , . -

" 

CALL FACT, & CALL FIXUP 
• 

{Aj} , [Aj] -l, [Bj] , Generate then obtain 
[Xj ] , ryj] and store into A, B respectively 

. 

r 
\ 

1 

l DEA :.: 0 . 
IF' 

\ " 
\ 

IDEA = 1 . 

D~ l IDEA :& l, k . 

. 
" ) . { .. 

CALL FIXUP2 

yP, l'jP 
1 

P c , dP are solved using'the ~ame 
procedure ,for y, ô, c, d (see fo11owinq page) 

but compute ~i wi~h cylinder P excluded ~ :1" 

. 

\ 
• . 

. . . 
• ~ , 



Ir, 

, l' 

" ' 

i 
,J', 

" ., 

,', 
r'" , 

1 . -
'~ ~ 

" ,'-
j~ 
~. 

o 

" 

t 

~ 

. 

r 

\ 

1 

-

, 

~ 

. 

S.l9 
. 2SJ " • 

. 
~ .. 

-
, 

CALL VISCOU t erate lEP) or • [FP]T, [oP]'!' , [~JT 
W h yP, ôP , P dP , find the vi~coûs c , 

couplinq coeff~cients " (J, g, S usinq 

equation (B.S7) 

, 

, 

CONTINUE , \. 

1 ft PUNT 1 The viscous coupling 
coefficient matrix (VC) 

. 

CALL FlXUP2 

tr ij ] , [Aij J , [ICij ] , 
.. 

Form Wl.J ] 1 
. . 

then get [G] , [H] , [Pl and [0] 

W;ith,the upper part of ['1'-] 

y, Ô, C, d can be solved from equation 
, (B.32) and store in W5 

\ 
, 

, 
. 

yes . '. 
Ip·RESS > 1 

. 

p 
. . 

. ~ 

no 
1 

1 
\ . 

l, ' 

. 

, . 
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'<~ 

...,..;;1 

;; 
'>'1 
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~1i 

<, 

"1 
1 

l 
~i 
i 

.i 

1 

() 

fi,f?\ 
V 

.. 

Use 
then 

.•. - ~ 

CALL PRESS 

Y, Ô, C, d to obtain ~i, 
-evaluate the pressure from 

P i = acpi 
-p Tt 

. 1 PRINT 

- The pressure distribution ~ound the surface- of the cylin~er 
Dcp 81 

-Calculâte the added mass coefficients 
. ,from the followinq equations 

e i1 = ô i1 + 2y li1 ' 

~i1 - 2ô1i1 
e i1 = 201iR. 

fit - ôi1 + 2d1it 
Then store in W5 

. )( 
Dcp 83 ~ r ' 

u~inq equation (B.34-36~ to ca1culate 
the added mais coefficients for the case of the 
boundary channel i,s ft;ee 70 mov~', ~hen /-tor " 

in AM (includes W5) , V' 
. 1 . ' ( li, 

1 _ 

1 

, f 

1 
'., 



) 
J 
j 

, , 

" 

... 

B.21 

PRINT 

The added mass coefficients 
matrix (AM) 

l ' 

: . 

'. 1 
1 
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ÀPPENDIX C. 1 

TYPlCAL OUTPUT OF PROGRAM "COUPRESS" 

~ 

~. 3 ~H.l~ ~YLINDER AT CENTRE OF ARRAY 0 HP-lI 

THE HATRIX 
0.0 

60.00000 
120.00000 

DEFIHING CH<I,J) IH DEGREES 
240.00000 300.00000 

0.0 360.00000 
180.00000 0.0 , 

THE I1ATRIX DEFINING R(I,J> 
0.0 ' 2.87~OO 
2.87~00 0.0 
2.87~00 2.87500 

1 R( 1) • 
1 .1 • 2~00000 
:il 1 • 2!S00000 
3 1.2~OOOOO 

2.a7~0 
2.87:500 
0.0 

R(o.n 
1 •• :598820 
1"lt~98B20 
1.6:598820 

A • 

CH<O,J) IN DEO" 
90.0000000 

210.00QOOOO 
330.6000000 

THE VISCOUS CQUPLING HATRIX WITH ENCLQSIHB CYLINDER éT RO-

1.00000 0.14322 0.14322 ", 

0.13394 1.00000 -0.16774 
0.1339" -o~ 16774 1.00000 
0.0 -0.18942 0.18942 

-0.16428 0.0 -0.,02060 
0.16428 0.02060 0.0 
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** THE TA" 0.0 ** " 
/tOTION IN 2 DIRECTION OF CYLINDER (1) (2) (3) 

• PRESSURE ON CYLINDF-R (1) -1.99188 -0.80581 -t\ .20377 
PRESSURE ON CYLINDER ( 2) 0.00194 -:!.4~283 :!.:!6799 
PRESSURE ON CYLINDER (3) -O.9:S~69 -O.89Q::!7 -1.52397 

/ton ON lN y DIRECTION OF CYLINDER (1) (2) (3 ) 

PRESSURE ON CYLINDER (1 ) 0.22993 -0.:57974 -1.5110ô 
l'>RESSURE PH CYLINDER cn 1. 7127~ -').09013 -0.099'26 
PRESSURE ON CYLINDER ( 3) 0.55973 ,0.032::?6 -0.:3565 

[Intermeàiate results for other values of THETA (increments 
of 9°) are not shown.] 

• 
• 

HOTIOH IN Z DIRECTION OF CYLINDER 

PRESSURE.ON CYLINDER (1) 
PRESSURE ON CYLINDER (2) 
PRESSURE ON CYLINDER (3) 

HOTION" IN y DIRECTION OF CYLINJ)ER 

PRESSURE ON CYLINDER (1) 
PRESSURE ON CYLINDER (2) 
PRESSURE ON CYLINDER (3) 

Cl) 

-2.00549 
0.00116 

-0.88422 
'. 

(1) 

0.49432 
1.5:;966 
0.58687 

• 
• 

(2) (3) 

-0.86692 -0.16477 
-2,3'5':';34 • 2. 1:58!5:! 
-0.90445.- -1. 48797 

~ 

(2) (3) 

-0.57311 -1.60835 
0.32325 0.::!8398 
0.10844 0.05945 

\ 1 

1 

1 
" 

,', 
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. , 

THE /1ATRIX OF ADDEl> l'lASa COEFFICIENTS WUH THE ENCLOSING CYL.INDER riT RO- 4.5 

-0.16451D+01 0.261300+00 0.19192D+00 0 • 19192D+00-O .160460 -14-0.293170-15-0. 400:55D-Ol o. 40vS:S!,-Q 
O. 3386!iDtOl-0 .163:510+01-0. 37567D+00-0. 375670+00 0.13142[1-13 0.491060-14 O. 433130+00·,). 43313D~0 
O.24e73D+OI-0.37:5610+00-0.156~aD+01 0.4S41ôD+OO-0.5191~D+OO 0.525070+00 O.40020D-Ol·O.459~2r-g 
0.248731)+01-0.37'670+00 O. 4:5416D+00-0.156:;8Llt01 0 .:519ÙDtOO-0 • 52507D+OO 0.4:5912D-Ol-(I. 400~D-O 

-O.13774D-H O. 72511D-15-0. 400:5:50-01 O. 400:5:5D-01-0 olô451I1+Ol O.16880IttOO O. :2381SD+OO 0. 23S 1 ar'tO 
0.14790D-13-0.469620-14 0.525070+00-0.52:507D+00 0.21876It+01-0.1S4270+01 0.177:55D+00 O.l77S5DtO 

-0.519120+00 0.43313D+00 0.400200-01 O.4S9720-01 0.306670+01 O.177SS0+00-0.161::!O[l+Ol·~.bS227D.Q 
0.51912D+00-0.43313D+00-0.45972D-01-0.40020D-Ol 0.30867D+01 O.1"55D+OO-O.6S227D+OO-~.l6120D+O 

-0.37'67 
-0.43313 

EPSILOH(3,1) • 
XSI<3,l> • 
EChU • 
F<3,1) .. 

-0.:52:507 
0.11755 
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(7 
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APPENDIX C.2 
, . 

TYPICAL OUTPUT OF ~ROGRAM "COUPRESS" 
; ; 

Ka ~ /1/1-1:5 CYl.. 1 NDER O\T CENTRE OF ARRAY 0 I1P-U 

THE ttATRIX DEFIHtNG CH(I,J) IN D~GREES 
1-0.0 0.0 

180.00000 O.!> 

THE HATRIX DEFINltfO R(l,J) 
O.() 3.50000 
J.~OOOO 0.0 

" 

r RU) R(O,I> CH(O. r) IN f.lEG 
1 1.2300000 1.7500000 180 .0000000 
:r, 1 • 250()()00 1.7500000 0.0 ~, 

- THE VISCOUS COUPLING MATRIX WlTH ENCI..OSttfG CYLINDE!\ AT RO-

1.00000 
-0.112:5~ 
0.0 
0.0 

-0.1123:5 
1.00000 
0'.0 
0.0 

~ 

THE VISCOUS COUPLIHB MATR%X WITH ENCLOSING CYLINDER AT RO-

0.0 
0.0 
1.00000 
0.141"63 

0.0' 
0.0 
0.14163 
1.00000 

259 

THE HATRIX OF ADDED HASS COEFFICIENTS WITH THE ENCLOSING CVLINDER AT RQ-

-0.106800+01 0.34007D-01 0.J4Ô07D-Ol 0.0 0.0 0.0 
0.18~210+01-0.10779D+01 0.23573D+00 Q.O 0.0 0.0 
0.184210+01 0.23:5730+00-0.1077,0+01 0.0 0.0 0.0 
0.0 0.0 0.0 " -0~10890D+Ol 0.444118D-01 0.444S8tt-Ol 
0.0 0.0 0.0 0.24099D+OI-0. 10979D+OI-0. 31205D+00 
0.0 0.0 0.0 0.24099D+Ol-0.31205D+00-0.l0979D+01 

0.23573 , EPSILOH(2,1) • 
XS.tC2,1) • 0.0 

0.0 
-0.31205' 

E(2.1) • 
1='<2.1) • 

, . 

;'( 
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'. APPENDIX C; 3 
, ,,,. 

, , 

PRO GRAM' ,"COUP. SS" 

\ 

K- H"-15 CYL~DER AT C~TRE OF ARRAY 0 

0.0 \. 0.0 
180.00000' --. __ .--9J.-0' 

THE HATRIX DEFINIHO R( ~'" 
0.0 - 3.~OOOO 1 
3.50000 0.0 

1 
1 
2 

RU) 
~ 1 .2:100'000 
1.2500000 

IN IIEG 

.... 4 , 

" 

THE VISCOUS COUPLING HATRIX WITH ENCLOSING CYLINDER AT RO- 10000'.0 

1.00000 
-0.127~:S 
0.0 
0.0 

-0012755 
1.00000 
0.0 
0.0 

, 

THE UISCOUS COUPLIHG HATRIX WITH ENCLOSING ~YLINDER AT RO-

0.0 
0.0 
1.00000 
0·.127~:S 

0.0 
0.0 
0.127~:S 
1.00000 

l 

10000.0 

. ' 

" '260 
• >, 

THE H~TRIX, OF ADOED H~SS COEFFICIENTS WITH T~E ENCLOSING CYLINDE~ AT RO- 10000.0 

~
10000D+Ol 0.27833D-07 O.2783JD-07 0.0 0.0 0.0 
1781jD+OI-0.10~~lD+Ol 0.26282D+00 0,0 0.0 0.0 

.17813D+Ol 0.26282D+OO-0.I0441D+01 0,0 0.0, 0.0 
0.0 - 0.0 0.0 -0.10000D+Ol 0.36046D-07 0.36046D-07 
0.0 ' ,# 0.0 0.0 0.23069D+Ol-0.10441D+Ol-0.26282D+00 
0.0 0.0 0.0 0.23069D+Ol-0. 26282D+00-0. 10441D+Ol 

0.26282 , EPSILOH(2,1) -
XSJ(2,1) - 0'.0 

0.0 
-0.26282 ~g:r. F;/ · 

, ,1 
;' 

r' 
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APPENOIX C.4 <, 

" 261.' \.. 

" 

. . 
'J 

fi DERIVAl'lOtl Of" THE VIRTUAL l'IASS COEFFICIENTS FROM t:XPERIHENTAL DATA ~ . ' 

FREQUENCY • 
ACCEL.'Z DIRECTION) a 

100.00 HZ 
2,08~e G 

PRESSURES MEASURED AT PE~ ACCELEFATION 

ANGLE F'F:ESSURE 

, ' 

'ORéE tN'% DIRECTÎON • 
FORCE IN Y DiRECTION • 

o 0.0763 PSI 
9 0.0933 PSI 

18 Q .1146 PSI 
27 001371 PSI 
36 001524 'PSI 
45 001612 PSI 
:54 001601 PSI 
63 0.1524 PSI 
72 0.1425 PSI 
81 . 001311 PSI 
90 0.1152 PSI 
?9 0.0971 PSI 

10e 0.0856 PSI 
117 ,0.0752 PSI 
'126 0.0669 PSI 
135 0.0592 PSI 
1<44 O. 0532 PSI 
lS3 0.00\99 PSI 
162 0.00\55 PSI 
171 0.0422 PSI 
180 0.0395 PSI 
1841 0.0367 PSI 
198 0.0'3:51 PSI 
201 ' 0.0334 PSI 
216 0.0317 PSI 
225 0.0306 PSI 
23;4 0.0295 PSI 
243 0.0279 PSI j 

252 0.0268 PSI 
261 0.0274 PSI 
270 0.0262 PSI 
219 0.0~80 PSI 
2BB 0.q27" PSI 
29' 0.0285 PSI 
300 0.0307 PSI 
31S 0.0329 PSI" 
324 0t0368 PSI 
333 0.0417 PSI 
342 qI.O"94 PSI 
~0:592PSI' 

-0.217996 
0.101399 

CDEFFICIENT IN Z DIRECTION. -0.5a989~ 
CDEFFICJEHT IN y DIRECTION. 0.27~38S 

'. 

'-). .-

PHASE OIFFERENCe: • 

-1.0 
-1. b 

·1,3 
-1.3 
-1..4 
-2.::; 
-Z.4 
-2,2 
-':!.7 
-2.2 
-1.9 
-j.7 
-1.7 
-1.:5 
-1.:5 
-1.8 
-:2.0 
-2.1 
-:!.~ 
-2.6 
-2.1 
-3.0 
-3.6 
-4.1 

, -S.o 
-!5:0 
~.6 
-!S.9 
-!S.6 
-:2.S 
-6.0 
-2.1 
-4.2 
-3,"9 

... ~~d' 
" . ,-1.0 

-2.2 
-1.0 
-'1.0' 
-1.0 
-ha 

... __ "Jl. 


