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VORTEX-EXCITED UNSTEADY FORCES

ON RESONANTLY VIBRATING, BLUFF STRUCTURES

INTRODUCT ION

When one of the characteristic frequencies of a bluff, or
unstreamlined, structure is near the frequency at which vortices Are
naturally shed, resonant self-excited vibrations often occur if the
structure is lightly damped. There is also a range of frequencies
near this so-called Strouhal frequency of shedding where forced
vibrations of a bluff body cause the vortex frequency to be captured
by, or to lock onto, the body frequency. This means that the body and

wake oscillations have the same frequency and that the Strouhal

frequency of vortex shedding from a stationary body is suppressed.

This locking-on, or wake capture as it is often called, causes
vortex-excited oscillations to occur over a range of flow speeds. The
steady and unsteady forces which act on a structure are amplified as

a result of these vibrations, and the changes in thesé forces are
closely coupled to changes in the flow field near the body.

The purpose of this report is to consider recent experimental
findings pertaining to the vortex-excited oscillations of bluff
cylinders, and to compare various approaches to measuring the fluid
forces. As one example, measurements of the structural damping and
crossflow response amplitudes were made for several systems over a

Note: Manuscript submitted June 30, 1978.




representative range of wind tunnel flow speeds. The fluid dynamic
damping, or reaction in-phase with the cylinder's velocity, also was
measured for different incident flow speeds over a range which included
the locking-on of the vortex shedding to the resonant cylinder vibra-
tions. A mathematical model is proposed in connection with these
measurements, and the components of the excitation or 1lift force on a
vibrating structure can be obtained from the model once the structural
damping and fluid reaction fofceq are known.

In another approach, the fluid forces were measured on a cylinder
which was forced to oscillate in water at different frequencies and
crossflow amplitudes over a range of incident flow speeds. Both the
steady and unsteady forces are altered significantly in the locking-on
regime, with large amplification of the 1ift and drag. These vortex-
induced forces are then incorporated into the mathematical model for
self-excited, resonant vibrations and the complementary nature of the
two measurement methods is discussed. The results obtained from the
present study are suitable in general for application not only to the
vortex-excited vibrations of rigid cylinders, but also to other

flexible bluff structures and cables in air and in water.

RELATED INVESTIGATIONS

A number of papers and reports which consider various aspects of
the problem of vortex-excited oscillations and their forced-body
analogues have recently appeared, as have the proceedings of a recent
symposium on flow~induced structural vibrations [1]. The topics

discussed at this symposium ranged from basic studies of vortex
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formation and generation, to large-scale field studies of the vibra-
tions of marine structures, and to architectural aerodynamics. For
instance, Griffin & Ramberg have examined on a relatively small
scale the effects of cylinder oscillations on wake similarity [2],
vortex circulation and steady drag in the wakes of circular cylinders
at normal and yawed incidence [3, 4, 5]. King, Prosser & Johns [6]
have reported the results of laboratory-scale experiments in which
they investigated both in-line and crossflow vibrations of flexible
cylindrical piles in steady water currents. King [7] has also compared
model experiments such as those just mentioned with full-scale
experiments on offshore structures [8], and has extended his investi-
gations to include the effects of incident flows at angles other than
normal to the axis of a flexible cylinder [9].

The complexities involved in a complete formulation c
equations of fluid motion past stationary and vibrating bluff bodies
still preclude a solution from first principles, and so alternative
and less complicated methods have been sought for engineering
applications. A formulation which couples an equation for the
structural motion with a nonlinear fluid oscillator for the fluctuating
1lift was first proposed by Bishop & Hassan (10] and formulated with a
van der Pol oscillator for the lift by Hartlen & Currie [11]. Bishopv
& Hassan were the first to observe that the process of locking-on
involves rapid phase shifting of the unsteady fluid forces relative to
the vibration displacement, and that this phase transformation is
accompanied by large amplifications of both the 1ift and drag forces.

Soon after, a modified form of this original concept which more

R St >




accurately predicted the resonant response of an elastically-mounted
cylinder was proposed and compared with experiments by Skop &
Griffin [12] and Griffin, Skop & Koopmann [13). 1Iwan & Blevins [14])
also have proposed an oscillavor formulation which is based upon the
integral momentum equation for a system composed of a bluff cylinder
in a uniform, steady flow. These so-called non-linear or '"wake-
oscillator'" models have been generalized by Skop & Griffin [15],
Blevins & Burton [16] and Iwan [17] to include the vortex-excited
oscillations of elastic structural elements. The formulations of
Skop & Griffin and Iwan were arrived at independently but are identical
and yield the same results for a variety of cylindrical structures
such as flexible cantilevers, taut cables and pivoted,rigid members
in air and water.

A wake-oscillator type of formulation recently was applied by
Blake [18] to the problem of predicting the vortex-excited response
of blunt-based hydrofoil struts. Good agreement was obtained for the
predicted and measured modal displacement amplitudes of a cantilever
strut under varying structural damping and flow conditions. This
successful extension of the nonlinear oscillator concept to the case
of the vortex-excited bending vibrations of hydrofoils gives further
evidence of the potential importance of such methods in engineering
practice.

Most recently the unsteady 1ift forces on vibrating cylinders
were measured by Griffin & Koopmann [19] in a wind tunnel, and by
Mercier [20] and Sarpkaya [21] in water tunnels. Further evidence

was given in these experiments of the highly nonlinear dependence




between the various fluid dynamic force components and the amplitude

and frequency of the vortex-excited and forced, resonant vibrations.

UNSTEADY FORCES ON RESONANTLY VIBRATING, BLUFF STRUCTURES
The equation of motion for a resonantly vibrating, cylindrical

structure, excited by vortex shedding, can be written in the form

w 2
y+2csy+y=.&(a‘}:) (CL-CR) (1)
2
d pD
where (o) = 4. - Herey = y/D, T=wt, u= and £, is the
i n 5 S
87°S™
structural damping ratio. The force coefficients are
F
L w
Lift: € » ~—%=— = ( sin(oT + @)ya = — , (2a)
{7 1 2 L w
= AVD n
2
?R G
Reaction: Cp = 7—5— = C g 8in (@T+0), o=,
2 pV'D n
(2b)

ag defined by Griffin and Koopmann [19], where ¢ and ¢, are the phase

1

angles between the 1ift and the displacement and the reaction and the

acceleration, respectively. The two forces represented by C.  and CR

L
are orthogonal, as will be shown later. An analogous formulation of
the equation of motion recently has been introduced by Blake, Maga &
Finkelstein {22], who investigated the vortex-excited oscillations of

propellors and hydrofoils.




I1f the displacement y is written as

w
y =Y sin or, 0 - (3)
n

then the equation of motion separates into

2 u’s ;
gin ot - @ Y+ Y -LL(;;-) [CL cos ¥ - CR cos wl] = 0
(4a)
and 2
[¢3]
8
. - U e — - C i ¢ =
cos aT: 2 Cs Y (wn) EL gin @ g §in .al] 0
(4b)

when the coefficients of sin @t and cos @71 are grouped appropriately.

The various force components are identified as follows

STRUCTURAL L FLUID
INERTIA STIFFNESS INERTIA ADDED MASS
2 0, \°
= ¥ Y s Y: u('(u_s) [CL cos @ =~ CR cos (Dl]
n
STRUCTURAL FLUID
DAMPING 2 EXCITATION DAMPING
w
8

+2C8Y = U (-uz) [CL sin @ - CR sin “’1]'

Using a different notation Sarpkaya [21] has expressed the
measured fluid force on a vibrating cylinder as the sum of orthogonal

components in the form

F
CTOTAL -3 3 = th gin at - th cos o T, (5)
= pVD
2
where th is an "inertia" force and th is a "drag'" force. These
6




force components are related to Sarpkaya's '"generalized Morison

"
coefficients Cdl and le by
o\ 2
8 Y -2
th = A Cdl (2 m D ) Vr (ha)
and
2 oy -2 ,
th = T le (2 D) Vr (6b)
where V_ is the "reduced velocity" V_ = e
) 5 1y D

In this case the equation of motion for the cylinder is written as

w 2
. ; s
= @l = > [ ar - G o
v+ 2 Cs v 4y ‘*(u) ) [th sin oT th cos JT] 7)

n

(The drag force C is negative when energy is transferred to the

dh
cylinder, as 18 the case for resonant, vortex-excited oscillations.)
If a steady~-state response is assumed, then

y=Y sin (¢ v - €),
where € is an undefined phase angle. This equation of motion then

separates into

gin o T: 02 Y cos € + 2 Cs Y sin € + Y cos €

UJ'
- u. w—n) th = 0 (88)

and

w
8
+u(;;—) th-O (8b)
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when the coefficients of sin ¢ v and cos @ T are again grouped appro-
priately. If the first equation is multiplied by sin € and the second

by cos €, then

2
w
8 4 5
ZQ/CSY-u (w ) [th 8in € -th cos ] 0 (9a)

n
when the two results are added. Next, equation (8a) is multiplied by

cos € and equation (8b) by sin €, to obtain

2

w
-0/2Y+Y-u(’u78') [th cos€+thsin(]=0 (9b)

n
when the two equations are subtracted. The terms in equations (9a)

and (9b) can be arranged and labeled in the same manner as before:

STRUCTURAL FLUID
INERTIA STIFFNESS 2 FORCE TERMS
w
2 s
& Y = —
oY + u(mn> [th sin € <+ th cos (]
STRUCTURAL FLUID
DAMPING 2 FORCE TERMS
w
8
o = s -
2 Cs u( o ) [ th cos € + th sin €

These equations have the same form as those formulated by Griffin &

Koopmann [19], and the two approaches are in fact identical when

C, sin @ = =C, cos ¢, EXCITATION (10a)
L dh
CL cos @ = cdh sin €, FLUID INERTIA (10b)
Cp 8in @ = -C sin €, FLUID REACTION (DAMPING) (10c)
C -

R cos wl th cos €, ADDED MASS (10d)

*See Appendix I for a further discussion of these equations.




These relations can be used to compare results from the two approaches.
From the above system of equations it follows that tan wl = tan €

and

1 2Ry 1
tan € tan wl <

tan @ = -

(11)

(Recall that € and ¢ are measured from y, whereas wl is measured
from y.) 1t also follows from these equations that
€2, e o

and that
2 2

CR X th sl lCRI . |th"
The phase relations between the various forces components are shown in
Figure 5(b) for a typical set of conditions.
A relation between the displacement Y and the total fluid force
can be obtained by squaring and adding equations (4a) and (4b) to yield
4
& - 85 2+(2aCB)2 Pl (:_:) [cL2+cR?

-2 CL CR (cos @ cos ®, + sin ¢ sin wl) 2

This equation simplifies to

4 :
w
[(1 -0l @ csa)z] t* - pt (;;-';) [CLZ + CRZ] (12)
n

since tan @ = - L . The phase angles ® and ¢ can be retrieved
tan wl 1
from the equations
2
w C. C
8 C L !
2CSY-u(—w) T[—C sin ¢ - 7 sinwl].
n T T




where

n/2, so that these equations reduce to

Also choose cpl -

2
" (_w_s> CT [- sin B cos ®, - cos B sin cpl'l

€

o
2 CSY

=

and 2
2 ws
(1 -a)Y-= u(;r-‘) CT [+ sin B sin ®, - cos B cos wll
C
where P = arc tan e Simplifying further, one obtains the equations
R
o 2
- W ('w—;) CT sin(col +B) =2 Q’CB Y, (13a)
ws E 2
- W ;; CT cos(cp1 +B)=(1-00)Y, (13b)
and
2al

R R e W. (13c¢)
KB »00)

tan (cp1 +B) =

This latter equation can be rearranged as

tan @, = W-tanB : (13d)

1+ W tan P
1f W = tan vy, then

tan ¢, = tan (y - B) (14a) .

10




and

g, =Y < Bl (14b)

The tangents of the various phase angles are

T

tancpl=l+wcL/CR = CR +WCL (15a)

1 G +W G

Con 9y C., -w Cr

tan ¢ = - (15b)

or, alternately, the angles ¢ and wl are

C +w C
@ = arc tan ( CR pog ™ CL )0 (16a)
L R
CL + W CR
q:l = arc tan -C—-+—w—-—c—- . (16b)
R L

according to the formulation of Griffin & Koopmann [1].
Similar expressions can be found from the formulation employed
by Sarpkaya [21]) and his students {see Raposo [23], Meyers [24] and

Fortik [25]}. The equations of motion reduce to

2
w C C
8 mh dh
ZGC‘Y-u (wn) C,r [C ain(-c cos(],

T T
and 9
(1 - 02) Y=y (_..’;) C [_;'l_h, cos € + dh sin (] 5
w T {C C
n T T
where

.
-
AL T




i S h
I1f sin P = —, and cos B' = _ﬂ_, then these equations become
CT CT
P
2
wa ;
p = — -
2 o Cs Y= (‘ﬂ,) Cop sin (€ - B ) (17a)
o 2
2 £ ;
(1l -a) Y =y w CT cos (€ - B) (17b)
which yield the result
’ 20l Y 2 ol
tan (€ -~ B) = S = £ =W (17¢)
(1 -a?) v (1 -~ o?)

This equation can be rearranged as

W+ tan B’
tan € = 1 = W Edn BI. (18)

1f W = tan Yy as before, then

€=vy+8B’',
where th
B' = arc tan <~——-) (19a)
Cc
mh
and zac
v = arc tan ; X (19b)
1 - o

In order for self-excited oscillations to take place, energy must
transferred to the cylinder and .its mounting system from the fluid.
The energy transfer §+ over a cycle of the oscillation is given by the

integral
T T

E-f Foody = / By dt (20)
0

The 1ift force is, in Sarpkaya's notation,

- 2 L
FL = -th (1/2p VDL ) cos o r ,
+ See Appendix 1 for a further discussion of the work done and energy .
dissipated by the various forces over a cycle of the cylinder motion.

12




and the cylinder vibration velocity is

§ = YDcos (¥ T - €),

4
so that the equation for the energy transfer is

w T

E = % P V2 D2 L J/' B (-th) cos @ T (Y @) cos (v T - €) dr
0
or ot
E
E = = (—th) Y / cos u cos (u - €) du,
2559
1pV D L 0
2

= (-th) Y cos € (21a)

A necessary condition for self-excited oscillations to take place is

= - >
E=m( th) Y cos € 0

or, equivalently, cos € > 0 since -th is positive. This leads to

the condition
(21b)

= >
th W th 0

for self-excited oscillations since

c s W th

m
cos € =
(oo W S il 8 € 3
mh ch dh mh

In the notation adopted by Griffin & Koopmann [19], the energy

transfer is
2 2 2 w T
E=1/2p V DL ,/ﬁ - CL sin (o T + ) (Ya) cos oT dT
0

> or
m
E-CLY[ sin (u + @) cosudu-ﬂcLYsinw. (22)

SRS s i >




Since Q is positive, a necessary condition for self-excited oscilla-

tions is sin ©® > 0. This leads to the condition
>
CR+wCL 0

since
CR +W CL

sin ¢ =

J(CRH:CL)Z + € -uCy?

This is analogous to the condition derived between th and th.

UNSTEADY FLUID FORCE MEASUREMENTS

Some interesting and useful comparisons can be made between the
fluid forces measured when a cylinder is forced to vibrate and the
fluid forces measured when the cylinder is resonantly excited by
vortex shedding. The forced cylinder measurements discussed here
were made by Sarpkaya [21] and Mercier [20], and the self-excited
cylinder measurements were made by Griffin & Koopmann [19] and others
[26, 27, 28]).

Typical examples of the measurements reported by Sarpkaya are
shown in Figures 1 and 2. The measured values for the inertia

coefficient C are shown in Figure 1 as a function of the reduced

mh
velocity Vr’ for a displacement amplitude of Y = 0.50. Of particular
note is the raﬁid change in th in the vicinity of Vr = 5, This
effect corresponds to the onset of locking-on between the vortex and
vibration frequencies when the characteristic frequency of the flow
approaches the vibration frequency. The drag or resistance force

C, 1s plotted in Figure 2 as a function of Vr at the same displace-

dh
ment amplitude, Y = 0.50. This component of the total fluid dynamic

14
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force becomes negative near Vr = 5. The terminology employed by
Sarpkaya is somewhat unwieldy and is an extension of his previous
work [29] with the so-called Morison equation [30] for purely periodic

flow past stationary cylinders. In effect, is the negative of the

Can
1lift coefficient aé it is usually characterized, so that the negative
value of th near Vr = 5 suggests a net transfer of energy to the
cylinder in that region. These forced-cylinder results can be
compared to the vortex-excited, transverse oscillations of structures
which typically occur in the range Vr = 4.5 to 8 when the damping of
a structure is sufficiently small [19, 26, 31].

The excitation component of the lift force CL gsin¢ = -th cos €
measured by Griffin & Koopmann [19] is plotted in Figure 3 for two
cases. For the first case, termed System I, the cylinder reached
a maximum displacement amplitude of Y = 0.47, while for the second
case the maximum displacement was Y = 0.27. The conditions for these
experiments are listed in Table 1. The 1ift force coefficients in
Figure 3 were deduced from structural and fluid dynamic damping or
reaction forces on freely-vibrating cylinders in a wind tunnel. A
typical example of the fluid dynamic damping ratio CF as a function
of the reduced velocity V; is shown in Figure 4. There is a marked
decrease in the damping in the region of the locking-on, and much
the same effect has been observed by Blake, Maga & Finkelstein [22]
during measurements of the vortex-excited bending vibrations of
blunt-based hydrofoil models.

A comparison now will be made between the force components of

Sarpkaya's forced vibration experiments and the vortex-excited forces.

15
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Consider as an example the measurements Cm = -0.5 and Cd = -0,2

h h
at Vr = 5.5 and Y = 0.25, reported by Sarpkaya [21], and assume W = 0.05
as a typical value [see reference 19]. For this case € = 204.7° and

th - W th = -0.5 - 0.05 (-0.2) = - .49,

so that self-excited oscillations do not take place (see equation 21b).
A phagse diagram of the various force components is shown as Case 1 in
Figure 5(a). As an additional example consider a set of conditions
such that th = 1.6 and th = -0.9 at Vr =5and Y = 0.5. Assuming

once again for convenience that W = 0,05, then € -26.5° and

th ~-W th = 1.6 - 0.05 (~0.9)

go that self-excited oscillations are possible for these conditions.

"

1.64,

This is shown as Case 2 in Figure 5(b).
The excitation component of the 1ift force is defined as

/
CL = CL gsin¢ = -C cos € (1Ga)

dh
and is important from the standpoint of energy transfer to the
vibrating structure. The measurements made by Sarpkaya can be compared
to the measurements of other investigators by means of the above

equation. The maximum value of the force coefficient -th in Figure 2

occurs at Vr = 5, and the same result is obtained at the displacement
amplitudes Y = 0,13, 0.25 and 0.75 [21]. The several values of

-th and th are listed in Table 2 together with the related values of

the force components -C, cos €. For all of these cases of forced

dh

vibration the condition for self-excitation

- >
th W th 0

is satisfied, thus assuring the possibility of the equivalent vortex-

16




excited oscillation. The results for -th cos € are plotted against
the peak displacement in Figure 6 together with a host of similar
findings from the results obtained by other investigators. The
conditions under which the experiments were performed are described
in Table 3.

Mercier [20] measured the force coefficients th and th on a
cylinder which was forced to vibrate in water. These measurements were
not nearly as extensive and precise as were those of Sarpkaya, but it
is possible to estimate the various force components given by equations
(10a to c) from Mercier's published data. The results are listed in
Table 2(b) and are plotted in Figures 6 and 7. The minimum value of
th was measured once again at Vr = 5.5-6, and for all of the cases
listed in Table 2(b) the condition

- >
th w th 0

was satisfied. The estimated force coefficients -th cos € from
Mercier's measurements are in reasonably good agreement with the other
results plotted in Figure 6. All of the 1ift force measurements in
the figure exhibit the nonlinear dependence upon amplitude that is
characteristic of vortex-excited oscillations. This nonlinear
""wake-oscillator" was first observed by Bishop & Hassan [10], and has
since been studied in considerable detail by others [11, 12, 14].

The measured vortex-excited displacements in Figure 6 are scaled

by the modal response factor

¥ |y,

which takes account of the normal modes ti(x) of a flexible structure

17




of immersed length L. As shown by Skop & Griffin [15] and Iwan (17],

/L w‘i‘ (=) &=
1. = % : (23)

i
f va (x) dx
0

For the special case of a circular cylinder }wi(x)l =1

s 1, and the
corresponding values for cantilevers and pivoted rods are listed in
reference 31.

Several important characteristics of the 1ift force behavior
during locking-on are clear from the results plotted in Figure 6.
First, there is a maximum of the excitation component of the lift force
at a peak-to-peak displacement between 0.6 and 1 diameters for all of
the cases shown in the figure. Second, the maximum of the 1lift
coefficient 1is approximately Ci = 0.5 to 0.6 for most cases, a notable
exception being Sarpkaya's result, Ci = 0.75. The excitation force
coefficient Ci decreases to zero at displacement amplitudes near Y = 1,
and this results in a limiting amplitude of vortex-excited oscillation
of one to one and one-half diameters. Sarpkaya's measurements give
convincing evidence of this limit, since in his water tunnel experi-
ments with forced cylinders the sign of the force coefficient th
changed from negative to positive as the vibration displacement was
increased from 0.75 diameters to 1.03 diameters. Mercier [20] also
observed a change in the sign of the force coefficient th as the
vibration displacement y was increased to 1.3 diameters from the values
listed in Table 2(b).

The formulations for the fluid dynamic forces due to vortex

shedding introduced by Blake, Maga & Finkelstein [22] and Griffin &

18
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Koopmann [19] are based on the hypothesis that both flow-induced 11ift
(excitation) and reaction (damping) forces act on a resonantly
vibrating, bluff structure. The fluid damping forces were measured
in air by Griffin & Koopmann, see Figure 4, and in water by Blake and
his colleagues, and the 1ift coefficient was obtained by equating the
11ft component CL sin ¢ to the sum of the structural damping and fluid
reaction forces as given by equation (10a).

It is possible to deduce the damping or reaction effect of the
fluid from Sarpkaya's total force coefficients by means of equation

(10c),

C -
R sin ol th 3in €,

as a further step in comparing the two approaches described in the
previous section., The results are listed in Table 2(a) and are
plotted in Figure 7, and they yield further evidence that the fluid
force decomposition described by equations (10a) through (10d) is an
appropriate one. A comparison between the force components ceduced
from Sarpkaya's forced-vibration measurements of th and th and
plotted in Figures 6 and 7 shows that the excitation and reaction
forces are very nearly equal. Though Mercier's force measurements
were not as extensive as those of Sarpkaya, it is possible to estimate
the reaction effect of the fluid from his faired curves of th and th.
The results are listed in Table 2(b) and plotted in Figure 7. The
same reaction or damping forces component as reported by Griffin &
Koopmann 18 plotted in Figure 7, and all of the measurements show the

same general pattern of behavior even though these latter experiments

were performed in a wind tunnel.

S TS
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It is important to remark upon the complementary nature of the
two approaches just described for measuring the vortex-excited forces
on bluff bodies. For instance, the Morison-~type force coefficients
th and th, as obtained from a Fourier decomposition of the total
force measured by driving the cylinder, do not give the necessary
detailed picture of the various force components which act due to
resonant, vortex-excited oscillations. On the other hand, it is an
exceedingly difficult experimental undertaking to measure the resultant
fluid dynamic force on a resonantly vibrating, self-excited bluff
cylinder. Only the fluid damping, structural damping and added mass
components of the total force system are conveniently measured in this
latter case. Thus, in applying the results from the two approaches
just discussed, it is necessary to recognize the limitations inherent
in each and to take advantage of their complementary nature in solving
problems associated with the vortex-excited vibrations of bluff
structures. 4
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APPENDIX I
It is useful to consider the work done and the energy dissipated
over a cycle of the cylinder's oscillation by the various forces in

equations (1) and (7). The work and energy dissipation are given

by the well-known equation

T i _
AE=Q=/ I-’d§=f irg-‘tl dt. (A1)
(o)

Employing the nomenclature introduced earlier, and evaluating this

integral for the structural and fluid dynamic forces in equation (1),

one obtains

w T 2
o 2 u)s
2 ¢, f 62) dT=M<,‘;‘)
n
o
w T w T
n n
[CL sin (¢ T+ @) y d7 -f CR sin (0/'r+tp1) y dr
(4] o

The structural inertia and stiffness terms are conservative and do
no net work over a cycle of the oscillation. The structural
velocity y is

y=a Y cos (o T),

so that equation (Al) reduces to

wT 2m
n @ 2
2 Cs ] (3':)2 dr = u (_5_8_) CL Y/ sin (u 4+ @) cos u du

o
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or

wnT - 2
ZCB/ (jv)zd'rsu.(f)’ﬂ(‘LYsin(o-ﬂCRYsinQol.
n

o
(A2)
When equation (7) is evaluated in the same manner, one obtains
wnT ’ ws 2
ZCB 69) d'r=u(‘-”—>
n
o
w T w T
n n
[ thsinaf'ryd'r -[ th cos @ Ty dT|. (A3)

From the assumed solution to equation (7),

y=0Y cos (¢ T - €)

so that equation (A3) reduces to

w T 2 2m
i 2 ws C Y
2 ts (y)" dt = u ('(D- 'mh sin u cos (u - €)du
()

n (o]

2
-th Y/ cos u cos (u - €) du‘

or

wnT & 2
2):. f (}")2 d‘r-u(-w—e) 'nthYsine

-mnmC, Y cos €} . (A4)




A straight-forward comparison of equation (A4) with equation (A2)
yields the results

CL sin ©® = - th cos € EXCITATION (10a)

C_ sin wl = - C sin € FLUID REACTION (DAMPING) (10c)

R mh
as previously had been obtained. The ''generalized Morison coefficient"
Coh from Sarpkaya's formulation [21], has a component C , 8in € which
acts to oppose the velocity y of the structure (since € is typically
negative for vortex-excited, resonant oscillations) and acts effectively
as a fluid reaction force as had been hypothesized by Griffin &

Koopmann [19]. Likewise, the Morison coefficient C_ , which is

dh
negative during vortex-excited oscillations, as shown in Figure 2,
is in effect a 1ift force which transfers energy to the vibrating
structure through the component -th cos €. This latter force is in
phase with the velocity term y. The results given by equations (A2)
and (A4) show that the excitation force on the cylinder is balanced
by a fluid reaction force and a structural damping force. The
reaction or damping effect of the fluid can be measured simply in
terms of an effective fluid damping factor CF as shown in Figure 4,
which is taken from the wind tunnel experiments with resonantly
vibrating circular cylinders reported by Griffin & Koopmann ([19].
Blake, Maga & Finkelstein [22] have made analogous measurements in a

water tunnel with model hydrofoils which were resonantly excited

by vortex shedding.

26




910°0

€€0°0

890°0

4

¢123omeaed asuodsay

*I93puT 14> yoea 03 xc:w apnit1due wnuwyxew
o-1
3yl o3 puodsaiiod 3aoqe umoys elep ¢(92¢]) uorlenba aa3s ¢ 4 =M
mu ©Z ++

*1 2douUa13jaa 33§ fondeAa ur A[IDBIIP painseawW Sem

1 wa3skg 103 mm *swa3sAs 2331y [[e I0J JuUBISUCD = mm Sutunsse £q vocwwuao+
- x 7° X a:
1€°0 ¢|o~ 'S ?.S 9°1 +~:
s i X c*
%1°0 m-g A4 q-o.— €€ +~H ~
10° X 9° X g° x
6.0°0 m-9 9°8 .N-S 8°9 m-n: 9 I
1\mu = Om | mu Aouw\wu_vmu
‘Surduep paonpay ‘OoTI3el SSBR ‘orjea Suydweq ¢3u31913320> Surduweq wa3sLg

*[61] NNVWAOON ® NIJATYO WOdd

+SYIANITAD JVINOWID ONIIVIEIA 4O SINJIOIALF0D IJIT FHL

1 318Vl




‘uoTlIow ApPEa3s ‘miojrun ul PINni3 ® ‘Aj3uajeaynba
‘10 pIny3 3uadsainb e uy FuTIBAQIA 13pUT[AD e 03 jeradoaddy S3IPUTPICOD Ul I3y PIJeN[BAI ST IUITITIFII0O ®YIIAUT IYL s

*(1 91qEl 33§) p3wnsse ST ¢0'0 = M

u o~ 1
‘ucyaippe uy ..Mnh.lellunwuwi.:uuuuuaup§»+muu+
3 0z
: 4 ©
11°0 ©3 92°0 %60 °3 8%°0 9$°0 ©3 8%°0 oo Tl 03 _g°82- 970~ 9°7 @3 0°1 SL°o o~
%€°0 ©3 09°0 €8°0 ©3 (9°0 €8°0 °3 1970 of TT 93 Ty 670~ T°TOIDX 050
€270 920 9770 AR & o €0~ v0 §Z°0
680°0 81°0 81°0 9°9C- 0~ %0 €170
— ) - -
..ﬁmzvu ‘er3iaug .é‘..miua.wc«gwo wwouzvu|.=3um:unm u\:vu uel dae=g ._vu be a/y = x
+83 uoylenby ‘sjuauodmo) 3diog pInyy ‘a18uy aseyq *3uardT13390) ununfv.ueuﬂu:uoeu ®7213u] ‘juamadeydsiq
1

G = A ‘£31d0T27 pIdnpaIy

“(12] VAVNANVS WONd
{SYIANITAD WVINDYIO NO SIOWOJ DIWVNAGONAAH
(®) z F19V1




ey TGP

*(10 31qel 335) ureSe aduc paunsse $T G0°0 = M

u o -1
‘uor3rppe ul .'9..5.rn:ouuﬁ.:.iuuuanr_xif.anw
™ s +
2oz
{€00°0 {%0°0 €10 S e1r°o- 91 0°1
€2°0 ©3 €%°0 8%°0 ©3 LE°0 %$°0 °3 1%°0 9 °SC~ 03 1°6% 65°0- €2°1 23 160 $0
[2 ] 1o €2°0 6°SY- e 0~ 1€°0 €0
up qm up e P s
uls g uis” )- 3803 V' D= Aqvﬁuou- 8 bo] b ] /i =X
o]
‘er3zau)y ‘Suydmeqg ‘uor3le3roxy ‘a18uw aswyy ‘3uaray33e0n 8Bwag ‘3u97573390) ®i3zaaul Jusmedwideiq

...Ao: uorjyenby ‘sjusuodwo)y asioz pyntg %
9-6°¢ = “A ‘A3yd013A padnpay

(0Z] w3ITOWIR WOud
$SYIANITAD WVINDWID NO SIDWOJ DIWNVNAGOMAAH GIIVWIISE

Q)2 TEvl




31aan) ¥ saureg ‘ualaey

edeydaes

I3TOI3

uuewdoo) R UIIITIO

SuIYIEM ¥ AI3)NOTA

Sumy

(s)ao03ed1353AU]

unuiuniy

Suiqnl wnuywniy

1223s ssajutreas

8uiqn)y wnuywniy

sseag

19938 ssajuyels
wnuymn|y
oA
OAd

1e¥a23euw JX3pul i)

v

X33eM

JajeM

arv

11V pue

I338M

I93eM

I2A37TIULD
21qIX31a

SUOTIB[ 1980 Pad303
‘39purido pISTY

SUOTIB][I9S0 Padioy
‘39puttdo pI8TY

2apurifo pr8ia
p23unom-3uradg

I3purifs pis1a
pP230A1d

IIA3[TIURD
21qIx21d

Iopuyiio 3o 2dKk}

9 TWNOIA NI VIVA FHLI 4O NOILJINOS3A
SSYIANITAD JANTd ONILVYEIA NO SINFIOIII30D LIIT FHL

€ J19vVlL

30







x
“[12] eAeddaeg woiy {0pG°0 = X 303 ~A 3IsureSe pajjord nvo

7 2an31g
Q0
o°y °
omon
g% o —so-
— = > u oo
A 0 é
$ 2 &
mT x_. Ton w,.w Lon S Satlhy o
RSP - o°ooo....o..’ou°ﬂo% . . — odo — o° w
" . s
. 8 W
. . ‘RO
w ooo » .ln.o
-0’1 *




C, = @ sin ¢ = -Cy,cos «
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Figure 3

CL sinp plotted against Vr for two cylinders (see Table 1)
resonantly excited by vortex shedding; from Griffin &

Koopmann [19].
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The fluid damping ratio CF plotted against Vs from
Griffin & Koopmann [19].
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* +cos ar

2 2 :
.\/{ +(-C =Ysin(@t-€) | _
mh ( dh) y # th

+sinar

Cmh ;\\ "’/// o
B .

NO SELF-EXCITED OSCILLATIONS

: £ . Cmh= -0.5

€ =4204.7° (W=0.05)
B = ARC TAN (Cg4p /Cpnp) = +201.8°

Figure 5(a)

Phase distribution of the flow-induced forces th

and th, and the displacement y; measured forces from

Sarpkaya [21].




A +cos ar

+sinar

Cmh

SELF-EXCITED OSCILLATIONS
POSSIBLE

Cmh=!1.6

CASE 2:Y=0.50, Vr =5 {th =-=0.9

€=-26.5°
B= ARC TAN (C4n/Cmp) = —29.4°

Figure 5(b)
Phase distribution of the flow-induced forces th

and th, and the displacement y; measured forces from

Sarpkaya [21].
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C‘L sing and th cos€ plotted against 2YMAx (scaled ;
as shown); for legend see Table 3. 3
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Figure 7
CR sintpl and -th sin€ plotted against ZYMAX; from
Griffin & Koopmann [19] - -; from Sarpkaya [21] ----;
from Mercier [20]) (all circular cylinders). :
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