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ABSTRACT

The objective of this report is to provide:

1. A method for predicting the response of a riser in a uniform
stream based on rigid cylinder experimental results.

2, An analysis of the experimental results obtained from a 3 m
flexible riser model subjected tc excitation from a uniform
stream which is constant with depth and of speed between
100 and 465 mm/s.

3. A comparison of the experimental results from the flexible
model with theoretical predictions of the response based on
rigid cylinder experimental results.
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1. PREDICTION OF THE RESPONSE OF A FLEXIBLE CYLINDER
IN A UNIFORM STREAM USING RIGID CYLINDER EXPERIMENTS

1.1 Introduction
In this study we develop a method for the theoretical prediction
of the static and 1ift responses of a flexible cylinder in a uniform

stream, This method is based on rigid cylinder experimental results

and assumes the following:

- There is no dynamic response parallel to the stream, and

- The dynamic response orthogonal to the stream is mono-
chromatic.

A quantification of the validity of these assumptions can be
found in Section 3 of this report where the results of our
theoretical method are compared with experimental data obtained
from a 3m flexible riser model,

Qur theoretical method of prediction is based on an explicit
relation between 1ift force and motion derived from experiments in-
volving rigid cylinders forced to oscillate sinusoidally orthogonally
to a uniform stream; see, for example, Mercier {1973) and Sarpkaya
(1977a). When the frequency of imposed oscillation, &, is within the
range of synchronism, the measured 1ift force is practically monochro-
matic with frequency o. The range of synchronism between the freguency

of vortex "shedding” and oscillation is shown in Figure A-1. Within
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this range, the measured 1ift force Fx(f) is, usually, related to the

cylinder motion, xsinﬁf, by the following equation:

Fx(t) = erLcmxazsinaf - (4/37) oDeLcdxzﬁzcos$€ (1)
where:
FX{E) denotes the measured overall 1ift force acting
on the rigid cylinder of length, L, and outer
(effective) diameter, D,.
o) is the fluid density
_ ne
Ae = pDe/4

The symbols ¢, and ¢ denote the experimentally determined added mass
and drag coefficients.

For smooth cylinders, C and ¢, depend upon the non-dimensicnal
amplitude, x/De; the reduced velocity, U*=Vc/fDe; Reynolds number,
Re=VCDe/v; the aspect ratio, A=L/D, and end geometry. Vc denotes the
stream speed, f=4/27 and v is the kinematic viscosity of the fluid.
In most rigid cylinder experiments the cylinder is fitted with
circular end plates which are known to enhance the spanwise correla-
tion of the hydrodynamic force, King {1977). Measured values for
cM=cm+1 and ¢y can be found in Figures A-2 and A-3, respectively as a
function of U* parametrically with respect to x/De, taken from
Mercier (1973). The Reynolds number in Mercier's experiments varied

between 4,000 and 32,000, while most experiments were performed at

Re=8,000. Mercier used cylinders fitted with end plates and aspect



14

ratios, A=7 and 14, and measured the overall hydrodynamic force but
did not provide estimates of its spanwise correlation. Information
about the spanwise correlation in similar experiments can be found
in Toebes (1969) and King (1977). By comparing Figures A-1 and A-3,
we see that within the range of synchronism the drag coefficient
becomes negative for small amplitudes, x/De, which implies that
transfer of energy from the stream to a flexible cylinder is possible.
Mercier (1973) also presented measured estimates of the overall average
drag coefficient, cD=Average Drag/0.5 ODerL’ as a function of SO=1/U*,
parametrically with respect to x/De, see Figure A-4.

Outside the range of synchronism, the measured 1ift force in
rigid cylinder experiments is no longer monochromatic, Moeller and
Leehey (1382). Measurement of 1ift force components at frequencies
other than the frequency of imposed oscillation cannot be used to
predict response of flexible cylinders because there is no rigid
cylinder motion at these other frequencies to relate 1ift force with
motion, Patrikalakis {1983). Equation (1), however, can still be used
to relate measured 1ift force at freguency, a, to motion, xsinwt.

The method described in this report can be extended to predict
the dynamic response of a flexible cyTinder'para1le1 to a uniform stream,
using, for example, the rigid cylinder results of Verley and Moe {1979).
In addition, the method can provide estimates of the dynamic respanse
of a flexible cylinder placed in a constant stream extending only over
part of the length of the cylinder, For this case, the rigid cylinder

results of Sarpkaya (1977b) need to be also empioyed. The details of
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our method to predict static and 1ift responses of a flexible
cylinder in a uniform stream are presented in the next Section.
The particular geometry of an exploration riser is used as an
example for the development of our method.
1.2 Static and Lift Responses
of a Riser in a Uniform Stream

As shown in Patrikalakis (1983), the use of linear struc-
tural restoring forces is an acceptable approximation for the
study of flexural oscillations of risers under the faollowing basic
assumptions: 1) low excited flexural modes, 2} small flexural
displacements compared to the length, and 3) the presence of a
slip joint. The outer geometry of the riser surface is assumed
to be uniform, of effective diameter De' This is a good approxima-
tion due to the presence of uniform buoyancy modules over most of
the length of the riser.

Under these assumptions, the governing partial differential

Fa -~

equation for the 1ift motion, u(i,t), is:

~ 5 ~ X:5 2 ~ X
- AAAA ~ = AN
Flu%%%7 [(We Z + Pe(0))usls + F (Z,t) = Mup-A (2)
where
Bl denotes the bending rigidity
We the average effective weight per unit length

Pe {0} the effective overpull at the lower end, Z=0

x(f,g) the hydrodynamic force per unit length orthogonal
to the stream

F
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M the average mass per unit length of the riser

A the structural damping force per unit Tength orthogonal
to the stream

the elevation above the lower end of the riser

[t 1]

)

the time, and

subscripts 7 and t denote partial derivatives.

As stated in the previous Section, we will assume that the
1ift response is monochromatic. This means that the solutions of

equation {2)

Z,8) = m[g(D)e'ety (3)

Im[.] denotes the imaginary part
(Z) is an unknown complex function of Z, and

is an unknown circular frequency of 1ift motion.

In all subsequent analysis omission of the superscript {*) from
g, £, U, 2 and & will denote nondimensional quantities. Displacements
are nondimensionalized with respect to De' E is nondimensionalized
with respect to the overall length of the riser, L. The time constant
used in the nondimensionalization of time and response frequency is:

1/2

T, = LL(M+A_P)/Pe(0)] (4)
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Using equations (1)} to (4), the governing equation describing
the sinusoid 1ift response of a riser in a uniform stream can be

brought to the following convenient nondimensional form:

wz(m+cm) 16 cdiw2 oo
-eg" "+ (HZH)g' ] + -y 97 77 TmeT) lglg +iw Z cnén(Z)gn (5)
37 n=1
where
1
9, =Of ¢ (2)g(Z}dZ (6)
2
e = EI/Pe(0)L (7)
1 = Wel/Pe(0) (8)
m o= M/cA, {9)
-172
¢, = CLL(MA 0)Pe(0)] (10)

¢ denotes the structural damping coefficient for the nth flexural
mode, n=1,2,3 ..., and

{ }' denctes the derivative with respect to Z.

The boundary conditions assumed are zero displacement and

curvature at both ends. This gives:
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The orthonormalized eigenfunction ¢n(2) in equations (5) and (6},
and the corresponding nondimensional eigenvalue I, defined with c_=1

are the solution of equations (12) to (14), Patrikalakis (1983):

2

-€d 1+ [(uzeN)e '] v o = 0 (12}
2,00) = £ (1) = 310(0) = 20 (1) =0 (13)

1 . = -
o’ *p(Z)fq(Z) dZ = qu (14)

here ¢ =1 if and & = 0, otherwise,
e P =4 pq "

From equations (4) and {5) we see that the dimensional "natural

~

r ncies" w =07 /T .
frequencies" w =3 /T

We recognize that equations (5) and (11) define a nonlinear
integrodifferential eigenvalue problem which can be brought to the

form of an infinite set of nonlinear simultaneous equations:

2 2 = . 2 o
2., M W pk T16iw - pk
(o"+iwe ~ ~=)g =— T g " ——— ¢ gq,C (15)
D p m+l’Fp  m+l k=1 k~m 3?2(m+1) k=1 k*d

where p = 1,2...,

c$k=0f1 en(2) 2,1 2, (2) az (16)
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cht=o ey (1) a(2) [0, (2)8, (2)dZ, and (17)

18

g(Z) =

RACRAL (18)

1

In our solution, the coefficients cm(Z) and cd(Z) are non-
linear functions of [g(Z)| and U*, where U* = 27V 7 /uD,. No
Reynolds number effects are included because no data is available.

Equation (15) is obtained by

. Substituting equation (18) into eguation (5),

. Simplifying the resulting equation with the aid
of equations (12) to (14),

. Multiplying the resulting simplified equation by
@k(Z) and integrating from 0 to 1.

It is convenient to rewrite equation {15) in the following farm:

2 . o]
1) EE i “p 1 m
)2y 4 iy R e - Dlg
U*g 93 T P 3 U*U*J U*2 p
LI pk 161 1 - pk
= I gC'-—— £ g ¢C (19)
yal k=1 KM 3.2 ey Tk
valid for p = 1,2..., where Gp is a Togarithmic decrement defined by:
= ; 20
Gp 71 cplop (20)
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and U*J = 2WVCTO/CJDE, where J is a positive index, such that 9y

is real,

Note that if g(Z) is expanded as shown in (18), then it is always
possible to arrange for one of the gn's to be real by an appropriate
shift of the time origin in equation {3).

If the spectral expansion (18) is truncated as:

g{Z} =

¢, (2)g, (21)
n

LI S -
Low ]

then equation {19) provides 2(N-Q+1) simultaneous equations for
2{N-Q+1) unknowns: U*, 9, (n=Q,0+1,...N), where g, s complex
except for n=J for which 9, is real, as explained before. The

solution pair (g{Z);U*) depends upon:

1) The structural characteristics of the riser:
m the mass to displaced fluid mass ratio

o the nondimensional "natural frequencies”, p=1,2...

the Togarithmic decrement for the pth flexural mode,
P p=1,2..., which is proportional to the ratig of

the structural damping force at the pth mode to the

corresponding inertia force.

&
w

2) The product Uso5> which is proportional to TO/(De/VC).

3) The hydrodynamic parameters controlling Cn and Cye

Monomodal solutions of (19) are investigated in this report. The
order {J) of the mode used in the present solution scheme is selacted

a priori:
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g(2) = g;%,(2) (22)
where g; > 0.

1f we let:

217)d2 (23)

[ 3]
n
-
—d
g}
—
4
—
W

[
1]
"'_‘\
—
o]
[=Y
——
P~
—
[
-
[t}
—
G
I~
Camn
na
=
—

then equation (19) provides the following two simultanegus non-

linear equations for U* and nonzero values of g;:

+]
U*zm = 3*2 (25)
J
9 Ed Khn éJ
‘U}* = - ':l-"g (m+‘) U*J (26)

It can be verified that the expression of Em given by

equation (23) satisfies the following equation:

rod7 0 dE {pAeﬁfA[E ¢ (H)13¢ = minimum

~

Thus, Cm corresponds to an overall mean square best fit of the local

added mass force distribution. Rewriting equation (25) as
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where

N 1/2
T = L[(M+C A 0)/Pe(0)] (28)

we see that the response frequency is equal to the sgquare root of
the restoring to the inertia force. This is valid in general for
the "1imit cycle" response of all mechanical systems when there is
no external excitation at a fixed characteristic frequency.
“"Mechanical system" in our case means the combination of the
flexible cylinder and flowing fluid and the inertia force, there-
fore, includes both structural inertial forces and added mass forces.
Equation (26) expresses the energy balance between the energy
generated and dissipated by the flow, see equation (24), and the
energy dissipated due to structural losses. Fquations (23) and {24)
and numerical values from Figures A-2 and A-3 indicate the insensi-
tivity of the response to local phenomena, particularly forces from
portions of the length where the response amplitude is very small,
€.g., near the nodes of motion.

Inspection of Figure A-3 and the fact that 6J>0, leads to the
conclusion that equation {(26) admits solutions for g, less than
approximately 1, and reduced velocities U* near 5. In order for {(22)

to be a reasonable approximation of the general solution, the above
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implies that U*; should also be close to 5. The above conclusions
are also substantiated from experiments involving flexible cylinders,
King (1977} and Vandiver (1983}.

The numerical solution of (25) and (26) with direct iteration,
i.e. by solving (25) for U* and (26) for 93 is not expected to
work because of the large derivatives of Crn and 4 in the area of
interest, see Dahlquist and Bjorck {1974). Good approximations of
the solution can be obtained as follows. HWe define an increasing
sequence of Tikely reduced velocities U*=U*i, i=1,2,...m for each
of which we sotve (25) and (26) separately for g;. The solutions

(11) (21)

can be isolated easily by bisection. If 93 and 9) are the

solutions of {25) and (26) respectively for a fixed U*., the

sequence d1=ggl1)-g521) can be examined to determine the index J

for which djdj+1gp. If dj or dj+1=0' the solution concludes. If

1 .1 and

. e K '1 4 oy 1=
not, the estimate U*=(1+7) U§+1+.(1+J) Ug, where V—!dj+1/dJ

a corresponding estimate for 9, at U* is found from one of the
equations. If the sequence U*i is ¢losely spaced, then the pro-
ceduyre suggested above isolates the solution with good approximation.
Once an estimate of the 1ift response is available, Figure A-4
provides estimates of the tocal average drag coefficients, cD(Z),
which can be employed to estimate the static response. In our
solution, the average drag coefficient is a nonlinear function of

lg(2)} and U*, As before, no Reynolds number effects are included
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because no data js avajlable. The nondimensional static displacement,
v(Z), is, therefore, the solution of the following boundary value

problem, Patrikalakis (1983):

—ev' U H[(WZA '] + FI(2) = 0 (29)
with boundary conditions
v{0) = v(1) =v''(0) =v''(1) =0 (30)

where FY(Z) is defined by:

F () = cp(2) x
where
A= I./De
¢« = 0.500 Ly2/Pe(0)
TTYeT g

Equations (29) and {30) can be solved in terms of Airy functions or
by finite differences. Our solution uses finite differences.
An interesting extension of our solution scheme is to investigate
multimode solutions of equations (19). This extension will not
affect our present predictions of maximum 1ift responses, which are

already good as the results of Section 3 indicate. However, the
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extended capability for multimode solutions should prove useful in
estimating the response when more than one mode is excited,

Before concluding this Section we should mention that it is
possible to estimate a relation between 1ift force and motion using
spring mounted rigid cylinder experiments in which the cylinder is
permitted to respond orthogonally to a uniform stream; see for
example, Dean et al. (1977). For the range of velocities for which
the response motion of the spring mounted cylinder is moncchromatic,
the estimates of the relation between 1ift force and motion derived
from rigid cylinder and spring mounted rigid cylinder experiments are
similar. Sarpkaya (1977a), for example, has calculated the ma ximum
response amplitude of a rigid, spring mounted cylinder permitted to
respond orthogonally to a uniform stream using his forced motion
data. He found that the calculated values underpredict the measured
maximum amplitudes by no more than 21%. This can be partially ex-
plained because Reynolds number, aspect ratios and end conditions were
not scaled exactly. The method of prediction of moticn of a spring
mounted rigid cylinder using forced motion rigid cylinder results,
described in Sarpkaya (1977a) - involving time integration - can be
simplified if the monochromatic character of 1ift motion is invoked

a priori. For completeness, this simplified approach is developed in

Appendix B of this report,
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2. A DESCRIPTION OF THE RISER MODEL

Our model is made up of an aluminum tube covered externally

with a sealing material. The overall model characteristics are:

- Length between ball joints {L) = 3.000 m

- Aluminum tube I.D. (D.} = 10.92 mm

1

- Alyminum tube 0.0. (DO)

12.61 mm

- External sealing (effective) diameter (De) = 15,3 mm

- Average mass per unit length (M) = 0.327 kg/m

- Average effective weight per unit Tength (We) = 1.378 N/m

_ Effective overpull at the lower ball joint (Pe(0)) = 1.72 N

- Bending stiffness of a cross section (E1} = 37.6 Nm2

The inside of the aluminum tube is filled with a glycerin
solution in water of density approximately equal to aG0 kg/m3. At
the ends of the model there are ball joints which minimize the end
bending moments. Above the upper ball joint there is a slip Jjoint,
which is designed to minimize tension variations due to flexural
motions. The riser model is also designed so it can be tensioned
to the desired tension. The first four "natural frequencies" of the
model in water are approximately equal to 1.57, 6.06, 13.54 and 24.02 Hz,
respectively, These have been determined thecretically using cm=]. The
First two "natural frequencies" have been also verified from a decay
test in quiescent water, where the jnitial amplitude of the response

was of the order of 1/10 of the effective diameter,
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The model is instrumented at ten equidistant locations, 1-10,
each with two strain gauge full bridges installed on the outer sur-
face of the aluminum tube, designed to isolate bending from tension
and to measure bending strains on two orthogonal directions A and B.
In the vertical static equilibrium condition, planes A and B are
paratlel and orthogonal to the centerline of the towing tank, respec-
tively. The actual location of each branch of the bending bridges is
at approximately 9.80 degrees from planes A and B. The numbering of
the bridges begins at the upper end, while their elevation is
measured from the axis of the Tower ball joint, The first and last
bending bridges are L/11 from the axes of the tap and bottom ball
joints, respectively, and the separation between bending bridges is
t/11. For example, bridge AG6 measures bending strains created by
deflections in plane A at elevation Z=5L/11 from the axis of the
lower ball joint. In addition, the model is instrumented at two
extra positions, T1 and T2, 101 mm from the axes of each ball joint,
with specially designed full bridges jsolating tension from bending.
Tension bridge T2 is at the lower end of the model. Finally, the
model is instrumented at an additional location, Q1, 1773 mm from the
upper ball joint, with a full torsion bridge. The mass per unit
length of a single wire is 0.198 grams/m, while the total mass of all
wires for all 23 full bridges is approximately 2.73% of the total model
mass. Their total volume is approximately equal to 5.32 cm3. The

four wires of each bridge are braided to avoid interference and are

sent internally to the Tower end of the model.
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The top end of the model is capablz of being oscillated by a
DC motor driven by a signal generator and controlled by a tachometer
measuring angular velocities and a Tinear variable differential
transducer, LVDT, measuring displacements., The retational motion
of the motor is converted to 1inear motion via a specially designed
rack anti-backlash pinion system. Curing the experiments, measure-
ments from a number of strain bridges and the LVDT were made
simultaneously and were recorded digitally. Using the torque bridge,
it was observed that the structural torsion was negligible, see
Chapter III of Patrikalakis (1983). It was estimated analytically,
and also confirmed by the tension bridge measurements, that the
tension variation during the experiments was small, approximately 5%
of the effective tension, Therefore, even for the lowest excited
mode, the ratio of the change of restoring force due to tension
variation to the overall restoring force is very small {0.3%). This
implies that the assumption of constant effective tension with time
is an acceptable approximation for theoretical estimates of the
response.

From calibration experiments in air, it was found that the
Togarithmic decrement representing the structural damping force is
a nonlinear function of the modal amplitude. For the first mode,
our estimate for the logarithmic decrement representing the structural
damping force in water, 8y, is given by 61=A+B3/(u$+63), where
A=(.0664, B=0.1989, (=0.3533, and ay is the amplitude of the first

mode in effective diameters. The corresponding estimate for the
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second mode, 62, is given by 62=D+E3/(ug+F3), where D=0.0404,
E=0.0431, F=0.1186 and A, js the amplitude of the second mode.

The range of o4 used to estimate 61 is between 0,17 and 1.28 De

and the range of a, used to estimate 62 is between 0,11 and 0.26 D,.
Our experiments in air also revealed that when the upper end of the
mode]l was oscillated in a certain plane, some flexural response
orthogonal to this plane existed. This happens because our mode]

was not rotationally uniform. When the response was primarily at

the first mode, it was estimated that the flexural response
orthogonal to the direction of excitation was not larger than approxi-
mately 12% of the response in the plane of applied oscillation, It
was felt that such an imperfection would not substantially affect the

experimental results in water.
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3. PRESENTATION OF EXPERIMENTAL AND THEQRETICAL RESULTS

The experiments presented in this report involve excitation of
our riser model from a uniform stream which is constant with depth
and of speed VC between 100 and 465 mm/s. The measured values of
VC studied are shown in Table 3,1 together with our estimates of
the variability of Vc during each of our experiments. In each
experiment, the current speed was achieved by accelerating the
towing carriage from rest to the desired value of Voo The water
temperature for all experiments analyzed in this report is 15°¢.,
Additional information for our experimental results can be found
in Table 3.2. During our experiments, simultaneous measurements
of bending strains in planes A and B at elevations Z=2L/11, 4L/17,
5L/11 and 8L/11 were recorded digitally. For experiments 110 and
111, digital signals from all bridges; and for experiment 98, the

digital signal from bridge B3 were accidentally destroyed,

The experimental and theoretical results reported here include
plots of

1. The root mean square measured dynamic bending strains
as a function of the response frequency and the
measured static bending strains.

2. The measured and theoretical predictions of the bending
strains parallel and orthogonal to the stream,

3. The measured maximum bending strains parallel and
orthogonal to the stream and independent of direction.

4. Indicative partial synchronous time traces of measured
bending strains from four bridges.



EXPERIMENT NOMINAL MAXIMUM MINIMUM

IDENTIFICATION CURRENT ~ MEASURED MEASURED

NUMBER SPEED CURRENT CURRENT

V (mm/s) SPEED SPEED

V o ax(mm/s) V in(mm/s)
96 100 102.3 99.8
98 105 105.9 104.4
100 110 111.1 109.6
102 115 117.3 115.7
104 120 121.1 119.2
106 125 1259 124.3
114 130 133.3 131.1
108 135 137.7 134.7
113 140 141.5 139.1
110 150 150.7 147.6
111 170 173.6 169.9
109 190 191.0 187.5
107 210 2148 211.7
105 220 224.0 219.4
103 230 2321 2277
101 240 243.0 239.4
99 250 2523 248.8
97 300 3024 2987
95 350 354.2 347.7
112 3s5 3878 381.8
115 410 412.6 407.5
116 430 432.2 428.9
117 465 465.9 462.0

Table 3-1 Fxperiment Identification and

Measured Current Speeds
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VARIABILITY

v

Vo
max” " min 100
v

[

2,50
1.43
1.36
1.39
1.58
1.28
1.69
2.22
1.71
2.07
218
1.84
1.48
2.00
1.91
1.50
1.40
1.23
1.86
1.56
1.24
0.77
0.84
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MEASURED
[EXPERIMENT ggﬁgﬁ MEASURE- Piiﬁj‘;RY sgf{:;}
IDENTI- SPEED Re= MENT RESPONSE U*=
fwmen | 0w | veer LGRS L TR | e
296 100 1340 34.10 1.377 4.747
98 105 1410 34.10 1.230 5.580
100 110 1480 34.10 1.318 5,455
1Q2 118 1540 34.10 1.318 5,703
104 120 1610 34,10 1.318 5.951
106 125 1680 34.10 1.348 6.061
114 130 1750 34.10 1.289 6,592
1os 135 1810 34,10 1.318 6.695
113 140 1880 34.10 1,318 6.943
116 150 2010 29* l.64* 5.99*
111 170 2280 29* 1.96* 5.67*
109 190 2530 34.10 2.080 5.9270
107 21¢ 2820 34.10 2.109 6.508
105 220 2950 34.10 2.139 5.722
lo3 230 3090 34.10 2,139 7.028
101 240 3220 34.10 2.139 7.334
99 250 3360 34.10 2.1e8 7.537
97 300 4030 34.10 NOT PERIODIC
95 350 4700 34.10 NOT PERIODIC
112 385 5170 34.10 NOT PERIODIC
115 410 3500 17.05 NOT PERIODIC
116 430 5770 17.05 NOT PERIODIC
117 465 6240 17.05 4,688 6.48%J

*oxperimental estimates were made based on the T-Figures.

Table 3-2

Description of Experiments and Information
for the Measured Lift Response
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The root mean square measured bending strains as a function
of the response frequency from all bridges in experiment 96 and
from bridges A9, A7 and A3 of experiment 102 were omitted because
they were very small, For experiments 110 and 111, the time traces
of measured bending strains were used to provide estimates of the
primary 1ift response freguency, and the amplitude of bending strain
parallel and orthogonal to the stream.

The root mean square responses have been calculated using
standard FFT codes from the International Mathematical and Statistical
Library (1981) on an IBM 370/168 computer. The root mean squaré
response is the square root of the product of the power spectral
density of the response times the effective bandwidth Be employed
in the Fourier analysis of the results. The root mean sguare rather
than the magnitude of the power spectral density was selected for
presentation because, in most cases, the experimental response was
practically periodic. The logarithmic representation of the power
spectral density was not selected because it tends to visually exaggerate
the significance of smaller components, which are not important in this
problem. For each major peak of the root mean square plots, the root
mean square value of the response is shown. This is computed as the
square root of the sum of the squares of the rms response strains at
discrete frequencies, Be Kz apart, in the neighborhood of each peak. In
addition, the overall dynamic root mean square value of the response
is shown together with the static bending strain response. The Fourier

and maxima calculations were performed using the record length shown
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in Table 3-2. The nomenclature used in the Figures and Tables 3-1
to 3-2 is defined below:

The experiment number corresponds tc the numbering system
employed during the performance of the experiments. BE is the
effective bandwidth Be emplayed in the Fourier analysis in Hz.

VC is the nominal stream speed VC in rm/s., FR is the primary 1ift
response frequency fr in Hz. A/DE is the ratio of the amplitude A
of the excitation of the top end divided by the effective diameter
De’ which is zero for all experiments reported here, U: is the
response reduced velocity defined by U; = Vc/frDe and Re = VcDe/u,
where v is the kinematic viscosity of fresh water.

The Figures of root mean square measured bending strains are
referred to by the experiment identification number and the bridge
name. The Figures showing the measured and theoretical predicticons
and maxima are referred to by the experiment identification number
and the plane name, Figures showing the time traces are referred
to by the experiment identification number and the letter T (trace).

Table 3.3 provides information about the theoretical prediction
of the 1ift response at fr and of the static response in plane A,

The theoretical estimates of fr and of the ampiitude of motion in

plane B are obtained as described in Section 1.2 of this report. Qur
present prediction of 1ift response is monomodal. For velocities less
or equal to 150 mm/s, we used the first mode and for velocities greater
or equal to 300 mm/s the second. Under the assumption of monomodal

response, we have been unable to find a nontrivial sotution for the



35

for Lift and Static Responses

FXPERIMENT A A n | catcu- | carcu- eatcu-
IDENTI- | U] us G ‘a “b 1003 /arep  !LATED LATED
FICATION | s e e
NUMBER _ : r | r
i : ;
96 L 4.16 1.08 é 2,121  -0.325 1,40 9.17 l 0.644 1.325 | 4.932
: . . A
98 4,37 1.13 E 2,011 . =0.233 1.50 i 8.12 % 0.786 1.344 i 5,105
100 4,58 1.19 i 1.788 . =0.200 1.60 7.82 E 0.855 1.386 l 5.138
102 4,79 1.24 g 1.513  -0.185 1.60 E 7.74 E 0.877 1.443 ' 5.211
104 | 5.00 1.29 ? 1,267 =0.,173 1.60 E 7.67 0.896 1.500 5.230
106 | 5,20 1.35 f 1.050 -0.162 1.65 7.61 0.914 1.556 5.230
114 | 5.41 1.40 ' 0.864 -0.151 1,70 7.55 0.937 1.610 5.277
108 5.62 1.46 = 0.706  ~0.141  1.70 7.47 0.966 1.660 5,314
5.83 1.51  0.578 =0.13¢ 1.70 7.38 1,005 1.705  5.3%87
113
5.83 1.51  0.559 0 1.70 0 1.072 1,712  5.346
110 6.24 1.62  0.440 =-0.119 1.75 7.28 1.057 1.757 5.579
111 7.08 1.83 —— - 0.97 -— - -— —_—
109 7.91 2.05 -_— -— 0.97 - - - —_—
107 8.74 2.27 _— -— 0.96 - -—- —-—— -—
105 9,16 2.37 -— -— 0.95 -—- -— -— -——
103 9.58 2.48 -— - 0.95 -—— -—- -—- -—-
191 9,99 2.59 -— -— 0.95 -— -—- -— --= |
99 10.41 2.70 - -— 0.94 -—- -—- -—- e
97 12.49 3,24 2.704 -0.340 1,20 4.30 0.310 4.771 4.110
95 ‘14.57 3,78 2.423 '~ -0.194 . 1.30 4.10 0.501 4,929 4.642
112 516.03 4,15 , 2.068 = -0.132 - 1.40 4.06 0.698 5.151  4.885
115 . 17,07 4,42 f 1.956 | =0,104 © 1.55 4,05 0.872 5,228 5.126
116 } 17.90 4.64 % 1.673 . =0.097 | 1.60 4.05 0.902 5,437 5.16%
117 Tl9.36 5.02 1.220 -0.087 E 1,65 = 4.05 0.933 5.833 5.21%
Table 3-3 Information for the Theoretical Predictions '
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response in plane B for stream velocities above 150 and less than
30C mm/s., From the results of our experiments, we observe that,
as the speed increases, the spanwise maximum 1ift response attains
Tocal maxima at certain speeds. These local maxima occur when the
Tift response is essentially monomodal and monochromatic., Our
theoretical procedure is based on these assumptions and therefore,
our estimates of the maximum 1ift response are good. This can be
verified from the results of our experiments. For speeds on either
side of the speeds that correspend to the local maxima, the predic-
tion is not as good. This occurs because the 1ift response at
these speeds is no Tonger monomodal and monochromatic, and because
of increased correlation effects, King (1977), Sarpkaya (1979).

For all experiments with stream speeds less or equal to
150 mm/s or greater or equal to 300 mmn/s, the theoretical predic-
tions of Table 3-3 are derived from the results of Mercier {1973).
The rigid cylinder derived hydrodynamic coefficients Cn> €4 and Cps
employed in the determination of Em’ 65, and ED of Table 3-3 are

shown in Figures A-2, A-3 and A-4 respectively. The value of C; is

defined by

~ _ ~ ‘! 3
Cx = C, /O_f 03(2) |ez

which for ®J(Z) = V2 sin {J7Z) leads to Ca = 3n #ﬁ‘ed/]G where Ed is
defined by equation {24). Sinusoid mode shapes are excellent approxima-

tions of the actual mode shapes of our model,
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The Reynolds number ih Mercier's experiments used to derive
Cm’ Cd and ¢y was, for the most part, equal to 8000. The
amplitude-to-diameter ratio of the imposed motion was less than
1.3 for Cy and Cr and less than 1,5 for Cp» In the computatign
of Em' E; and ED no Reynolds number correction was included and
Tinear extrapolation was used for amplitude-to-diameter ratios
outside the domain of existing data. The average drag coefficient
used, ED’ corresponds to the average calculated motion in the
B plane. In Table 3-3, the symbol "a" denotes the amplitude of the
first or the second mode in De’ and & the logarithmic decrement for
structural damping used,

For all experiments with stream speeds greater than 150 mm/s
and less than 300 mm/s, the theoretical prediction of the average
drag coefficient ED shown in Table 3-3 is derived from Figure A-5
taken from Bishop and Hassan {(1964). With available rigid cylinder
results we cannot estimate the amplitude of dynamic response in
plane A, However, when the response in plane B is periodic, the
dynamic response in plane A is primarily at Fr and 2 fr’ which is
in agreement with rigid cylinder measurements.

A summary of the results for the response in plane B is shown
in Figures 968, 98B, 1008, 102B, 1048, 1068, 114B, 1088, 113B, 1108,
1118, 1098, 107B, 1058, 1038, 101B, 998, 978, 95B, 1128, 1158, 116B
and 1178, These include the theoretical and measured dynamic re-

sponse strain at the corresponding values of Fr, and the maximum
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measured dynamic response strain in plane B. Our theoretical
estimate of the maximum response in plane B is the same as our
estimate of the dynamic 1ift response at fr. For all estimates
of the 1ift response the structural damping characteristics of
the model described in Section 2 of this report were used. These
are based on the amplitude of the first or second mode, &, shown
in Table 3-3. For experiment 113, the value of =0 was also used.
This resulted in a 6,6% increase of the calculated amplitude of
1ift response. This estimate quantifies the statement made in
Section 2 that the structural damping force in our model was much
smaller than the fluid drag force.

A summary of the results for the response in plane A is shown
in Figures 96A, 98A, T00A, 102A, 104A, 106A, 114A, 108A, 113A, 1104,
T11A, 109A, 107A, 105A, 103A, 101A, 99A, 97A, 954, 112A, 115A, 1164,
and T17A. These include the theoretical and measured static response
strain; the maximum measured dynamic response strain; the maximum
measured dynamic response strain independent of plane; and our present
theoretical estimate of the maximum response strain independent of
plane. The latter is computed as the sauare root of the sum of the
squares of the static strain and of the maximum dynamic response

strain in plane B.
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Figure A-1: Rigid Cylinder Results
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Figure A-2: Rigid Cylinder Results
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Figure A~3: Rigid Cylinder Results
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Figure A-4: Rigid Cylinder Results
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Figure A-5: Rigid Cylinder Results
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PREDICTION OF THE RESPONSE OF A SPRING MOUNTED RIGID
CYLINDER IN A UNIFORM STREAM USING RIGID CYLINDER EXPERIMENTS

Let us consider a rigid cylinder of mass M, diameter De’ and
Tength L, mounted on elastic springs of stiffness K, and dashpots
of coefficient ¢, and permitted to respond orthogonally to a
uniform stream. The basic assumption in the subsequent analysis

is that the response motion x(g) is monochromatic, i.e,:

x(t) = Asin(ag) {(B.1)

with unknown amplitude, A, and circular frequency, L= 2T . Under

this assumption, estimates of the overall hydrodynamic force
orthogonal to the stream FX{E), can be made from corresponding

forced sinusoid motion rigid cylinder experiments using equation (1).

~

The displacement, x(t), obeys the following equation:
Mxps + cxp + Kx = Fx(g) (B.2)
tt t '

where subscript t denotes derivative with respect to time.
Introducing equations (1) and (B.1} in equation {8.2), we find
the following two simultaneous nonlinear equations to determine

U*=2ﬂVC/ﬁDe and non-zero values of a=A/De:
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m _ m+]
272 (8.3)
TR
ac
d 3 +
SR (8.4)

where
m = M/erL, mass to displaced fluid mass ratio;
Ae = WD§/4, cross sectional area of the cylinder;
-1/2
8 = T c(KMe) ,» a logarithmic decrement
U*n = Vc/ane, a reduced velocity based on the "natural frequency" fo
1/2
fn = (K/Me) /2r, and
My = M+ pAL.

For a fixed value of V_, equations (B.3) and (B,4) can be
solved numerically for "a" and U*., Once "a" and U* are known,
the average drag coefficient cp can be determined, for example,
from Figure A-4, taken from Mercier {1973).

It should be noted that equations (B.3) and (B.4) are similar

in form to equations (25) and {26) respectively.
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A comparison of the results of our procedure with a spring
mounted rigid cylinder experiment is shown in Figure B-1. The
experimental data shown in Figure B-1 are derived from Dean et al.
(1977). Information about our theoretical prediction is given in
Table B-1. The maximum calculated amplitude underpredicts the
maximum measured amplitude by less than 16%. Possible explanation
for this difference is that in our prediction, Reynolds number and
aspect ratio were not scaled correctly. Anaother possible explana-
tion is that the values of Cp @nd cyq from available rigid cylinder
experiments are not very accurate, For example, rigid cylinder
results from Mercier (1973} and Sarpkaya {1977a) show large dis-
crepancies. As noted in Sarpkaya {(1977a), lack of resolution led
Mercier (1973) to occasionally fair his experimental data in a
misleading way. Mercier's (1973) data have been digitized and used
in our work because they extend to larger values of "a", which are
of particular interest for large amplitude forced oscillations of
flexible cylinders, Patrikalakis (1983)., From Figure B-1 we also
sea that for U; > 5,75 approximately, we have been unable to find
a non-zero solution for "a" from equations (B.3) and {B.4). The most
probable explanation for this is that our assumption for the response,
see equation (B.1}, is no longer valid,

An analysis similar to the one presented in this Appendix has

been published concurrently by Staubli {1983) and corroborates our

findings.



U* U*
n

3.75 4,78
4.00 5.02
4,25 5.07
4,50 5.15
4.75 5.29
5.00 5.31
5.25 5.32
5.50 3.34
Table B-1:

(Hz)
1.69
1.72
1.80
1.88
.93
.02
.12
.22

EuS I O R S

Information about the Prediction of the
Response of the Spring Mounted Cylinder

0.23
0.29
0.37
0.45
0.63
0.66
0.69
0.71

of Figure B-1.

.46
.25
.67
.21

LA TN oS B ¢ I )

1.51
1.11
0.77

-1.87
-1.46
-1.11
-N.86
-0.60
-0.55
0,50
0,47
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Figure B-1: Comparisons of Spring Mounted Rigid Cylinder
Response with Theoretical Predictions
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315

NOMENCLATURE FOR ADDITIONAL SYMBOLS SHOWN IN FIGURE B-1

D = De

A = /D

K = 26M_/oD%L

s e

Re = VCD/v

Stmax,StmTn Envelopes of Strouhal Number for a Fixed Rigid

Cylinder in a Uniform Stream, Derived from
Figure 2 of Chapter IV of Patrikalakis (1983).

?S is the Frequency of Lift on a Fixed Rigid
Cylinder in a Uniform Stream, Corresponding
to a Strouhal Number, St=f D/V_, equal to 0.2.

fs is the Vortex "Shedding" Frequency Measured in
the Wake of the Spring Mounted Cylinder,

fr is the Frequency of Primary Lift Motion of the

Spring Mounted Rigid Cylinder,






