
....--..--

HYDRODYNAMIC FORCES ON SLENDER CYLINDERS
OSCILLATING TRANSVERSELY IN A CURRENT

Volume 1

by

V.M. Thumann

Offshore Engineering Major
Faculty of Civil Engineering

Delft University of Technology

June, 1991

.filli·
TU Delft
Delft University of Technology

Offshore Technology



HYDRODYNAMIC FORCES ON SLENDER CYLINDERS OSCILLATING
TRANSVERSELY IN A CURRENT

by

V.M. Thumann

,

Offshore Engineering Major
Faculty of Civil Engineering

Delft University of Technology

June, 1991

1



2



PREF ACE

The study "Hydrodynamic Forces on Slender Cylinders Oscilla-
ting Transversely in a Current" presented in this report has
been the main part of the author's graduation program at the
Faculty of civil Engineering, University of Technology, Delft.
The author explicitly wishes to thank the following people for
their assistance in the past fifteen months:
Mr. W.W. Massie, executive supervisor, who managed to keep the
overall picture during all stages of the study and whose time
spent discussing with the author has been appreciated very
muchi
the skilful staff members of the Ship Hydromechanics Labora-
tory, Delf ti
my dear friend Herma and my family for their patience and sup-
port and all others who were willing to solve the author's
(little) problems.

V.M. Thumann
Rotterdam, June 1991.

Graduation Committee:
'\.

Prof. dr. ir. J.A. Battjes (president)
ir. M.W.J.W. Dijkman
ir. J.M.J. Journée
W.W. Massie, MBc, P.E. (supervisor)
Prof. ir. J.G. Wolters

3



TABLE OF CONTENTS

PREFACE
ABSTRACT

1 INTRODUCTION
2 THE

2.1
2.2
2.3
2.4

PROBLEM
Problems Description
Problems Definition
Objective
Limitations

3 LITERATURE SURVEY
3.1 Introduction
3.2 Sealing Factors
3.3 Information Gathered

3.3.1 Morison Equation
3.3.2 Oscillating Flow Vortex Shedding
3.3.3 Vortex Shedding in Currents
3.3.4 Further Results

3.4 Summary and Conclusions
4 MATHEMATICAL DESCRIPTION

4.1 Theoretical Model for the Hydrodynamie Forces on
Slender Cylinders (Model I)

4.2 Lift Force Frequency Analysis
4.3 Simplified Version (Model II)

5 NEED FOR EXPERIMENTS
5.1 Missing Information
5.2 Laboratory Experiment Description

6 TEST
6.1
6.2
6.3

C~LINDER C~BRA~~9N
General Aspects
Calibration Program
Statie Calibration Results
6.3.1 Calibration Factors
6.3.2 Rubber Skin Influence
6.3.3 Axes Orientation
Dynamie Calibration Results
6.4.1 Ring Mass Determination
6.4.2 Dynamie Response Behaviour

6.4.2.1 Introduction
6.4.2.2 Determination of Natural Fre-

quencies and Damping Ratios

6.4

6.5 Conclusions
7 EXPERIMENT DESIGN

7.1 Data Registration
7.2 Range for VariabIe Values

7.2.1 Laboratory Equipment Capacity
7.2.2 Force Transducer Loading
7.2.3 Ranges of Possible Values

7.3 Execution Strategy
7.4 Test Runs Executed

4

pg.
3
7

9

11
11
11
12
12
13
13
13
14
15
15
17
17
25
27
27
29
31
33
33
33
35
35
35
37
37
39
39
39
39
43
43
43
51
53
53
53
54
54
55
55
58



8 DATA
8.1
8.2
8.3
8.4

CORRECTION
Cylinder Installation Error
Ring Mass Force
End Effects
Equipment Deterioration

9 SINGLE TEST DATA PROCESSING
9.1 Objective
9.2 Analysis Procedure

9.2.1 Required Model Constants
9.2.2 Fit criterium Function
9.2.3 Searching Strategy

9.3 Data Reproduction Aspects
9.4 Analysis and Reproduction (using Model I)

9.4.1 Analysis of Degenerated Cases
9.4.1.1 Stationary Flow
9.4.1.2 Oscillatory Flow
9.4.1.3 Comparison with Literature

9.4.2 Analysis of Remaining Data
9.4.2.1 Reproduction of Force Signals
9.4.2.2 Spectral Analysis of Experiments

and Model
9.5 Conclusions

10 COMPARISON OF MODELS AND INTERPRETATION OF RESULTS
10.1 Comparison of Model I and Model II

10.1.1 Determination of Model Constants
10.1.2 Reproduction of Force Signals
10.1.3 Spectral Analysis of Force Signals

, 10.2 Interpretation of Model I Results
10.2.1 Validity of the Model
10.2.2 Coefficient Value Trends

10.3 Conclusions
11 GENERAL CONCLUSIONS
12 FURTHER INVESTIGATIONS

APPENDIX A: NOTATIONS
APPENDIX B: REFERENCES
APPENDIX C: TEST CYLINDER CALIBRATION
APPENDIX D: RANGE FOR VARIABLE VALUES
APPENDIX E: EXPERIMENT LOG
APPENDIX F: COMPUTER PROGRAM LISTINGS
APPENDIX G: RESULTS OF ANALYSIS

5

59
59
59
61
63

65
65
65
65
67
67
71
73
73
73
73
75
75
75
83

83

89
89
89
89
93
93
93
98
99

101
105



"

6



ABSTRACT

The study of the hydrodynamic interaction of cables has become
more important in recent years since umbilical cables of more
than 3000 meters length have been used when photographing the
wreck of the HMS Titanic or the Bismarck. Cable vibration can
cause distorting of the digital signals being transmitted as
weIl as premature fatigue failure of the cable conductors. The
objective of the present study is to describe the hydrodynamic
interaction of an element of such a rather vertical cable
which is vibrating more or less crosswise in a constant cur-
rent.

,

The hydrodynamic forces model has been built up based upon
literature information using a drag force component and an
inertia force component (both proved to be properly described
by Morison's theory), and a lift force component that has been
described including a time varying vortex shedding frequency
(analogous to the model of Verley [1982]); this was found to
be more suitable than a constant frequency.
The literature study has revealed that little seems to be
known about the hydrodynamic interaction of cylinders (cable
segments) vibrating with large amplitudes (over two cylinder
diameters) in currents. Additional laboratory tests as part of
this project have filled this information gap.
Measured forces on a vertically mounted test cylinder came
from the experiments carried out in the towing tank of Ship
Hydromechanics Laboratory, TU Delft, in December 1990. These
tests were carried out using a variety of towing speeds (cur-
rents), and oscillation frequencies and amplitudes.
The model has been verified by the comparison of measured and
computed (model) forces. An efficient procedure for determi-
ning the coefficients needed (Cd, Ca, Cl, st, initial phase
phi) has been developed for the processing of the recorded
force signals in the time domain.
Most of the Cd, Ca and st coefficient values found for the
experiments were surprisingly close to those found by others,
even though their flow conditions were different. The lift
force was properly described by the model, although the Cl
coefficient values found varied with all input parameters.
The description of the hydrodynamic interaction presented in
this study could be used with a discrete element simulation of
the cable (using the NOSDA software) in the time domain, to
better understand and even predict its vibratory behaviour.
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1 INTRODUCTION

One of the most common problems in Offshore Engineering invol-
ves the prediction of the hydrodynamic inter act ion between
(moving) structures and the sea. This study is targeted on
this interaction for a slender element - such as a cable -
which is vibrating crosswise in a current. In such a case
force components act simultaneously along two mutually perpen-
dicular axes which are also perpendicular to the cylinder
axis.
The study of the hydrodynamic interaction of cables has become
more important in recent years since umbilical cables of more
than 3000 meters length have been used when photographing the
wreck of the HMS Titanic or the Bismarck. Near the water sur-
face, these cables are loaded by (oscillatory) wave forces as
weIl as constant currents. Deeper into the water, the cables
are loaded by constant currents again, and they also ex-
perience the constrained motions coming from other parts of
the cable (figure 1.1). Cable vibration can cause distorting
of the digital signals being transmitted as weIl as premature
fatigue failure of the cable conductors.
The objective of the present study is to describe the hydrody-
namic interaction of an element of such a rather verticle
cable which is vibrating more or less crosswise in a constant
current (see figure 1.2). The resulting description of the
hydrodynamic interaction can then be used with a discrete
element simulation of the cable to better understand and even
predict its vibratory behaviour.

9
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2 THE PROBLEM

2.1 Problems Description

A few specific situations concerning the hydrodynamic load on
a cylinder in moving water have already been elaborated:

(a) - A turbulent flow of a current around a fixed cylinder,
as in figure 2.1. Due to the vortex shedding, which
depends on the value of the Reynolds Number, the line
of action of the resulting pressure force moves along
the cylinder wall. This force is usually split into
two components: one parallel to the flow direction
(the drag force), and one perpendicular to the flow
(the lift force).

(b) - An oscillating cylinder in still water or a vertical
cylinder under a wave attack, as in figures 2.2 and
2.3, with the water motion and the cylinder motion in
the same direction. The forces acting on the cylinder
can now be split into two components: one due to vis-
cosity of the fluid, and one due to the inertia of the
fluid. This situation can be described with Morison's
formula (eq. 2.1 and 2.2).

sr- C 'A . dV·ds + C 'A ·lvI·v·ds (N)
I I dt D D (2.1)

A - 2!.·p·D2• A - l:. -e-oI 4 'D 2 (2.2)

A description of forces on an oscillating cylinder, located in
a flow pattern which is NOT in the same direction as the
movement of the cylinder, is still missing; the superposition
of the situations as mentioned above in (a) and (b) is not
possible; the forces are non linearly interdependent.

2.2 problems Definition

A calculation method to determine the forces acting on a cy-
linder is available, if the cylinder axis and the flow veloci-
ty form a stationary plane as in figure 1.2.
In case the water motion and the cylinder movement are NOT in
a fixed plane, such descriptions and methods are not (yet)
available.

11



2.3 objective

This study will move towards an acceptable, more universal
description of the hydrodynamic farces working on a finite
element of a moving cylinder.
A theoretical model for this time dependent interaction is to
be developed. This will be done starting with a literature
survey augmented by laboratory tests where necessary. This
model is to be suited for inclusian in software for predicting
the non linear dynamic motions of offshore structures in the
time domain.

2.4 Limitatians

Cylinder:
- its cross section will be circular;
- its properties in material and shape will be considered as

given constant parameters;
the orientation of its axis is arbitrary and will not be
rotating;

- the cylinder has to be a slender structure.
Surrounding water:

viscosity, density etc. will be considered as given
parameters;

- if ne~easary,~inear short-~ave theories (for deep ~ater)
will be used;

- all flow parameters will be taken from a single point
corresponding to the cylinder centerline.

Physical description:
- a model is needed to describe the force on a cylinder

segment as a function of time.

12



3 LITERATURE SURVEY
3.1 Introduction

The literature study has been executed in order to find out
what is known about the interaction between (moving) cylinders
and (moving) water, and more specifically:

- applicability of Morison's Formula;
- results of investigations on drag-, lift- and inertia-

forces for (moving) cylinders;
- phenomena that occur during the interaction between water

and cylinder, such as vortex shedding, etc.;
- restrietions and hypotheses made in the items mentioned

above.
About twenty from the more than one hundred artieles or books
found during the literature search (Thumann, (1990», have
been selected. These twenty have been studied carefully, and
each one,that seemed to have some significanee for this study
is presented in section 3.3. These selections have been made
considering the following:

- the information given should concern (one of) the items
mentioned above;

- the information given should not be valid for special
conditions only;
the information given should be of practical use for this
study.

3.2 Sealing Factors

The possible sealing difference that exists between the real
geometry of the examples described in chapter 1 (prototypes),
and the geometry of the models described in the artieles
deserves some attention.
When the model diameter is equal to n times the prototype
diameter, comparing the values for prototype and model of the
fOllowing parameters gives the necessary insight in the sea-
ling effects:

- Reynolds number; Reynolds sealing yields (eq. 3.1 to 3.3):

(3.1)

13



D - (J:..)·D
P n m (3.2)

(3.3)

- Strouhal number; Strouhal sealing yields (eq. 3.4 to 3.6,
see also seetien 3.3, eq. 3.14):

St -
fE. 'Dp _ r; 'Dm

- Stm (3.4)p Vp Vm

D-(J:..)'Dm; V-(n)'V
P n P m (3.5)

(3.6)

- mad.ntiaf.nanceof flow geometry; sinee the transverse velo-
eity should be of the same seale as the seale of the to-
wing'veloeity ene obtains (eq. 3.7 to 3.10):

v- sz ,
dt

d(A'sin(f't) _ A'f'ces(f,t)
dt

(3.7)

- (3.8)

(3.9)

(3.10)

For the present study, sealing aeeerding to the equations 3.3,
3.6 and 3.10 will be suffieient.

3.3 Information Gathered

Almost every artiele found uses the Morison et al. publieation
(1950) as a referenee. The following (in seetions 3.3.1 te
3.3.3), a part of Chakrabarti's work (1987), is thought to be
a proper reproduetion of that.

14



3.3.1 Morison Equation

(Wave) forces on structures are calculated in three different
ways, using:

1 the Morison Equation which should be applied when the drag
force is significant;

2 Froude-Krylov Theory which should be applied when only the
inerta force is significant but the drag is relatively
small;

3 the Diffraction Theory which should be applied when a
large structure alters the wave/flow field in the vicinity
of the structure causing diffraction; the flow is examined
on a point to point basis.

Since only SLENDER structures were to be examined in this
study (see section 2.4), the Diffraction Theory will therefore
not be relevant.
The Morison equation can be written as follows (eq. 3.11 and
3.12):

ar- C 'A ' dV'ds + C 'A ·UV'II'V'ds (N)
I I dt D D (3.11)

7t 2 1A - -'p'D . A - -'p'DI 4 'D 2 (3.12)

Borgman (1958) has applied the Morison equation for an incli-
ned cylinder, and takes into account only the components of
velocity and acceleration NORMAL to the cylinders axis. This
approach has been justified later by Chakrabarti et al. (1977)
among others.
According to Chakrabarti it appears that the Morison Equation
application to a complex time dependent flow can be questio-
ned. The Morison Equation is in case of a cross current with
an oscillation at least less satisfactory if not inadequate.
He does not explain this further, however.

3.3.2 Oscillating Flow Vortex Shedding

In the KC (Keulegan Carpenter number: eq. 3.13) range of 8-20
the results from the current only flow cannot be combined with
the results from the oscillatory flow.

KC- VeT (_)
D

(3.13)
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The forces on and motion of the structure are dependent upon
the water particle kinematics as weIl as the velocity and
acceleration of the structure itself. The transverse forces
are the result of the flow separation from the cylinder wall.
When the KC number exceeds 5, vortices will shed from the
cylinder wall asymmetrically, causing an alternating lift
force transverse to the flow direction (fig. 3.1).

3.3.3 Vortex Shedding in Currents

In a constant current the frequency of the vortex shedding
together with the flow velocity and the cylinder diameter can
be written as a dimensionless parameter: the Strouhal number
(eq. 3.14). At subcritical Reynolds numbers, the Strouhal
number appears to be nearly constant (St=O.20), and the vortex
shedding frequency then determined from equation 3.14 is often
called the "Strouhal" frequency.

foD
St- _v_

V
(-) (3.14)

However, ·the shedding appears to be somewhat irregular, and
with the presence of a flow field that influences the motion
of the vortices shed (earlier) it gives a pressure distributi-
on around the cylinder that can be considered as a random
function of time. The description of this situation with a
model has been the objective of many studies, including this
one.

3.3.4 Further Results

Bernitsas (1979) has investigated the influence on the hydro-
dynamic coefficients for the non-stationary flow conditions
occurring when a cylinder oscillates such that the plane of
the oscillation direction and the cylinder axis make an angle,
t, with the current (fig 3.2). The KC number was relatively
smalle The information about the angles could perhaps be used
later on when modelling the situation for computational purpo-
ses, although no mathematical expressions are presented in
this a.rticle. Some quali tative aspects are of interest (the
coefficients are defined according to Morison's theory):

- the (time averaged) drag coefficient Cd increases with the
angle, t, and reaches a higher value than for stationary
conditions (fig. 3.3). This result is confirmed in detail
by Every, King and Griffin (1982);

- the (time averaged) inertia coefficient appeared to be a
strongly dependent on t (fig. 3.3);

17



i 4

1.0

.8

.6

.4

.2

o

"

~ D----

f,.. _._._

o 15 30 45 60 75 90

F, F, Fr ' F, ver8u~ Angle ~x y n

I1FIGURE 3.4
I1

FIGURE 3.5

5

.4

3

2

1

o
o

f.~

fy ~---

f,. I!r.-._ .

fn ..... _--

Cl) +--._-
CL -----

15 30; 45 60 75 90
P.S.D. 's of f

X
' fy' fn, fr, C:I)' CL for f = 1 Hz,

versus Angle ~

~,'",Ii
li'

FIGURE 3.6
I,I

1'1For symbols see figure 3.5 ,/,
111

11-
1,1
111

'1,/
1

/" 1/,".'",.""~ 1./
<. ......1'---. __ .. "., / "" ~/I
-,, »> -te"'" / __ -~-_ :*'.: dl

..~, ' .....,_, .""...o-- ~- ',;;
~". ..............- _._"_ :-c-4

~ - _Ir'- - ....... - - ......._

15 30 45 60 75 90

18
verSUB Ang\e ~

P.S.D.'soff, f, f, r . C ,C forf=2Hz,x y n r .D L



- the average lift coefficient is close to zero (fig. 3.3).
More interesting is the spectral analysis of the lift
forces. At the frequency close to the Strouhal frequency a
rather high density is found at ~ = 90 degrees, and less
at other angles. At other frequencies, the density peaks
occur at other angles as in fig. 3.4 to 3.10. No explana-
tions are given, however.

Griffin (1980) gives a description of resonant vortex excited
vibrations (the loek-in situation: the vortex shedding fre-
quency is very close to the (natural) oscillating frequency of
the cylinder) of flexibly mounted rigid tubes or flexible
tubes in a fluid. He characterizes the hydrodynamie forces in
a linear way as:

- an exciting forcei
- areaction (damping) force proportional to the structure

velocitYi
- an added mass force, proportional to the structure acce-

leration;
- a fluid inertia force.

The cylinder exciting coefficient (the lift force coefficient,
perpendicular to the flow direction) reaches a maximum of 0.5
to 0.75 at a cross flow ·displacement of 0.6 to 1.0 cylinder
diameters. This coefficient decreases to zero at a displace-
ment of about 2 to 3 diameters. Of course, these values are
influenced by the cylinder mounting and the mass-damping
parameter (the Scruton number: eq. 3.15, see also Ruscheweyh
(1986», but indicate that there is a maximum oscillation
amplitude for loek-in situations.

(3.15)

Ericsson (1980) tried to explain the behaviour of the cylinder
motion during a loek-in situation via the Magnus Effect: this
effect is the development of a lift force due to the rota tion
of the..cylinder around its axis. The following items are of
practical interest:

- cross flow oscillations; these occur due to resonance with
the vortex shedding near the Strouhal frequency and the
ODD super- and sub-harmonies of the Strouhal frequency;

- in line oscillations; these occur at EVEN super- and sub-
harmonies of the Strouhal frequency, but only at high
subcritical Reynolds numbers and not at the Strouhal
frequency itself.

19
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The (simple) model for the vortex induced forces developed by
Verley (1982) is very practical for computer applications.
Although this model is based upon an oscillating flow around a
fixed cylinder, it seems rather easy to modify the model for
the conditions of this study. The model uses instantaneous
values of the velocity to determine the lift force on a finite
cylinder element with length ds and its (strouhal) frequency
from eq. 3.16 to 3.18, as a function of time. Knowing the
situation at time (t), the lift force at time (t+dt) can be
calculated.

(3.16)

(3.17)

(3.18)

Every, King and Griffin (1982) found that, compared with
stationary conditions, the drag coefficient in Morison's
formula is larger for the loek-in situation resulting in a 250
% larger drag force in the flow direction. A mathematical
expression is presented for the value of this coefficient in
equation 3.19, depending on the Strouhal frequency, the trans-
verse oscillation amplitude and the reduced veloeity:

(3.19)

Al - 1.00 ., B1- 1.16 ., St-0.20 (3.20)

~- 1 ., ., (3.21)

A similar expression eould be used in the computational model
(see chapter 7) when ealculating the drag force on a moving
cylinder as a funetion of time. The formula underestimates the
drag eoeffieient at higher amplitudes and overestimates it at
lower amplitudes, however.
McConnell and Park (1983) examined an oscillating flow field
around an elastically mounted cylinder. They observed a cylin-
der motion that followed a Lissajous Loop (fig. 3.11, see for
example Alonso and Finn (1983», and related the loek-in
conditions to a modified Strouhal number. These equations
(3.22 and 3.23) suggest a linear relationship between the KC
number and the ratio of the vortex shedding frequeney and the
oscillation frequeney, but this appeared not to be true for
loek-in conditions.

23



v: - 2'1t'f 'Amax 0 (3.22)

- (3.23)

However, this different definition of the Strouhal number
justifies the use of another Strouhal number for other than
stationary conditions.
MoelIer and Leehey (1983) carried out experiments with an
oscillating cylinder with amplitudes under 0.5 diameters in a
cross flow. Their spectral analysis gave the following re-
sults:

- there is a dominant lift force frequency at the oscilla-
tion frequency and/or at the strouhal frequency (the
latter is defined for stationary conditions);

- when the oscillation frequency is not equal to the strou-
hal frequency, it is possible that the lock-in situation
occurs at this oscillation frequency for large amplitude
oscillations, but does not occur for smaller oscillation
amplitudes.

For amplitudes larger than 0.5 diameters figure 3.12 (derived
from this article) gives no further information. This means
that for larqer amplitudes it is not sure at what frequency a
lift force appears.
BeaZ"Dlan-eta-l-.(1.-984)-~urther j_nvestj_gated-the model developed
by Verley (1982, described above), and made some corrections.
They also executed laboratory experiments to investiqate the
validity of the model, which Verley did not. The experiments
concerned oscillatory flows only, and the measurements of just
one half cycle of flow oscillation were tried to be repro-
duced.
Their model appeared to be quite accurate at higher KC numbers
(KC> 25) but showed rather poor results at lower KC values
(KC < 15).
The use in this article of the viscous parameter bèta (equati-
on 3.24) makes the comparison of Reynolds Number values for
various (not only stationary) flow conditions possible (equa-
tion 3.25).

p- (-) (3.24)
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ARe- P·KC (- p·2·1t·_)
D

(3.25)

The results from this investigation can be used when judging
the validity of the theoretical model of the present study,
when the oscillation-only experiments are analysed.
Ruscheweyh (1986) has investigated the influence of the yaw
angle (fig. 3.13) and the Scruton number (eq. 3.15), of a
cylinder in a cross flow on the appearance of cross flow
vibrations (loek-in situation). According to Griffin (1980)
the loek-in situation can occur for Scruton numbers 1.22 < Sc
< 100: according to Ruschewey the loek-in situation could
occur at Sc < 20 without a significant influence of the yaw
angle (which was varied from -50 degrees to +50 degrees),
provided that the component of the velocity normal to the
cylinder axis is used to determine the Strouhal frequency. For
Sc > 20 the vibration amplitudes are getting too small and any
yaw angle disturbs the vortex shedding in such a way that
loek-in no longer occurs.

3.4 Summary and Conclusions

Information was needed about all possible flow conditions, in
order to develop a universal mathematica I model that describes
the hydrodynamic interaction of a slender circular cylinder.
In short, information has been found concerning (slender)
circular cylinders in the following conditions:
- stationary flow conditions with the cylinder axis normal to

the flow direction:
stationary flow (cylinder axis normal to the flow direction)
with additional fluid or cylinder oscillations:

The following oscillation conditions have been reported:
* inline with the flow direction ("inline": t = 0.0 0):
* perpendicular to the flow direction and normal to the

cylinder axis ("crossflow": t = 90.0 0):
* making an angle t with the flow direction and normal to

the cylinder axis (0.0 ° < t < 90.0 0).
The origin of the cylinder oscillations in the literature
examined was:
* induced, caused by vortex shedding which implies that

the frequency of oscillations is equal to the vortex
shedding (strouhal) frequency. Only crossflow oscillati-
ons and no oscillation amplitudes larger than 1.5 cylin-
der diameters were found here (Griffin [1980]):

* forced, caused by other parts of the cylinder. Only
oscillation amplitudes less than one cylinder diameter
were investigated (Bernitsas [1979], Moeller and Leehey
[1983]):
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- oscillatory flow conditions.
* Here, large amplitude oscillations have been investiga-

ted, but without the presence of a stationary flow field
(McConnell and Park [1983]).

A mathematica 1 description for the hydrodynamic forces accor-
ding to the Morison theory is quite often questioned but
always applied because no better alternative is available. The
Morison equation (equations 3.11 and 3.12) describes the
steady flow and oscillatory flow with reasonable accuracy
where the drag- and inertia forces are concerned. However, the
hydrodynamic coefficients Cd and ei depend upon the Reynolds
number or the Keulegan Carpenter number, and within some
ranges of those parameters the error made will be large.
A (universal) description of the lift forces has not been
found in the literature consulted. There is some information
that can be used, however:

- In a stationary flow, vortex shedding introduces a lift
force perpendicular to the flow direction.

- This lift force is often described as a harmonic osci1la-
tion with a frequency that can be related to the nature of
the flow using strouhal's relationship (equation 3.14).

- When the lift force frequency approaches either the natu-
ral frequency of the cylinder, or the frequency of oscil-
lation of the cylinder, aresonant motion appears ("lock
in").

- For oscillatory flow conditions two mathematical descrip-
tions for the lift force frequency have been developed
starting with the Strouhal relationship. One uses the
maximum flow velocity to determine the vortex shedding
frequency (McConnell and Park [1983]), the other uses the
instantaneous flow velocity (Verley [1982]). The latter
form seems to this author to be more appropriate for ex-
tension to more general flow and oscillation situations.

An information gap exists in the literature investigated for
the following situation:

A stationary flow perpendicular to the cylinder axis combi-
ned with large amplitude, cylinder oscillations which are
normal to the cylinder axis but not in the flow direction.

In other words, information is not available where non statio-
nary flow conditions occur, or where the cylinder body motion
is an important parameter.

26



4 MATHEMATICAL DESCRIPTION

In this chapter a theoretical model for the hydrodynamie
forces on slender cylinders will be developed, partially based
upon the information found in the literature survey (chapter
3). The model could be of practical use when the hydrodynamie
forces on a finite cylindrical element have to be determined.
In section 4.3 a simplified version of this model is presen-
ted, which will be considered as a "standard". The theoretical
model I should be more accurate in predicting the hydrodynamie
forces than this (standard) model 11.

4.1 Theoretical Model for the Hydrodynamie Forces on
Slender Cylinders (Model I)

A description of the hydrodynamie forces for all conditions
(loek-in and non loek-in, small and large oscillations) is
presented here. lts basic assumptions are:

- the forces (drag-, inertia- and lift-) are described as
functions of time;

the drag- and inertia force will be described using the
Morison equation: the drag force is proportional to the
v·llv" term (quadratic drag) and the inertia force is
proportional to the dV/dt term. Their lines of action are
the same as those of the velocity and acceleration;

- the forces are related to the instantaneous relative
motion between the cylinder and the surrounding water
(velocity V and acceleration dV/dt) and are thought to act
in aplane perpendicular to the cylinder axis;

- the lift force is described as follows:

* the lift force is orientated perpendicularly to the drag
force;

* the lift force has a harmonie character, with a fre-
quency equal to the vortex shedding frequency;

* the lift force frequency is determined using equation
4.1,

f. - f (t) _ St. UV( t) Uisr» v D (Hz) (4.1)

with a constant Strouhal number (st = 0.20, meaning that
this approach is valid for subcritical Reynolds numbers
only), and the instantaneous value of the resulting flow
velocity vet);

* with the items mentioned above the lift force can be
determined as a function of time, analogous to the model
of Verley (1982): equation 4.2 to 4.4.
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dFL ( t2) - AL' CL' V ( t2) 2.Sin [<I> ( tl) + 1V ( t2) ] •ds (N) (4.2)

(4.3)

(4.4)

The complete model I of the forces dF(t) on an element ds of a
circular cylinder can be written as in equations 4.5 to 4.8,
with t2 = t1 + dt (see also figure 4.1).

(4.5)

(4.6),

(4.7)

4.2 Lift Force Frequency Analysis

The lift force frequency of model I appears to include two
special situations in case a vertical cylinder oscillates
transverse to a stationary flow, as will be illustrated in
this section.
When a cylinder is sinosoidally oscillating transverse to a
steady current, the velocity V of the cylinder, relative to
the surrounding flow, stays within the range of equation 4.9.

(4.9)

Together with equation 4.1 this results in a range for the
lift force frequency (or "Modified Strouhal Frequency") to
appear, as in equation 4.10.

Two degenerate cases are included in equation 4.10: equation
4.11 represents the steady flow only case (with f_o = 0.0 or A
= 0.0), and equation 4.12 the oscillation only case (with V =
0.0).
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(4.11)

(4.12)

The oscillation only case has been described by McConnell and
Park (1983). They were able to describe this situation using
the maximum value of the Modifies Strouhal Frequency from
equation 4.12. This means that it would be possible to deter-
mine the Modified Strouhal Frequency for an oscillating cylin-
der in a cross flow from equation 4.13.

(4.13)

In figure 4.2 the Modified Strouhal Frequency from equation
4.13 is plotted for various velocity V and one constant period
of oscillation T 0, and in figure 4.3 for various T 0 and one
constant V. A strouhal Number value of 0.20 was used here.

4.3 Simplified Version (Model 11)

The simplified version of the model differs from model I in
only one way: the lift force frequency.
In model I the frequency of the lift force varies with the
instantaneous resulting velocity vet) (equation 4.1).
The simplified version considers the lift force frequency as a
constant parameter. This means that the vortex shedding fre-
quency is defined here by another (unknown) relationship than
equation 4.1. When this relationship is known, the complete
model 11 is also given by equations 4.5 to 4.8.
For the present study, just the basic assumption of a constant
lift force frequency was enough to compare this with the model
I (see chapter 9).

31



X'

I Top View

11
FIGURE 5.1

I1

Cylinder Path along
the Towing Tank

Towing Direction

Oscillation Direction

32



5 NEED FOR EXPERIMENTS
5.1 Missing Information

In general, the model of the equations 4.5 to 4.8 in section
4.1 can characterize the hydrodynamie forces that act on a
finite cylinder element as a function of time, instantaneous
acceleration and velocity.
To justify this model, a comparison should be made with alrea-
dy published theories and experimental results. WeIl known
situations are described in section 3.3.
No investigations were found during the literature study for
the forces on a cylinder undergoing large amplitude oscillati-
ons in a cross flow (see section 3.4). Only smaller amplitudes
(AID < 1.5) have been examined, at loek-in conditions. Bernit-
sas (1979) has paid some attention to non loek-in situations,
but then only for one of the smaller amplitudes. A universal
description for the hydrodynamie forces on a moving cylinder,
including a proper lift force description, has not been found.
Therefore a series of experiments should fill this information
gap.

5.2 Laboratory Experiment Description

There has been the opportunity to execute the following expe-
riments in the towing tank of Ship Hydromechanies Laboratory,
TU Delft.
Each time, a vertically mounted cylinder has been towed with a
constant speed V along the tank while being oscillated perpen-
dicular to the towing direction with a constant amplitude A
and constant oscillation frequency f_o (= 1/T_0).
The path of the cylinder is plotted in figure 5.1. By changing
the three parameters V, A (or AID) and f 0, the character of
the flow experienced by the cylinder could be changed from a
towing-only (AID = 0.0) to an oscillation-only (V = 0.0 mis)
situation.
From these experiments information has been found about the
hydrodynamie forces working on slender circular cylinders due
to large amplitude forced oscillations in a cross current.
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6 TEST CYLINDER CALIBRATION

6.1 General Aspects

The experiments (see section 5.2) have been executed using the
test cylinder shown in figure 6.1, that has been manifactured
by Marintek (Trondheim, Norway).
The force transducers were able to measure the hydrodynamic
forces on each of the four rings, in two perpendicular direc-
tions.
Because of shallow submergence resulting from top-end cylinder
mounting above the water surface the upper ring (no. 4) has
not been used during the experimentsi the influence of the
disturbed water surface was considered to be too high. There-
fore, this ring has not been examined during this calibration.
Even so, if this ring was not going to be used, the distance
between the water level and the top ring (no. 3) was small:
two diameters or less.
The force transducers gave a signal by means of a series of
strain-gages that are connected in a Bridge of Wheatstone.
Since ~the cylinder is not completely waterproof, water will
enter the cylinder body. It is expected that water behind the
ring inside the cylinder will have a significant influence on
the (dynámic) forces measured, due to an added mass effect. A
rubber skin could close the remaining (narrow) gaps between
the ring and the cylinder wall. However, the presence of the
rubber skin will certainly give another relationship between
Volts and Newtons, and also the dynamic behaviour of the rings
will probably be different.

N.B.: Af ter the execution of the entire program of experi-
ments, which took several days, it appeared that the use
of the rubber skin probably saved the entire experiment
(and the cylinder). Because of a potential difference
that existed over the laboratory equipment (including
the cylinder) and the water in the towing tank, the
cylinder - made of aluminium - had corroded extremely
fast. If no rubber skin had been used, the rings would
probably have been stuck onto the cylinder wall. In that
case, the measured forces would have been very, very
low.

6.2 Calibration Program

The calibration program has investigated the following items:

- What is the relationship between the output signal (elec-
trical: Volts) and the loading (forces: Newtons)?

This relationship should be linear and should not show any
hysteresis when the ring is loaded and unloaded.

- What is the influence of the rubber skin?
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- What is the mass of the ring of each force transducer?
When the cylinder is accelerated, the rings of the force
transducers experience the same acceleration and will
therefore cause a force signal that has got nothing to do
with the hydrodynamic forces. When the ring mass is known,
this force component can be eliminated.

- What is the behaviour of the instrument under dynamic
loading conditions?

The calibration of the force transducers has been carried out
in two phases: at first a static calibration, followed by a
dynamic calibration.

6.3 static Calibration Results

This calibration was carried out in October 1990 and had to
give information about the calibration factors, mainly.
For each of the force transducers the relationship between the
statie loading and the output signal from the strain-gages has
been investigated, with and without a rubber skin around the
cylinder.
All (three) rings have been loaded in four different directi-
ons (I, II, III and IV). The set up of this calibration is
shown in figure 6.2.
Weiqhts associated with masses of 0.1 kg have been used, with
a maximum load of 1.2 kg. At the time of this calibration it
was not expected that the forces measured in the real experi-
ments would stay under 2.0 N or would even stay close to the
minimum of 0.05 N that can be measured (Marintek specificati-
on). This was caused by unexpected laboratory equipment limi-
tations. Nevertheless, the assumption is made that the results
found in this section are also valid for this range of small
forces.
Because it is a statie loading, an added mass effect will not
be measured, so this calibration could take place in air as
weIl as in water. For convenience the calibration has been
done in air.
The cylinder has been marked in order to see in what directi-
ons forces components are registered.

6.3.1 Calibration Factors

The calibration factors for each direction of the transducers
1, 2 and 3, without a rubber skin are presented in table 6.1.
The qraphical presentation in figure 6.3 of the calibration
should give two straight lines: one for an increasinq load and
one for a decreasing load. If the two lines are identical, no
hysteresis occurs. The greater the distance between these
lines, the greater the hysteresis effect.
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6.3.2 Rubber Skin Influence

The calibration factors for each direction of the transducers
1, 2 and 3, with a rubber skin are presented in table 6.2; the
graphical result is shown in figure 6.4.
An additional hysteresis effect occured when using the rubber
skin, but the figures in appendix C show that this is of minor
importance (the regression constant still appeared to be close
to 1.000 for all transducers).
The time dependency of the behaviour of the rubber skin is
illustrated in table 6.3 (data figures in appendix C). Here
the influence of time is presented for one of the loading
directions (see section 6.1).
These data figures and those given in table 6.1 show that
after one day the influence of the skin on the calibration
factors has become less important. The difference is probably
caused by relaxation of the rubber.

6.3.3 Axes Orientation

When comparing the measured force signals of different rings,
one should know the rotation of the x and y axis of one trans-
ducer around the cylinder axis relative to the rotation of the
x and y axis of the other transducers (see figure 6.5).
There appeared to be a (small) difference in orientation of
the axes of each transducer relative to those of the other
transducers (see tables 6.4 and 6.5, and appendix C), less
than about 3 deqrees (-0.05 rad). These relative rotations
were found to be very small and varied for each orientation,
probably because the x- and y- axis in each transducer are not
exactly perpendicular.

6.4 Dynamic Calibration Results

The dynamic calibration was carried out in December 1990. An
oscillation of the cylinder in air gave information about the
ring masses. By loading the rings with a short pulse excitati-
on, the dynamic response behaviour could be determined.

6.4.1 Ring Mass Determination

When oscillating the cylinder in air, the only forces working
on the transducers that can be measured are those caused by
the acceleration of the ring masses. Knowing the oscillation
amplitude A and period T_o, the measured force in oscillation
direction and the calibration factors of section 6.3.2, the
ring mass can be determined from equations 6.1 and 6.2.
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cylinder WITHOUT rubber skin (data figures in appendix C)
I

transducer:ldirection: I calibration factor: (lE-3 V/VIN)
; I

i! ! Marintek Author's
! I calibration i calibration

i

1 I
X ! 0.016919 i 0.016915,

i i 0.016026 I 0.015532I Y I

2 ! x : 0.015636 ; 0.016438I ,
I Y 0.01503 ! 0.015375I i

3
I

x
I

0.01438 I 0.014209
Y 0.01472 i 0.014795

(table 6.1)

cylinder WITH rubber skin (data figures in appendix C)
transducer: direction: calibration factor: (lE-3 V/VIN)

Author's
! calibration

1 x 0.015966 !Y 0.014846
2 x 0.015749

Y 0.014292
3 x 0.013766

Y 0.013957

(table 6.2)

relaxation tim~: nOne orientation: IV -

transducer: calibration factor:
(lE-3 V/V/N) y- direction

1 0.014705
2 0.014261
3 0.013871

re'laxation time: one day orientation: IV
transducer: calibration factor:

(lE-3 V/V/N) y- direction

1 0.015230
2 0.014251
3 0.014037

(tabIe 6.3)
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rotation: (rad) ,

ICJIJ -0.0334 I

I
!

-0.0199
-0.0500 !

I
I I11
1
1 0.0112
I 2 I 0.0097

I I 3 i 0.0328
I I (tabIe 6.4)

LID 0.0000 i
I-0.0388 !

-0.0419 I,

L[] 0.0128
0.0395

I0.0548

rotation: (rad)

DIJ 0.0000
0.0000
0.0000 I

i

LJIJ 0.0000 I
I

-0.0068
0.0338

LIIJ
(table 6.5)

0.0000
-0.0415
-0.0364

U -0.0181
0.0000
0--.0253--

ring masses from air oscillation

ring no. I mass (kg)

1 I 0.0403I2
I

0.0407
3 0.0424

(tabIe 6.6)
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The ring masses determined are given in table 6.6. More detai-
led calculations are given in appendix C.

6.4.2 Dynamic Response Behaviour
6.4.2.1 Introduction

Each ring can be considered as a damped spring-mass system, as
in figure 6.6.
In general, the response of this system to a harmonie excita-
tion with frequency f_e is depending upon the stiffness of the
spring and the damping ratio ~ of the system. If the exciting
force frequency is greater than a certain frequency f k, the
force transducer will indicate a force signal that is-unrea-
listic, especially when the damping ratio is low and when fe
is close to the natural frequency fn of the sytem (see figure
6.7).
Only for f e < f k the system can be considered as linear
(i.e. the amplitude and phase of the registered force are
equal to the exciting force: the relative response function =
1.0), which is needed to obtain proper measurements.

6.4.2.2 Determination of Natural Frequencies and Damping
Ratio

The natural frequency fn and damping ratio ~ can be determined
from the theoretical force signal (figure 6.8) that is the re-
sult of a short pulse excitation.
This signal is, for the system of figure 6.6, described by
equation 6.3. Here, the resonanee frequency f_o of the spring
in figure 6.6 is given by equation 6.4, where k is the cali-
bration factor (see section 6.3) and m is the mass of the
ring.

(6.3)

w - 2'x.f _ ~ 1
o 0 m'k

(6.4)
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ring response to pulse excitation
/

~I damping ratio natural frequency
(-) (Hz)

direction: x ! y x I y

I I

ring i
i
Ino. : I ! i

1 i ? 0.0226 , 284.1 251.2I i

2 i ? i ? 268.8 235.3
3 I ? I 0.0273 i 279.3 243.3!

(table 6.7)

---------------
calibration natural frequency

factor (1E-3 V/VIN) (Hz)
direction: x y x ; y
ring mass
no. : (kg)

1 0.0403 0.015966 0.014846 198.5 205.92 0.0407 0.015749 0.014292 198.7 208.63 0.0424 0.013766 0.013957 208.3 206.9
(table 6.8)
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In this case, the natural frequency follows from the measured
period T between two upward zero crossings, and the damping
ratio is given by equation 6.5, where the decrease of the
oscillation amplitude over a number of cycli has to be inser-
ted.

(6.5)

The pulse excitation was achieved by hitting the ring with a
stick which caused an oscillation of the ring at its natural
frequency. These tests have been done in air only, with the
rubber skin attached to the cylinder. The transducer signal
has been recorded digitally, with a sample interval of 0.001
seconds.
It appeared that the recorded signals (see figures 6.9 to
6.11) were not like the expected from figure 6.8. This is
probably caused by two effects:

- the pulse excitation has not been an ideal one;
- the sample interval was too long, causing (large) errors

in the peak values.
Nevertheless, it has been tried to determine the natural
frequencies and the damping ratios from these figures (table
6.7) •
Another way to determine the natural frequency is presented
below.
Using the calculated ring masses and calibration factors, the
value for the natural frequencies of the system was determined
from equation 6.4, assuming that the damping ratio is smalle
The results of this calculation are presented in table 6.8.
Comparing the values of·the frequencies determined in table
6.7 and 6.8, quite a divergence can be noticed. This is proba-
bly caused by the reasons mentioned earlier in this section.
The (few) determined damping ratios were very small, which
justifies the use of equation 6.4 for the (more reliable)
èalculation of the natural frequencies, instead of analysing
the recorded force signaIs.
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6.5 Conclusions

Only three transducers have been examined in this calibrati-
on, since the fourth one was not going to be used (figure
6.1).

- The transducers appeared to behave properly: a (nearly)
linear relationship exists between the input (force: New-
tons) and the output (Volts). The calibration factors cor-
respond within acceptable limits with those specified by
Marintek (tabIe 6.1).

- The use of a rubber skin, which should keep the water outsi-
de the inner of the cylinder during the experiments in order
to eliminate an added mass effect, has some influence on the
values of the calibration factors (tables 6.1 and 6.2).

- The use of a rubber skin introduces a time dependency of the
calibration factors, probably caused by the relaxation of
the rubber material. During the calibration test held in
air" .the rubber became weaker.
This effect can be reduced by attaching the skin a period of
time before the experiments will be held (tabIe 6.3).

- The x- and y- axis of each transducer can be considered as
being orientated perpendicular to each other. The rotation
of one transducer relative to another is very close to zero
(tables 6.4 and 6.5, and appendix C).

- The hysteresis that occurred when using the rubber skin can
be neglected (figure 6.4).
The ring mass of each transducer is about 0.040 kg (table
6.6).

- The natural frequency of the damped mass-spring system that
characterizes the rings has been determined in two ways:
* by analysing the force signals from a pulse excitationi
* using the ring masses and the calibration factors.

The frequencies calculated following the second option are
expected to be the most accurate, and appeared to be located
at around 200 Hz (table 6.8). .
The damping ratio's were very difficult to determine, but
the few results show very low values. These low values are
illustrated by the fact that after a large number of peri-
ods, the system is still oscillating (figures 6.9 to 6.11).

- The frequencies of the forces to be measured are expected to
stay far under the determined natura 1 frequencies, which
means that these dynamic forces will be recorded correctly
(figure 6.7).
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7 EXPERIMENT DESIGN

7.1 Data Registration

The fo1lowing (input) variables have been recorded, when
executing the model tests in the towing tank (see also section
5.2):

towing in x direction with speed (steady flow velocity) V
(mjs);

oscillation in y direction with period T (s) or frequency
f (Hz);

- oscillation amplitude A (m) or AjD (-).

In addition the following output signals have been recorded:

- the forces F in x and y direction on each of the (three)
transducers;

- a reference signal that relates all signals to the oscil-
latory motion of the cylinder.

Any combination of V, Tand A chosen is called a RUN. It was
possible to execute more than one run during each RIDE along
the towing tank.

7.2 Range for VariabIe Values

The force transducers will only give proper information when
the loading stays within acceptable limits: a too heavy loa-
ding could even damage the (sensitive) apparatus inside the
cylinder. On the other hand, the values for the variables
chosen should cause forces that are not too small to be measu-
red.
Therefore, a rough estimate of the forces that could be expec-
ted is presented here, in order to determine the range in
which the variables V, T and A were to be chosen.
First, in section 7.2.1, the maximum oscillation frequency
allowed is calculated assuming that the maximum oscillation
amplitude possible was instalIed, and that the forces should
not exceed the Marintek specifications.
Second, in section 7.2.2, the (hydrodynamic) forces are deter-
mined that could be expected to occur during the experiments,
depending on the limitations of the laboratory equipment and
realistic choices of the variables.
With the information derived from these calculations a program
for the experiments has been set up in section 7.3.
Carrying out the calculations, the classical Morison theory
has been used when necessary. Hydrodynamic coefficients were
taken from Sarpkaya (1976) (fig. 7.1).
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7.2.1 Force Transducer Capacity

Each transducer should not be loaded above Marintek specifica-
tions: F < 10 N (incl. a safety allowance).
In the x (towing) direction the only force the cylinder will
experience is the drag force.
In the y (oscillation) direction the cylinder will experience
drag- as weIl as inertia forces. The maximum oscillation am-
plitude possible (A = 0.300 m, see also section 7.2.2) causes
the highest forces and is therefore used here. The force in
the y direction included the ring mass acceleration force,
that cannot be neglected. The next upper limits for towing
velocity and oscillation frequency were determined:

v < 4.30 mis
f 0 < 2.15 Hz

(calculations in appendix 0)

7.2.2 Force Transducer Loading

The actual loading that occurred during the experiments de-
pends upon the values used for the variables V, f_o and A.
These values have been chosen considering the fOllowing:
(a) since the theoretical model of section 4.1 needs subcriti-

cal Reynolds conditions (asymmetrical shedding of vorti-
ces, related to a constant Strouhal number) the steady
flow velocity V should stay in the range of:

-----5.-0E+3< Re -< 2-.-0E+5,thus:
0.083 < V < 3.33 mis

(b) the laboratory equipment could handle the following values
for minimum oscillation period T (= 1/f_o), maximum towing
speed V and maximum oscillation amplitude A:

T ~ 1.50 s
V < 7.50 mis
A ~ 0.300 m

(c) comparing the experiments with realistic or needed cir-
cumstances, the following ranges for V, f 0 and A appea-
red:
* 0.50 < V < 1.50 mis, which are common current veloci-

ties;
* A > 1.50 cylinder diameters (see section 3.4 and 5.1);
* the range for f 0 should include the vortex shedding

frequency.
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(d) sealing effects as described in section 3.2 are of great
importance when choosing values for variables in experi-
ments.

(e) the forces on the transducers induced by the cylinder
motion had to be large enough to be measured: according to
Marintek specifications (statie) forces as low as 0.05 N
could be measured.

With respect to the cross sections the test cylinder with
diameter 0 (= 0.060 m) is of about the same size as an umbili-
cal cabIe. Therefore a sealing (d) 1:1 could be applied.
This implied that the ranges for V and A mentioned under (c)
could be chosen, although A remained under 5 cylinder diame-
ters because of (b).
The limitations of the laboratory equipment had a major effect
on the oscillation frequencies to be chosen. Using equation
7.1, with 0.50 < V < 1.50 mis, st = 0.20 and 0 = 0.060 m, the
vortex shedding frequencies were located in a range that un-
fortunately could not be reached at all: 1.67 < f v < 5.00 Hz.

f - f - St·V (Hz)
o v D (7.1)

The total force on a transducer in the y direction as a func-
tion of T (=l/f_o) and A (calculated with appendix 0, equati-
ons 111 to VI) is plotted in figure 7.2. From this figure it
follows that the range where T could be chosen appears to be
rather small, considering what is stated under (e). The dyna-
mic loading however, which occurs in the experiments, will
probably slightly increase the capacity and accuracy of the
transducers in the smaller force range.

7.2.3 Ranges of possible Values

Based upon the information given in section 7.2.1 and 7.2.2
the following variabIe values have been used in the experi-
ments:

0.33 < f 0 < 0.67 Hz, or 3.00 > T_o > 1.50 s;

2.00 < AID < 5.00;

0.10 < V < 1.50 mis.

7.3 Execution strategy

The choice of variables can be illustrated as in figure 7.3.
First of all, two sets of calibration runs were done, repre-
senting the weIl known cases like flow-only and oscillation-
only (note: the oscillation-only case has also been executed
with a towing velocity of 0.10 mis in order to eliminate the
effect of waves reflected from the tank walI).
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Next, from the central point in this figure that represents
the standard run with V = 0.75 mis, AjD = 4.50 and f 0 = 0.59
Hz (T_o = 1.70 s), each one of the variables has been changed
along its range (see paragraph 7.2.3) while the other two have
been kept at their standard value (three series of runs).
After this, the series of runs were done in which one variabIe
had its standard value, another one had an extreme value
(minimum or maximum) and the third variabIe has been changed
along its range (twelve series of runs). Some of the runs were
repeated. (see also section 7.4).

7.4 Test Runs Executed

In the first part of appendix E the chosen parameters AID, V
and T_o are given for each run number; this has been the
fOllowing order of the execution of the experiments.
In the second part, the runs of one series, described in sec-,
tion 7.3, have been put together. From this table can also be
determined which runs have been done more than once.
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8 DATA CORRECTION

Before the analysis of the experiment data, the data had to be
evaluated first because the signals possibly contained non
relevant information, or had to be transformed to other coor-
dinates.
The calibration factors derived from the static calibration
(see section 6.3) were used in the experiments. In appendix E
is described what data signals have been registered and what
run numbers have been used.

8.1 cylinder Installation Error

The cylinder was neither removed nor rotated during the days
of the experiments, so errors made during the installation of
the cylinder had the same effect on all signaIs.
Since it is rather difficult (if not impossible) to give the
cylinder the exact orientation, all data had to be recalcula-
ted if. a significant rotation error was introduced.
The mounting rotation error of the cylinder was calculated
from the.measured forces of the runs 34-37. A varying towing
speed in x direction and no oscillation is used in these runs.
The exact cylinder orientation is given in figure 8.1, the ac-
tual situation is given in figure 8.2. From the ratio of the
average values of the farces in the y direction and the x
direction follows for the rotation error that (eq. 8.1):

e_ arctan ( Fr, IIIHBured )

Fg, IIIHBured
(8.1)

The rotation errors are given in table 8.1.
A value for the rotation error cannot be given explicitly: the
rotation error determined varies from -2.76 to +1.52 degrees,
while the cylinder was not moved at all.
Since the rotation errors in table 8.1 cause errors in the
measured forces that are less than, or of the same order of
magnitude as, the accuracy of the measuring instrument (0.05
N, see section 6.3), the rotation error has been neglected
furth~r on in the analysis (see figure 8.2).

8.2 Ring Mass Force

A totally different effect is that of the mass of the ring of
the force transducers. The acceleration of the cylinder intro-
duced an extra force component in the data signals that had to
be eliminated in order to obtain force signals that represent
the hydrodynamic forces only.
This has been achieved via the runs 18-24, which had oscilla-
tions in air, at all frequencies used in the other runs. This
was helpful in two different ways:
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- the mass of the ring has been determined from these runs
(see section 6.4.1), and using the reference signal, it is
rather easy to subtract the calculated mass force from the
data signal measured (eq. 8.2 to 8.4);

- the signal from one of the runs in air could be subtracted
directly from the recorded signalaf a run in water,
provided that the frequencies are the same and the possi-
bIe amplitude difference is taken into account.

A problem with the latter option was that the setting of the
oscilLation frequency could not be done accurately. Also it
was rather difficult to synchronize bath signaIs. Therefore,
the first methad has been applied.

8.3 End Effects

There possibly has been same influence of the presence of the
water surf ace near the upper transducer (no. 3) and the end of
the cylinder near the bottom transducer (no. 1) on the recor-
ded data signals there. These sa-cal led "end effects" were
checked upon their significanee by comparing the analysis re-
sults of all three transducers of a run (table 8.2).
It appeared that the parameter values found varied slightly
along the cylinder length, which is probably not the result of
an end effect, but more likely caused by the following:
The determination of the coefficients has been done according
to the procedure of chapter 9. Here, the analysis was carried
out using the reference signals of the oscillatory motion.
This means that, when a phase difference occurred between the
forces along the cylinder length during the experiments, not
all re'corded forces will fit in the model with the same accu-
racy and the same coefficients.
since the analysis of the experiments concerned the measured
forces on one of the rings (no. 2), no further attention has
been paid to this effect.
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run: i V: avg. force I avg. force rotation:no. ; (mis) Y: (N) X: (N) ring 2: (deg)
i ! I34 ; .50 : -.0048 ! .0997 -2.76

35 1.00 i .0055 I .3790 .83I36 .75 -.0018
I

.2279 - .44
37 1.50 i .0201 .7584 1.52i I

(tabIe 8.1)

I ring:
! 1\Ii) tIf)

CritfX: f CritfY:Cd: I Ca: Cl: st:, I

i IRun 46: I 1 1.042 .514 .494 .1737 .102E+01·809E-1
! 2 11•140 .574 .511 .1773 .695E-1 .628E-1I

Ii 3 /1.190 .556 .450 .1785 ·813E-1 I .795E-1!
!;

11•180
i

1

I

•294E+0 1 .752E-1Run 47: ! 1 i .298 .917 .1326 I2 ·1.306 .370 .825 .1330 , •293E+0 I .641E-1
3 1.340 .426 .752 .1335 .415E+0 .760E-1

Run ,49: 1 .804 .760 .121 .1729 .174E-1 .860E-1
2 .854 .744 .106 .1841 .102E-1 .402E-1
3 .910 .722 .072 .1831 .989E-2 .523E-1

(Note: ring 1 is the nearest to the bottom end, ring 3 is thenearest to the water surface) •
(table 8.2)

time: Cd: .;Cl: It)
CritfX: CritfY:Ca: st:

(days)
Run 46 · 0 1.042 ._S~4 .49-4- f-o 1737 -.J.02E+-O.-8-09E-1·· 1 (not available)·Run 150: 4 .946 r. 390 " .2931.1742 .583E-1 .447E-1

(AID = 4.50; V = .75 mis; T = 1.70 s)
Run 51 · 0 1.210 1.772 .722 .1828 1 .603E-1 .493E-1·Run 140: 1 1.052 1.640 .406 .1865 I .717E-1 .580E-1
Run 153: 4 .966 1.442 .179 .1781 I .744E-1 .665E-1

(AID = 4.50; V = .75 mis; T = 1.50 s)
Run 55 · 0 1.000 .636 .276 .1865 •251E-1 .733E-1·Run 139: 1 .948 .526 .277 .1835 .297E-1 .718E-1
Run 158: 4 .894 .550 .198 .1842 .239E-1 .406E-1

(AID = 4.50; V = .75 mis; T = 3.00 s)
(tabIe 8.3)

*J average values
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8.4 Equipment Deterioration

The influence of equipment deterioration on the data measured
has been examined, since the time interval between the first
and the last run is about four days.
Comparing the results of the analysis of the runs shown in
table 8.3, it is clearly visible that there is an important
change in results, especially after the four days interval.
The reason is probably the condition of the rubber skin during
the days of the experiments. The rubber apparently became
stiffer and changed the calibration factors of the transdu-
cers. As aresult, (much) "lower" forces were measured. The
fact that no systematic change appeared in the values for the
strouhal numbers and the data fitting criterium function
values confirms this opinion.
The analysis program discussed in chapter 9 included only runs
that were executed on the first and the second day. Although
probably not small enough to be neglected, no special measures
were taken to eliminate the one-day time influence on these
analysis results.
The runs carried out on the fourth day all were copies of
earl ier executed runs.
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9 SINGLE TEST DATA PROCESSING

9.1 Objective

In this chapter the data analysis procedure for all runs is
described, and illustrated by following one single run (no.
46) during the consecutive stages of the analysis. As an
additional check all data from degenerate runs (towing only or
oscillation only) are presented in section 9.4.1.
The validity of the theoretical models as described in section
4.1 has been investigated in light of the following items:

- how weIl are the force signals from the experiments repro-
duced using the model I developed?

- is the r-n-a coordinate system (see figure 9.1) a proper
one for describing the situation?

- is there any resemblance between the frequencies at which
(lift) forces occurred in the experiments comparing these
wi,th the frequencies predicted by the model developed?

9.2 Analysis Procedure

9.2.1 Required Model Constants

Keeping model I in mind, the measured forces in the x- and y-
direction, Fx and Fy, are assumed to be a function of the re-
sUlting velocity V (V itself depending upon the towing speed
vt, oscillation amplitude A and period T_o), the Strouhal
number st and the hydrodynamic coefficients Ca, Cd and Cl.
Since the recording of the signal was started arbitrarily, a
initial phase phi representing the phase of the lift force
component at t = t 0 had to be introduced, too.
Fx and Fy, vt, A, and T_o are known within respectable limits,
since they have been measured or set.
To reproduce the data, five missing parameters had to be
determined: st, Cd, Ca, Cl and phi(t=t 0).
The model uses a coordinate system, that will be referred to
as the r-n-a system, different from the x-y system, as in
figure 9.1. The transformation of the determined model force
components from the r-n-a to the x-y system (projection) goes
according to equations 9.1 and 9.2.

F-- + F-· cos e - F-· sin«x r n (9,1.)

Fy- + Fr·sin (<<) + FE·sin (e ) _ Fa (9,2)
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By comparing the Fx and Fy predicted by the model and measured
in the experiments two equations are obtained: one for the x
and one for the y direction.The problem that arises here is a
shortage of 3 equations to determine all five unknown parame-
ters, this without considering the inaccuracy of the recorded
force signaIs.
A "best-fit" procedure has been applied to find all parameter
values. Here, a predefined fit criterium function (see section
9.2.2) is minimized.
An efficient procedure for finding proper variabIe va lues is
described in section 9.2.3.

9.2.2 Fit Criterium Function

The analysis has been carried out trying to find the required
parameters for which the criterium function(s) of equation 9.3
reached a minimum value. This can be applied to the x, y or
total force components.

Critf- L [Fi,.measured - Fi,model] 2

L [Fi,model] 2

(9,3)

The criterium function values for the x and the y forces were
summed when determining .the Cd and Ca values.
For the Cl, st and phi determination, only the criterium func-
tion of the direction in which the lift force was primarily
thought to act was taken into account: for oscillation-only
situations the x direction, for relatively large towing speeds
the y direction.

9.2.3 Searching strategy

When looking at the y force record of run 46 (figure 9.2), it
is clear that the dominant force component is the result of a
force which is characterized by the cylinders oscillatory
motion. A spectra I analysis confirms this, too: most of the
energy is concentrated near the oscillation frequency of .59
Hz (figure 9.3). The forces working on the cylinder during the
experiments are shown in figure 9.4 and can be written as in
equations 9.4, 9.5 and 9.6.
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(9,4)

(9,5)

(9,6)

Both the x and the y force contain components at the oscilla-
tion frequency: the inertia force Fi and/or the drag force Fd.
Although regularly appearing, the high frequency (lift?) force
signal added to the dominant force signal was primarily consi-
dered as "noise" when starting the analysis.
Comparing measured data and model values in the x and y direc-
tions (using the model drag and inertia force components only)
a least square fit has been achieved for Ca and Cd simultane-
ously. Af ter this, the model drag and inertia force (using the
Ca and Cd values found) has been subtracted from the measured
data signals and the analysis continued with the remaining
(lift) force signal.
This signal is described by the theoretical models for given
parameters Cl, st and phi(t=t 0). First, the coefficient Cl
was estimated roughly, proportional to the maximum force that
occured in this remaining signal.
Subsequently, for various chosen Strouhal numbers st, phi(t=O)
was varied from -~ to +~ for each st value, looking for a
least square fit comparing (for this particular run) the model
y (lift) force and the measured y (lift) force only.
At last, the Cl value was optimized using the other (four)
fixed parameter values found.

9.3 Data Reproduction Aspects

The reproduction of the measured force signaIs, with the theo-
retical models and the coefficients found after applying the
procedure described in the previous section, gave the follo-
wing problem: due to "beats" occurring in the lift force com-
ponent a rather poor fit was sometimes found.
In the towing-alone runs (no oscillation), where a constant
Strounal number is commonly accepted and therefore should
result in regular harmonie lift forces, these (unexpected)
"beats" were also found (figure 9.5).
The "beats" occurring in some of the experiments with additio-
nal oscillation seem to be of the same origin (as an example
run 55 in figure 9.6).
This effect means that the conclusion from the analysis proce-
dure will be too pessimistic for some runs when the validity
of the theoretical models is questioned.
Therefore, after having determined the Cd and Ca coefficients
for the entire recorded force signals of one run, the recorded
force signals have been cut into several (eight) pieces which
were analysed separately. An average value for Cl and st could
be determined now, and the reproduction of the recorded force

71



Analysis of stationary Flow 1
I

134! .886 i

36! .900
35 i .842 !
37 i .748 i

i .232 1.1864 i
! .185 .1874 1, i
i .105 :.1837 I
! I:.068 ,.1739, i

.50

.75 i
1:1.00

1.50 i

.189E-1! .478E+0,, .706E-2 i .487E+0
•504E-2 [.845E+0

I ,.469E-2! .671E+0

(-)
!I'~Cl: I'·) st:
(-) (-)I '

A: i V: 1

1

T: / critfX: i critfY:
(m)!(miS): (s) l (-) ! (-)

run:1
no ,

Cd:
(-)

Ca:

(tabIe 9.1)

116 1.238 1.052
121 1.102 .052
126 1.042 '.052
131 .,946 1.052
136/ .944 ;.052
141 I .886 1.052

1.810 .1816 .180 .000 1.70
.725 .2050 .210 .000 1.70
.636 .1949 .240 .000 1.70
.660 .2129 .255 .000 1.70
.624 .2106 .270 .000 1.701
.517 .2171 .285/'.000 1.701

1

.120E+1i .152E+0

.103E+1 .143E+0

.102E+1 .142E+0

.107E+1 .144E+0

.890E+0 .132E+0

.129E+11·148E+0

Analysis of Oscillatory Flow
run:/ Cd: I Ca:
no .1 ( - ) ! ( - )

~)CI: ft) st: I A: i v: I T: I
(-) (-) I (m)1 (m/s)l(s) i

critfX: 1 critfY:
(-) : (-)

(table 9.2.1)
w) ~)

run: Cd: Ca: Cl: st: A: V: T: critfX: critfY:no. (-) (-) (-) (-) (m) (mis) (s) (-) (-)
66 1.388 .306 .804 .2146 .180 .100 1.70 •166E+1 •124E+0
64 1.234 .190 .651 .1800 .210 .100 1.70 •168E+1 •151E+0
62 1.182 .104 .642 .1711 .240 .100 1.70 .101E+1 .138E+0
6_0_1.106 _ .052 __-122 .1833 •25S- .100 - 1.70 .8-2-2E+0.-147E+O
45 1.086 .052 .638 .1778 .270 .100 1.70 .106E+1 .137E+0
58 1.050 .146 .634 .1981 .285 .100 1.70 .157E+1 .138E+0

(table 9.2.2)

~) average values
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signal gave a much better fit. An indication of the better fit
gave also the average Cl value, that appeared to be (much)
higher than the value found when analysing the record in one
piece.
A few things have to be pointed out here:

splitting the record into too many pieces will always give
a good fit;

- the connection between two adjacent pieces will be discon-
tinuous: a phase shift in the lift force always occurs.

9.4 Analysis and Reproduction (using Model I)
9.4.1 Analysis of Oegenerate Cases

The degenerate cases of section 9.4.1.1 and 9.4.1.2, a statio-
nary flow and an oscillatory flow respectively, have been ana-
lysed. The coefficients found in these analyses have been com-
par-ed. ;in section 9.4.1.3 with the values mentioned in the li-
terature consulted.
This analysis can be seen as a calibration and gives an indi-
cation of the value of the data obtained. Data from all dege-
nerate runs are reported here.

9.4.1.1 stationary Flow

For a cylinder in a stationary flow have been found:
- the drag force coefficient Cd as function of the towing

velocity V (Reynolds number):
- the value of the Strouhal number st;
- the value for the lift force coefficient Cl.

The results of the analysis are presented in table 9.1.

9.4.1.2 Oscillatory Flow

For a cylinder in an oscillatory flow have been found:
- the drag force coefficient Cd as function of the A/D ratio

(Keulegan Carpenter number):
- the inertia force coefficient Ca as function of the AjD

ratio (Keulegan Carpenter number):
- the value of the Strouhal number st;
- the value of the lift force coefficient Cl.

73



4r-----,_----------~~--------~--~~~~,___,

oLlE~~~~
0.1 I 2 3 4 5 10 15

Kl-----~ Re, )(10'

R
Lift coefficient vs. Reynolds number for various values of KC for smoor h

circular cylinder [Sarpkaya (1976)]

FIGURE

"

9.89.7
!I

FIGURE rI

R: Range of Experiments

CYLINDER
SYMBOl DIAMETER

• 30mm
o 60mm

MEAN CURVES

R

• •

r R I

O~~~,,~~~~l~~~~o 10 I 20 30 40 50
KC

Inertia and drag coefficients for a fixed vertical cylinder in wave-adverse-
current relative field [Iwagaki, et al. (1983)]

74



The results of the analysis are presented in table 9.2.1 and
9.2.2 (Note: the velocity vt = 0.1 mis in table 9.2.2 was in-
stal led in order to eliminate reflections from the tank wall;
see also section 7.3).

9.4.1.3 Compar~son with Literature

The Cd and Ca coefficients presented in section 9.4.1.1 and
9.4.1.2 will be compared here with the results from some
investigations reported by Chakrabarti (1987). These results
are shown in the figures 7.1 and 9.7 to 9.10. The ranges of KC
number and Reynolds number of the laboratory experiments have
been marked in the diagrams.
The Cd values found in the present study are in the vicinity
of the already known values.
The value of Ca found in the present study appears to be
rather low sometimes (Note: Cm = [1 + Ca]).
The value of the Strouhal number st for stationary flow condi~
tions appears to be a bit lower than 0.20, which is the gene-
rally' ;accepted value.

9.4.2 Analysis of Remaining Data
Reproduction of Force Signals9.4.2.1

As an example, the analysis of run 46 (the standard run) is
follwed here in detail, for both directions. The items mentio-
ned in section 9.3 have to be considered here.
In figures 9.11 a part of the recorded signal is drawn. The
figures 9.12 show, as the result of the first phase of the
analysis, the fitted curves that represents the drag and iner-
tia forces only. Af ter the subtraction of these drag and
inertia forces from the recorded signal, the remaining regist-
ration is shown in figures 9.13.
The second phase of the analysis is executed using (in this
case) the y force component only. The result is shown in
figure 9.14.2. Looking at the x force component in figure
9.14.1, it shows clearly that the curve drawn here, using the
parameters found in the analysis of the y force component,
fits quite weIl, even though the analysis has not paid any
attention to this component.
The complete reproduction of the registration is shown in the
figures 9.15.
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SPECTRAL ANALYSIS (RUN 46)
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9.4.2.2 Spectra I Analysis of Experiments and Model I

The spectra of the force signals of run 46 are shown in the
figures 9.16.
The spectra of the model forces can be obtained as follows:
a - The spectral analysis could be applied to the reproduced

forces from section 9.4.2.1 (figures 9.15). This means
that the phase shifts between all pieces of the record are
included and will affect the result.

b - The spectral analysis could be applied to a synthesized
model registration of the entire record, using the avera-
ged values from the analysis for Cd, Ca, st and Cl, and a
single (starting) value of phi.

The possibility mentioned under b) has been applied here,
because this represents the original model correctly.
The peak at the oscillation frequency is very high (see also
figure 9.3), but has been reproduced by the first phase of the
analy~is, as shown in the figures 9.17 and figure 9.18.
The model spectra of the lift forces from the figures 9.13 are
presented in the figures 9.19. The complete model spectra are
shown in the figure 9.20.

·9.5 Conclusions

- The analysis procedure presented gives averaged values for
the five required model parameters (section 9.2.1), which
are obtained by analysing segments of the recorded signal
seperately.

- The analysis has been executed by fitting a curve through
all measured data points, trying to find a minimum for the
criterium functions (section 9.2.2). The criterium functi-
on values for the x and the y forces were summed when
determining the Cd and Ca values. For the Cl, St and phi
determination, only the criterium function of the directi-
on in which the lift force was primarily thought to act
was taken into account: for oscillation-only situations
the x direction, for relatively large towing speeds the y
di'rection.

- The analysis procedure presented gave proper information
about the values for the experiment parameters. This can
be concluded from the results from the analysis of the
degenerated cases, which do not differ too much from
literature information (section 9.4.1.3).

- For a stationary flow and an additional oscillation (run
46), the model (I) describes the forces very weIl (figure
9.15). AIso, the spectra of the forces calculated with
model I look like the spectra of the recorded forces
(figure 9.20).
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SPECTRAL ANALYSIS (RUN 46)
Synthesized X Forces (Uft Force only)
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SPECTRAL ANALYSIS (RUN 46)
Analysis of X Foree Component (t.4odel I)
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10 COMPARISON OF MODELS AND INTERPRETATION OF RESULTS
10.1 Comparison of Model I and Model II

Ten runs (no. 34, 36, 37, 46, 47, 49, 51, 55, 57 and 69) have
been analysed using both models (see figure 10.1 and figure
7.3), in order to find which model gives the best description
of the hydrodynamic (lift) forces.

10.1.1 Determination of Model Constants

The model constants from the analyses are presented in the
tables 10.1 and 10.2.
Comparing the values of the determined criterium functions of
these runs, it appeared that for stationary flow conditions
(runs 34, 36 and 37) it does not matter which model (lor II)
is used. This is no surprise since the flow velocity does not
change here and therefore the lift force frequency will be
constant for model I. The lift force frequency of model II is
by definition constant: the two models then will give essenti-
ally identical results.
In general, model I describes the forces better than model II.
This can be seen in two ways:

the criterium function values given (calculated using the
complete model forces) are always (much) lower for modelI;

- the lift coefficient values found with model I are always
(much) higher than the values found with model II.

The second argument indicates that model I fits better. When a
models description would be completely wrong, a least-square
analysis procedure would eliminate the coefficients influence
by inserting a zero value for it in this case. Thus, the
higher the coefficient, the better the model.

10.1.2 Reproduction of Force Signals

The reproduction of the forces of run 46 according to model I
and II are shown in the figures 10.2 and 10.3.
Model I gives a visually better fit. This is confirmed by the
lower criterium function values found in the previous section.
This comparison holds true for the other runs mentioned ear-
lier in this section (except for no. 34, 36 and 37) as shown
in appendix G.
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Listing of Output Parameters (Model I + 11)

MODEL I
I I

lil) Cl: ~) I I ,Run: Cd: Ca: st: A'I V: T: CritfX: CritfY:
(m) I

,
(no. ) (-) (-) (-) (-) (mis) (s) (- ) (-)

I

; I i
.750 11.700

, !46 1.140 .574 .511 .1773 .270/ I .695E-01 I .628E-0147 1.306 .370 .825 .1330 .270 .500 1.700 .293E+00 I .641E-0149 •854 .744 . .106 .1841 .27°11•500 1.700 .102E-01 .402E-0151 1.210 .772 .722 .1828 .270 .750 1.500 .603E-01 .493E-0155 1.000 .636 .276 .1865 .270 .750 3.000 .251E-01 I .733E-0157 1.126 .530 .497 .1636 .300 .750 1.700 .927E-01 .846E-0169 .926 .696 .226 .1797 .120 .750 1.700 .154E-01 I .714E-Ol34 .886 .252 .232 .1864 .000 .500 1.700 .189E-01 .478E+0036 .900 .300 .185 .1874 .000 .750 1.700 .706E-02 •487E+0037 .748 .060 .068 .1739 .000 1.500 1.700 .469E-02 •671E+00

(tabIe 10.1)

MODEL II
I Cd: Ca: "'? Cl: ~ f: CritfX: CritfY:Run: A: V: T:

(no. ) (-) (-) (-) (Hz) (m) (mis) (s) (-) (-)

46 1.140 .574' .407 3.0082 .270 .750 1.700 •995E-01 •985E-0147 1.306 .370 .695 2.5125 .270 .500 1.700 •378E+00 .838E-Ol49 .854 .744 .039_ 3.3660 .2_70_1.500_-1_.700_ •125E-01 .-7-1-3E-O~51 1.210 .772 .671 3.3368 .270 .750 1.500 •110E+00 .645E-01
55 1.000 .636 .263 2.5527 .270 .750 3.000 •264E-01 •871E-01
57 1.126 .530 .379 3.3338 .300 .750 1.700 •147E+00 •117E+00
69 .926 .696 .223 2.4340 .120 .750 1.700 .l.55E-Ol. I •752E-01
34 .886 .252 .232 1.5523 .000 .500 1.700 •189E-01 .478E+00
36 .900 .300 .185 2.3430 .000 .750 1.700 .706E-02 •487E+00
37 .748 .060 .068 4.3320 .000 1.500 1.700 .469E-02 •681E+00

,

(tabIe 10.2)

*J average va lues
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10.1.3 spectral Analysis of Force signals

The model spectra of run 46 are shown in the figures 10.4 and
10.5 (model I), and 10.6 and 10.7 (model II). Visual compari-
son confirms the conclusion that model I yields better re-
sults. The spectra of the other runs (mentioned in section
10.1.2) also indicate that model I is more accurate (figures
in appendix G).

10.2 Interpretation of Model I Results

Using model I, the data analysis has been executed for all
runs presented in chapter 7, figure 7.3.
In appendix G the output parameter values determined are
presented in two farms:

- all parameters of all runs in a table like table 9.1;
- ~aphical versions of the results. In each graph one of

the input parameters is kept at its standard value, the
second is taken as the variabIe upon which one of the
output parameters depends, and the third is given its
minimum, standard and maximum value (see also section
7.3). Thus, for each output parameter are six graphs
available.

From the graphical presentations the following (qualitative)
observations can be made concerning:

- validity of the model (section 10.2.1)i

- coefficient values (section 10.2.2),
as discussed below.

10.2.1 Validity of the Model

The criterium function values for the model farces in the x
and the y direction give an indication of the validity of the
theore'tical model I. It appeared that:

for the X direction, a BETTER FIT is achieved for:
* an INCREASING stationary flow velocity V;
* an INCREASING oscillation period Ti
* a DECREASING oscillation amplitude A.
for the Y direction, a BETTER FIT is achieved for:
* an INCREASING oscillation amplitude A.
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This means for the x direction that the model fits better when
the flow conditions are more nearly to a steady flow. For the
y direction this effect is not that strong.

10.2.2 Coefficient Value Trends

For the Cd, Ca, Cl and St coefficients the following clear
observations were made:

for the Cd coefficient:
* decreases when the stationary flow velocity V ( > 0.50

mis) increases;
* has a maximum value around V= 0.50 mis (Re= 3.0E+4);
* not depending upon the oscillation amplitude A for higher

oscillation periods T (T > 2.00 s).
for the Ca coefficient:
* i~creases when the stationary flow velocity V increases;
for the Cl coefficient:
* decreases when the stationary flow velocity V increases;
* increases for low oscillation periods T (T < 2.00 s) at

low stationary flow veloeities V (V < 0.75 mis) or large
oscillation amplitudes A (AID> 2.00).

for the st coefficient:
* shows extremely low va lues for the combinations involving

certain low stationary flow veloeities V, large oscillati-
.on ampli-tudes-A and short oscillation -periods T.
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10.3 Conclusions

- Comparing the values of the determined criterium functions
of a number of runs, it appeared that for stationary flow
conditions (runs 34, 36 and 37) both models give the same
results (tables 10.1 and 10.2).

- For a stationary flow and an additional oscillation, model
I describes the forces (much) more accurately than model
II (figures 10.2 and 10.3). Also, the spectra of the for-
ces calculated with model I look more like the spectra of
the recorded forces than the spectra of model II (figures
10.4 to 10.7).

- It seems as if the error made by model I is in x direction
depending upon A, V and T, but in Y direction only depen-
ding upon A (section 10.2.1).
Both the Cd and the Ca coefficient depend primarily upon
the stationary flow velocity V.

~..
- The Cl value depends clearly upon all input parameters A,

V and T, which indicates that the lift force amplitude
formtilation could be questioned.

- The strouhal number shows for certain conditions extremely
low values, indicating that the dependency of the vortex
shedding frequency on the instantaneous velocity value in
those conditions is not correct. However, even for those
conditions, model I proves to be more accurate than model
I1 (table 10.1 and 10.2).
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11 GENERAL CONCLUSIONS

The following conclusions can be drawn from the study presen-
ted in this report concerning the hydrodynamie forces on
slender cylinders oscillating transversely in a current:
- Vibrations of umbilical cables used to photograph the wreek

of the Titanic have caused fatigue problems which have made
the usable life of those cables unacceptably short.

- A literature study has revealed that little seems to be
known about the hydrodynamie interaction of cylinders (cabIe
segments) vibrating with large amplitudes in currents.

- The hydrodynamie forces model has been built up based upon
literature information using a drag force component, a~
inertia force component and a lift force component.
The drag and the inertia forces proved to be properly des-
cribed by Morison's theory.
The lift forces were described including a time varying vor-
tex ~hedding frequency (analogous to the model of Verley
[1982]): this was found to be more suitable than a constant
frequency.
The model is expected to describe the time domain hydrody-
namic interaction of slender cylinders under a variety of
flow conditions in the subcritical Reynolds regime.

- In the time domain this formulation includes five unknown
coefficients:

* Cd · drag coefficient:·* Ca · inertia coefficient:·* Cl · lift coefficient:·* st · Strouhal number:·* phi · lift force phase angle at the start of the record.·
- The model has been verified by the comparison of measured

and computed (model) forces. The measured forces came from a
vertically mounted test cylinder that has been towed in
still water with a constant velocity, while undergoing a
forced oscillation transverse to the towing direction.

- The test cylinder used was able to measure (statie) forces
as 10w as 0.05 N in two perpendicular directions by means of
four force transducers containing stain gages. The recorded
signals of one transducer have been analysed.
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- The experiments have included the following ranges of:
* Reynolds Number Re:

3.0E+4 ~ Re ~ 9.0E+4 (0.50 ~ V ~ 1.50 mis);
* Keulegan Carpenter Number KC:

12.3 ~ KC ~ 31.4 (2.00 ~ AID ~ 5.00);
* Oscillation period T:

1.50 ~ T ~ 3.00 s.
Lock in conditions were not included because of equipment
limitations.

- An efficient procedure for determining the coefficients nee-
ded (Cd, Ca, Cl, st, phi) has been developed for the proces-
sing of the recorded force signaIs. The analysis was perfor-
med in three steps:
Firs,t, the optimum Cd and Ca values were found, considering
the high frequency lift force as "noise". Then the Cd and Ca
force çomponents were subtracted from the recorded signal.
Next, for the remaining (lift) force signal the optimum st
and phi values were determined, using an approximation of
the Cl value.
Finally, the optimum Cl value was determined using all four
earlier determined coefficients.

- The measured lift forces showed so-called "beats"; this has
been observed for both the steady flow conditions and the
remaining (non stationary) experiments. Therefore, for a
better reproduction of the measured force signals the recor-
ded--siCJftalhad to-be segmen-ted-.Average-values- for--the
coefficients for one complete test run have been determined
this way.

- The coefficient values found for degenerate cases like a
stationary flow (Cd and st) or oscillatory flow (Cd and Ca)
can be associated with already weIl known values, although
the st values found (around 0.18) stay under the generally
accepted value of 0.20.
Most of the Cd, Ca and st coefficient values found for the
other experiments were surprisingly close to those found by
others (even though their flow conditions were different).
This implies that currently accepted values of these coeffi-
cients can be used for the range of variables tested here as
weIl.

- The model descibes the forces in the towing direction better
for flow conditions close to a stationary flow. In the
transverse direction this tendency is less strong.

- The lift force AMPLITUDE description contains a Cl coeffi-
cient that depends upon all input parameters and is by no
means a constant value. Thus, a better description is needed
for the lift force amplitude.
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- For certain combinations of towing velocity, oscillation
amplitude and period, the st values found in the analysis
were extremely low (0.13), indicating that the lift force
FREQUENCY description is not correct. The time varying lift
force frequency description still appears to be more accura-
te than a constant lift force frequency, however.

- The residual error that indicated the accuracy of the model,
appeared for some runs to be two orders of magnitude larger
than for other runs. Generally, larger residual errors were
associated with lower force situations; such errors are
often attributed to instrumental noise.
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12 FURTHER INVESTIGATIONS

The results from this study indicate that a lot of items are
still there to be investigated. Regarding model I, the follo-
wing aspects deserve further attention:
- Lift force description

The results of the present study indicate that the dependen-
cy of the lift force amplitude upon the square of the velo-
city term can be questioned, since the determined Cl coeffi-
cients depended upon all input parameters.
AIso, for certain combinations of towing velocity, oscil-
lation amplitude and period, the st values found in the
analysis were low, indicating that the lift force frequency
is overestimated here when using a constant st value.

- Cd and Ca coefficients
The Cd and (surprisingly) the Ca coefficient appeared to be
dependent upon the stationary flow velocity in the experi-
menis carried out.

- Correlation between the (lift) forces along the cylinder
axis.
Axial correlation of lift forces is of major importance when
simulating the dynamic behaviour of a series of finite
elements of a slender cylinder. It is possibly solved by the
model itself. Inserting an initial random phase in the lift
force component for each element at the beginning of the
simulation might give adequate results.

- Validity of the lift force description for higher cylinder
oscillation frequencies than tested in the present study.

- Influence of the cylinder axis orientation
The buoyancy and/or gravity should be included when the
cylinder axis is not vertically orientated.
AIso, the effect on the hydrodynamic forces of the orienta-
tion of the cylinder axis with respect to the surrounding
flow needs to be investigated.

- possible relationship between the inter-segment phase shifts
which were introduced when analysing the experimental time
records.
If there is any resemblance between them, then the model
could perhaps be modified.
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Computer simulation of various flow conditions and cylinder
geometries.

with NOSDA (Non-linear Offshore Structure Dynamic Analyser;
see Liu, P. and Massie, W.W., 1988), the (hydrodynamic)
forces working on a series of finite elements of a cylinder
and their response can be simulated in the time domain. The
following questions could perhaps be answered afterwards:

* How weIl does the developed model I describe the hydrody-
namic forces when it is used in a more general relative
motion situation?

* Is it possible to simulate the loek-in phenomenon with the
model developed?

* A maximum amplitude of 1.5 cylinder diameters is mentioned
in the literature for loek-in vibrations. Is this limit
caused by equipment limitations or can it be explained
hydrodynamically using model I?
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APPENDIX A: NOTATlONS

i
A ..
A
B ..
Ca
Cd
ci
Cl
D
F
Fd
Fi
FI
Fp
H
KC
M
Re
Sc
st
T
V
Vcur
Vt
a
dF
cis
dz
e
f ef-n
f 0
f-..
9
k
m
m
max
n
n
0
p
t
r
v
x
y

1
y

"
~, 0(, 3 ' c
1f' 'f
io
0

instantaneous acceleration directionforce
cylinder element length
cylinder element length
2.718
excitation frequency
natural frequency
oscillation frequency
force in •• (x,y,r,n) direction
gravity constant (=9.81)
calibration factor
mass
(subscript) model or mass
(subscript) 'maximum value
direction perpendicular to instantaneous velocitydirection
constant
(subscript) oscillation
(subscript) prototype
time
instantaneous velocity direction
(subscript) vortex shedding
towing direction or stationary flow
direction perpendicular to x

subscript i (in text)
coefficient
amplitude
coefficient= C A inertia force coefficient= C-D drag force coefficient
= C-I = (l+Ca)
= C-L lift force coefficient
cylinder diameter
force
= F D= F I= F_L
= F_p
height
Keulegan Carpenter Number
mass per unit length
Reynolds Number
Scruton Number
Strouhal Number= T 0 oscillation period
velocity
= current velocity= towing velocity

drag force
inertia force
lift force
pressure force

= Re/KC
damping ratio
viscosity (= 1.0 E-6)
3.1415
density (of water: 1000)angle
(phase) angle
angular frequency
(zero) (subscript) starting value

A1

(-)
(m)
(-)
(-)
(-)
(-)
(-)
(m)
(N)
(N)
(N)
(N)
(N)
(m)
(-)

(kg m"'-l)
(-)
(-)
(-)
(s)

(m S"'-1)
(m S"'-1)
(m S"'-1)

(H)
(m)
(m)

(Hz)
(Hz)
(Hz)
(H)

(m s"'-2)
(m N"'-1)

(kg)

(s)

direction

(-)
(mA2 sA1)
(kg mA-3)

(-)
(rad)

(rad SA-1)
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APPENDIX C: TEST CYLINDER CALIBRATION
Cl Calibration Factor Determination

(data figures, tables and graphs in section C3)

The experiments described here have been executed on the test
cylinder with and without a rubber skin; the rubber skin has
been put on the day before the tests on the cylinder with skin
were executed. For one orientation (IV) the significance of
the time effect on the rubber skin was examined (see section
6.3.2); therefore measurements of this orientation have also
been done shortly after the skin was put on.
In order to obtain the relationship between the electric
signal and the exciting force, the cylinder has been mounted
horizontally. All three transducers that are going to be used
have been loaded vertically, each for four different orienta-
tions (fig.Cl.l), by weights associated with masses of 0.1 kg
from 0.0 kg up to 1.2 kg.
It has been tried to rotate the cylinder around its axis so
that for each orientation only one, the x- or y-, direction of
the force transducers was loaded. Of course, this is almost an
impossible thing to do, and therefore the signals of both x-
and y- direction have been registered in order to make correc-
tions if necessary.
A linear regression on the data of two orientations (the
second orientation is the one with the x and y axis rotated
over 180 degrees) yields an ave rage calibration factor for the
loading direction (table Cl and C4).
The assumption is made that the x- and y- axis in each trans-
ducer are perpendicular to each other.
The calibration factor derived from orientation III and IV was
used to determine the maximum force perpendicular to the
loading direction when the cylinder had been given the orien-
tation I and II, and vice versa. With this force and the
maximum force in loading direct ion the rotation around the
cylinder axis of each transducer could be determined quite
accurately (table C2, CS and figure Cl.2). With this rotation
a correction on the calibration factors could be made (table
C3 and C6).
Also, an average value for the relative rotations between the
transducers can be determined now, since for each orientation
the difference in rotation of two transducers should be the
same.

C2 Ring Mass Determination
(table in section C3)

During the experiments a reference signal RFINF(t) that follo-
wed the oscillatory motion of the cylinder was recorded (see
also section 7.1). The amplitude of this reference signal had
the value 1.000, which means that the difference between force
signal and reference signal is a factor -A. (2.x/T)A2 at any
time (equations I and II). The ring masses can be determined
now according to equation lIl, or for discontinuous (digital)

(1
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recorded signals according to equation IV.
a(t) - -( 2·1t )2'A-sin( 2·1t .t)

T T (I)

RFINF( t) • sin( 2~1t ·t) (II)

F( t)
a (t)

F( t)

- ( 2·1t ) 2.A- RFINF' ( t)
T

(lIl)

LIIF(ti) 11
massring- ~n (2°1t)2oAoRFINF(t.)~- T ~

i- l(l)n (IV)

The masses have been determined by averaging the values obtai-
ned from the analysis (using the program RINGMASS; see appen-
dix F) of three runs (tabIe C7).
Figure C2.1 shows the measured forces and two curves: one
represents the reference signal and the other represents the
calculated force signal using the determined ring mass.
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C3 Data Figures, Tables and Graphs
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- tables Cl and C4

- tables C2 and CS

- tables C3 and C6
- table C7
- figures C3.l to C3.6
- tables CS to Cl3
- tables Cl4 to Cl6

non corrected calibration
factors
rotation of the transducers
during the calibration
corrected calibration factors
ring masses
calibration lines
calibration data figures
time influence data figures
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C6-7

C6-7

C6-7
CS
Cg
ClS
C27



kvalues: (lE-6 V/VIN) max.strain: (5E-7 V/V)

: I 16.862
.: I 16.958

15.414 i 1

: I 15.649 :III+IV ::

1 x
X
y
y

I
II
III
IV

1 I
II

*) III
IV

y
y
X
X : :

-12.2
4.1
0.0
5.1

I+II :i 16.910

15.532 !,

16.436
:1 2
ij

I
II
III
IV

,
Y : i

Y : !
X :
X :

-7.2 l
3.5 !

-15.0 1115.3 I

X
X
Y
y

I
II
III
IV

1 I:! 16.447 , :
:.. 1

1 16.426 I I+II:~
15.227 ,

: i 15 •499 1 III+IV :!
ol:i15.363 iJ

14.197 ~ ~ i
X : i

X : I

-17.4
11.4

-14.0
18.3 I

i

14.173 r i
14.220 i I+II: I
14.755 j' I
14.799 III+IV :I 14.777

*) very poor relationship between strains measured

3 X
X
y
y

I
II
III :
IV

rotation: (rad)
(tabIe Cl)

1
1 1 -0.0334

2 -0.0199
3 -0.0500

I

(tabIe C2)

1

,
iIIII+IV :1

0.0112
0.0097
0.0328

:' 16.915

II 1
2
3

III 1
2
3

0.0000
-0.0388
-0.0419 i

15.532

IV 0.0128
0.0395
0.0548

16.438

15.375

kvalues: (1E-6 V/V/N)
116.871 !

16.959 :,
15.414
15.651

X
X
y
y

I
II
III :
IV

I+II

14.209

14.795

··
2 16.450 I

16.426 I I+II:
15.239 i
15.511 IIII+IV :

X
X
y
y

I
II
III :
IV

····

3 14.191R14.227 I+II:
14.767 I
14.822 III+IV :1

X
X
y
y

I
II
III :
IV

····

(tabIe C3)
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kvalues' (lE 6 V/VIN) max strain' (5E 7 V/V)
/

. - . . - ii

fI 1
I ;

1
1 X 1 ·, 16.102 1*) I y · 0.0: I : · !I X II • i 15.831 I+II 15.966 :' *) II y : , 0.0

I
·, :iy III : i 14.460 , *) III X · i 0.0! ,I · 1Y IV • f 15.230 IIII+IV ., 14.845 :/ IV X : I -6.8• 1

., I, I I
,

I i I:2 X I · 15.743 2*) I y : : 0.0I · , I

X II · 15.755 I I+II .i 15.749 I II Y · -2.3· I .: ·I Y III 14.320 1
I j III X -15.4, :

/
• 1

:
i y IV · 14.251 iIII+IV 14.285 ,i *) IV X · ! 0.0· '1 ,I ·1 1

1
3 X I · 13.596 I

1

;1 3*) I y · , 0.0· · IX II · 13.928 I+II · 13.762 II y · 1 11.1
1

· · :1 · !Y III · 13.863
il

III X · I -11.8· ·I y IV · 14.037 III+IV · 13.950 IV X · I 8.2· · ·
*) very poor relationship between strains measured

(tabie C4)
rotation: (rad) I

I I

,
I 1 0.0000 ,

I

2 0.0000 i
3 0.0000 !

:

II 1 0.0000
2 -0.0068
3 0.0338

r I

(table C5)
III 1 0.0000

2 -0.0415
3 -0.0364

I
IV 1

I
-0.0181

2 0.0000
3 0.0253

k values: (lE-6 VjV/N)
1 X I · 16.102 I I·X II · 15.831 ! I+II:I 15.966·Y III · 14.460 IIII+IV :1·y IV · 15.232 14.846·
2 X I · 15.743 I I·X II · 15.755 I+II · 15.749· ·y III · 14.332·y IV · 14.251 III+IV · 14.292· ·
3 X I · 13.596 , ,·X II · 13.936 I+II · 13.766· ·y III · 13.872·y IV · 14.042 III+IV · 13.957· ·

(tabie C6)
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I ring: I mass: ring: i ring:run: I mass: mass:(no.) I (no.).(lE-3 kg) i (no.)I(lE-3 kg) I (no.) (lE-3 kg)I I!

18 I 1 40.78 r 2 I 41.07 , 3 : 42.6520 1 40.08 I 2 40.43 I 3 42.13i t23 I 1 39.93 2 40.70 3 42.39I
average: 1 I 40.26 I 2 i 40.73 ! 3 42.39i I :

(tabIe C7)
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transducer : 1
orientation : I / II

loading direction :
skin :

Mass: ! Force:
(kg) (N)

! strain:
I (5E-7 V/V)
I

! rel. stain:
(5E-7 V/V)

0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.000
0.800
0.600
0.400
0.200
0.000

0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.000
0.'800
0.600
0.400
0.200
0.000

0.000
1.962
3.924
5.886
7.848
9.810

11.772
9.810
7.848
5.886
3.924
1.962
0.000

0.000
-1.962
-3.924
-5.886
-7.848
-9.810

-11.772
-9.810
-7.848
-5.886
-3.924
-1.962
0.000

55115.0
55182.2
55249.4
55316.2
55383.6
55446.2
55509.4
55448.0
55383.6
55316.8
55249.8
55182.4
55115.3

55038.6
54970.3
54903.6
54837.4
54770.4
54705.1
54639.1
54703.5
54769.6
54835.9
54902.2
54969.2
55037.6

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std Err of Coef.

orientation I:

33.7240
0.1431

i

I
I
i
I
I
I
I
I,

I

k = 16.862 E-6 V/V/N
Regression Output:

Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std'Err of Coef.

orientation 11:

33.9153
0.0841

k = 16.958 E-6 V/V/N

0.0
67.2

134.4
201. 2
268.6
331. 2
394.4
333.0
268.6
201. 8
134.8
67.4
0.3

0.0
-68.3

-135.0
-201.2
-268.2
-333.5
-399.5
-335.1
-269.0
-202.7
-136.4
-69.4
-1.0

1.6083
1.9104
0.9998

13
11

-1.8302
1.1229
0.9999

13
11

orientation I + 11: k = 16.910 E-6 V/V/N

(table C8.1)
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transducer · 1 loading direction · X· ·orientation · I / II skin · Yes· ·
Mass: I Force: Strain: !rel. Stain: ,
(kg) I (N) (5E-7 V/V) (5E-7 V/V) I

0.000 0.000 55115.1 0.00.200 1.962 55178.1 i 63.0! !0.400 3.924 55241.3 126.20.600 5.886 55303.9 , 188.80.800 I 7.848 55367.7 252.61.000 9.810 55431.3 , 316.2,
1.200 11.772 i 55494.9 i 379.81.000 9.810 55433.1 318.0

I0.800 7.848 55369.6 254.50.600 5.886 i 55306.9 I 191.80.400 3.924 i 55243.4 128.30.200 1.962 i 55180.0 64.9,
0.000 0.000 i 55117.2 2.1

I0.000 0.000 , 55041.2 0.00.200 -1.962 ; 54977.3 -63.90.400 -3.924 ! 54914.7 -126.50.600 -5.886 i 54851.3 -189.90.800 -7.848 54788.7 -252.5l.OOO -9.810 54730.3 -310.91.200 -11.772 54671.4 -369.81.000 -9.810 54725.0
I -316.20.800 -7.848 54785.9 I -255.30.600 -5.886 54848.7 I -192.5I I0.400 -3.924 54911.8 -129.40.200 -1.962 54975.4 -65.80.000 0.000 55039.8 -1.4

, Regression Output:
Constant 0.8917Std Err of Y Est 1.1473R Squared 0.9999No. of Observations 13Degrees of Freedom 11X Coefficient(s) 32.2036
Std Err of Coef. 0.0859
orientation I: k = 16.102 E-6 V/V/N

Regression Output:
Constant -2.9027Std Err of Y Est 2.9153R Squared 0.9995No. of Observations 13Degrees of Freedom 11X Coefficient(s) 31.6622
Std Err of Coef. 0.2184
orientation II: k = 15.831 E-6 V/VIN
orientation I + II: k = 15.966 E-6 V/V/N

(tabIe C8.2)

-- ----- - - ---------------
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transducer : 2
orientation : I / II

loading direction :
skin :

X
No

Mass: I
(kg) i

Force:
(N)

! strain:
J (5E-7 V/V)

I

, rel. Stain:
(5E-7 V/V)

0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.000
0.800
0.600
0.400
0.200
0.000

I

0.000 i
0.200
Ó.400
0.600
0.800
1.000
1.200
1.000
0.800
0.600
0.400
0.200
0.000

0.000
1.962
3.924
5.886
7.848
9.810

11.772
9.810
7.848
5.886
3.924
1.962
0.000

0.000
-1.962
-3.924
-5.886
-7.848
-9.810

-11.772
-9.810
-7.848
-5.886
-3.924
-1.962
0.000

55887.8
55952.3
56017.8
56081.9
56146.8
56210.6
56275.5
56212.4
56148.9
56084.2
56019.7
55954.1
55889.8

55814.5
55750.8
55685.6
55621.2
55557.1
55491.4
55427.3
55490.0
55555.0
55619.0
55683.9
55748.2
55811.9

Regression output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
std Err of Coef.

orientation I:

32.8938
0.0872

0.0
64.5

130.0
194.1
259.0
322.8
387.7
324.6
261.1
196.4
131.9
66.3
2.0

0.0
-63.7

-128.9
-193.3
-257.4
-323.1
-387.2
-324.5
-259.5
-195.5
-130.6
-66.3
-2.6

Regression output:

1.3110
1.1643
0.9999

13
11

k = 16.447 E-6 VjV/N

Constant
std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
std Err of Coef.

orientation II:

32.8509
0.0890

-0.9442
1.1877
0.9999

13
11

k = 16.425 E-6 VjV/N

orientation I + II: k = 16.436 E-6 V/VIN

(table C9.1)
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transducer : 2
orientation : I / II

loading direction :
skin

X
Yes

Mass:
(kg)

Force:
(N)

strain:
(5E-7 V/V)

rel. Stain:
(5E-7 V/V)

0.000
0.200
0.400
0.600
0.800 I
1.000 I
1.200 i

1.000
0.800 i
0.600
0.400
0.200
O~OOO

0.000
1.962
3.924
5.886
7.848
9.810

11.772
9.810
7.848
5.886
3.924
1.962
0.000

0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.000
0.800
0.600
0.400
0.200
0.000

0.000
I -1.962

-3.924
-5.886
-7.848
-9.810

I -11.772
-9.810
-7.848
-5.886
-3.924
-1.962
0.000

Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Ceefficient(s)
Std Err of Coef.

55877.7
55938.9
56000.1
56063.1
56124.1
56186.4
56250.0
56189.8
56128.5
56066.3
56004.5
55942.7
55881. 4 I

0.0
61.2

122.4
185.4
246.4
308.7
372.3
312.1
250.8
188.6
126.8
65.0
3.7

orientation I:

55809.8
55749.0
55687.3
55624.6
55562.7
55498.9
55436.6
55497.1
55558.5
55620.4
55681.8 i
55743.5
55803.9

0.0
-60.8

-122.5
-185.2
-247.1
-310.9
-373.2
-312.7
-251.3
-189.4
-128.0
-66.3
-5.9

Regression Output:
1.4970
2.0253
0.9997

13
11

31.4863
0.1517

k = 15.743 E-6 V/V/N
Regression Output:

Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std Err of Coef.

orientation II:

-2.1339
2.5235
0.9996

13
11

31.5092
0.1890

k = 15.755 E-6 V/VIN

orientation I + II: k = 15.749 E-6 V/V/N

(tabIe C9.2)
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transducer : 3
orientation : I / II

loading direction :
skin :

X
No

Mass: !
(kg) I

Force:
(N)

strain:
(5E-7 V/V)

rel. Stain:
(5E-7 V/V)

I
:
I
i

0.000 I 0.000
0.200 I 1.962
0.400 I 3.924
0.600 i 5.886
0.800 I 7.848
1.000 I 9.810
1.200! 11.772
1.000 9.810
O~800! 7.848
0.600 I 5.886
0.400 I 3.924
0.200 1.962
0.000 I 0.000

55711.4
55767.0
55822.7
55878.7
55934.2
55989.6
56044.5
55990.4
55934.5
55878.4
55822.6
55767.2
55711.9

0.0
55.6

111. 3
167.3
222.8
278.2
333.1
279.0
223.1
167.0
111. 2
55.8
0.5

I

i 0.000
I -1.962
i -3.924

-5.886
-7.848
-9.810

-11.772
1 -9.810
I -7.848

-5.886
-3.924
-1.962
0.000

0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.000
0.800
0.600
0.400
0.200
0.000

55645.9
55589.5
55532.6
55476.1
55420.0
55366.8
55313.8
55363.4 I!
55418.4
55475.3
55531.7
55588.4
55645.2

0.0
-56.4

-113.3
-169.8
-225.9
-279.1
-332.1
-282.5
-227.5
-170.6
-114.2
-57.5
-0.7

Regression Output:
Constant
Std~Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std Err of Coef.

0.2083
0.3908
1.0000

13
11

28.3468
0.0293

orientation I: k = 14.173 E-6 V/VIN
Regression Output:

Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std Err of Coef.

-1.6060
1.9409
0.9997

13
11

28.4393
0.1454

orientation II: k = 14.220 E-6 V/V/N

orientation I + II: k = 14.197 E-6 V/V/N

(table C10.1)
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transducer : 3
orientation : I / II

loading direction :
skin :

I rel. stain:
i (5E-7 V/V)

Mass: ,
(kg) i

i

Force:
(N)

strain:
: (5E-7 V IV)

0.000 i
0.200 i

I0.400 I
0.600 i

I0~800
1.000
1.200
1.000
0.800
0.600
0.400
0.2.00
0.000

0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.000
0.'800
0.600
0.400
0.200
0.000

0.000
1.962
3.924
5.886
7.848
9.810

11.772
9.810
7.848
5.886
3.924
1.962
0.000

55729.4
55784.2
55838.9
55894.3
55949.1
55997.1
56044.7
56003.0
55950.9
55896.5
55841. 9
55786.7
55731. 6

0.000
-1.962
-3.924
-5.886
-7.848
-9.810

-11.772
! -9.810

-7.848
-5.886
-3.924
-1.962
0.000

55667.3
55612.5
55558.0
55502.7
55447.2
55392.1
55338.0
55391.0
55444.9
55499.6
55553.9
55608.3
55663.0

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std Err of Coef.

27.1927
0.2804

orientation I:

0.0
54.8

109.5
164.9
219.7
267.7
315.3
273.6
221.5
167.1
112.5
57.3
2.2

0.0
-54.8

-109.3
-164.6
-220.1
-275.2
-329.3
-276.3
-222.4
-167.7
-113.4
-59.0
-4.3

3.4940
3.7437
0.9988

13
11

Regression Output:

k = 13.596 E-6 V/V/N

Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
std Err of Coef.

27.8563
0.1351

orientation II:

-2.2193
1.8038
0.9997

13
11

k = 13.928 E-6 V/V/N

orientation I + II: k = 13.762 E-6 V/V/N

(tabIe C10.2)
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transducer : 1
orientation : lIl/IV

loading direction :
skin : Y I

No I
IMass: ! Force:

(kg) i (N)
strain:

(5E-7 V/V)
! rel. Stain:
I

i (5E-7 V/V) I
o~ooo
0.200
0.400
0.600 i
0.800
1.000
1.200
1.000
0.800
0.600
0.400
0.200
0.000

0.000
0.200
0.400
0.600
0.800
1.000
1.200
1..000
0.800
0.600
0.400
0.200

_ 0.000

0.000
1.962
3.924
5.886
7.848
9.810

11.772
9.810
7.848
5.886
3.924
1.962
0.000

54624.8
54564.2
54502.7
54441.6
54380.2
54323.4
54265.1
54317.8
54379.1
54440.6
54501.4
54563.2
54624.2

54694.8
54756.0
54816.6
54877.9
54939.6
55001.8
55063.6
55002.0
54939.9
54878.9
54817.6
54756.7
54694.7

0.000
-1.962
-3.924
-5.886
-7.848
-9.810

-11.772
-9.810
-7.848
-5.886
-3.924
-1.962
0.000

Regression Output:
Constant
std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
std Err of Coef.

orientation lIl:

-30.8272
0.1622

Regression Output:
k = 15.414 E-6 V/V/N

Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X C6efficient(s)
std Err of Coef.

orientation IV:

-31.2987
0.0394

0.0
-60.6

-122.1
-183.2
-244.6
-301.4
-359.7
-307.0
-245.7
-184.2
-1.23.4
-61.6
-0.6

0.0
61. 2

121.8
1.83.1
244.8
307.0
368.8
307.2
245.1
184.1
122.8
61..9
-0.1

-1.2854
2.1654
0.9997

13
11

-0.2302
0.5262
1.0000

13
11

k = 15.649 E-6 V/VIN

orientation III + IV: k = 15.531 E-6 V/V/N

(table C11.1)
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transducer : 1
orientation : III / IV loading direction :

skin
y
Yes

Mass: I

(kg)
Force:

(N)
strain:

(5E-7 V/V)
rel. Stain:
(5E-7 V/V)

0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.000 i
0.800
0.600
0.400
0.200
0.000

0.000
1.962
3.924
5.886
7.848
9.810

11.772
9.810
7.848
5.886
3.924
1.962
0.000

54625.9
54570.1
54513.2
54456.4
54399.2
54343.8
54285.3
54340.2
54396.3
54454.1
54510.5
54568.2
54624.6

0.0
-55.8

-112.7
-169.5
-226.7
-282.1
-340.6
-285.7
-229.6
-171.8
-115.4
-57.7
-1.3

0.000
0.200

0.000
-1.962

0.400 -3.924
o •600 i -5.886
0.800 I -7.848
1.000 -9.810
1.200 i -11.772
1.000 I -9.810
O.SOO I -7.848
0.600 -5.886
0.400 -3.924
0.200 -1.962
0.000 0.000

54697.8
54756.4
54814.6
54874.5
54935.1
54996.0
55057.7
54997.9
54939.4
54879.7
54819.8
54760.2
54699.4

0.0
58.6

116.8
176.7
237.3
298.2
359.9
300.1
241.6
181.9
122.0
62.4
1.6

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std Err of Coef.

-0.4801
1.3952
0.9999

13
11

-28.9197
0.1045

orientation 111: k = 14.460 E-6 V/V/N
Regression Output:

Constant
Std'Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std Err of Coef.

0.4389
2.1071
0.9997

13
11

-30.4592
0.1578

orientation IV: k = 15.230 E-6 V/VIN
orientation 111 + IV: k = 14.845 E-6 V/V/N

(tabIe C11.2)
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transducer : 2
orientation : lIl/IV

loaälng direction :
skin

y
No

Mass: Force:
(kg) ! (N)

strain:
(5E-7 V/V)

rel. stain:
(5E-7 V/V)I ;

0.000 I 0.000 54904.8 0.0
0.200 1.962 ! 54845.3 I -59.5
0.400 3.924 54785.4 : -119.4
0.600 5.886 54725.8 -179.0
0.800 I 7.848 54665.9 -238.9 I

1.000 9.810 54605.9 -298.9
I1.200 I 11.772 54545.6 -359.2

1.000
I

9.810 54604.9 -299.9
0.800 7.848 54664.6 -240.2
0.600 I 5.886 ! 54724.0 -180.8

I

I0.400 3.924 54784.0 I -120.8
0.200 1.962 54843.7 -61.1
0.000 I 0.000 54903.4 -1.4

I

9~000 0.000 54972.9 0.0
0.200 -1.962 55035.3 62.4
0.400 -3.924 55096.2 123.3
0.600 -5.886 55157.2 184.3
0.800 -7.848 55218.0 245.1
1.000 -9.810 55279.0 306.1
1.200 -11.772 55336.6 363.7
1.000 -9.810 55279.3 306.4
0.·800 -7.848 55218.5 245.6
0.600 -5.886 55158.2 185.3
0.400 -3.924 55097.3 124.4
0.200 -1.962 55036.0 63.1
0.000 0.000 54973.5 0.6

Regression Output:
Constant -0.6189
Std Err of Y Est 0.7537
R Squared 1.0000
No. of Observations 13
Degrees of Freedom 11
X Coefficient(s) -30.4544
Std Err of Coef. 0.0564

orientation 111: k = 15.227 E-6 V/V/N
Regression Output:

Constant 1.6023
Std Err of Y Est 1.2112
R Squared 0.9999
No. of Observations 13
Degrees of Freedom 11
X Coefficient(s) -30.9983
Std Err of Coef. 0.0907

orientation IV: k = 15.499 E-6 V/V/N
orientation 111 + IV: k = 15.363 E-6 V/V/N

(table C12.1)
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transducer . 2 loading direction :.
orientation : III I IV skin :/

1 I iMass: Force: strain: rel. Stain:
(kg) ! (N) , (5E-7 V/V) (5E-7 V/V):

,0.000 0.000 ! 54901.6 i 0.0
0.200 1.962 I 54846.3 I -55.3
0.400 3.924 54790.0 -111.6
0.600 5.886 54733.5 -168.1
0.800 7.848 54676.2 -225.4
1.000 9.810 54619.2 : -282.4
1.200 11.772 54561.8 -339.8
1.000 9.810 54617.0 -284.6
0.800 7.848 54672.7 i -228.9
0.600 5.886 54728.1 -173.5
0.400 3.924 54783.7 -117.9..,-;',

0.200 1.962 54841.1 -60.5
0.000 0.000 54895.4 -6.2

,
0.000 i 0.000 , 54961.1 0.0

I
i0.200 -1.962 ! 55018.4 57.3

0.400 -3.924 55075.3 114.2
0.600 -5.886 55132.1 171.0
0.800 -7.848 55190.3 229.2
1.000 -9.810 55243.6 282.5
1.200 -11.772 55294.8 333.7
1 e ,000 I -9.810 55246.4 285.3
0.800 -7.848

i
55192.4 231.3

0.600 -5.886 55135.8 174.7
0.400 -3.924 55079.5 118.4
0.200 -1.962 55023.0 61.9
0.000 0.000 54965.4 4.3

y I
Yes I

I

l
i
I

Reqression Output:
Constant -2.4113
Std Err of Y Est 2.6597
R Squared 0.9995
No •.of Observations 13
Degrees of Freedom 11
X Coefficient(s) -28.6393
Std Err of Coef. 0.1992
orientation lIl: k = 14.320 E-6 V/V/N

Regression Output:
Constant 3.8963
Std Err of Y Est 2.9938
R Squared 0.9993
No. of Observations 13
Degrees of Freedom 11
X Coefficient(s) -28.5019
Std Err of Coef. 0.2242
orientation IV: k = 14.251 E-6 V/VIN
orientation III + IV: k = 14.285 E-6 V/VIN

(tabIe C12.2)
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transducer : 3 loading direction : y ,
orientation : III / IV skin : No i

Mass: i Force: : Strain: I rel. stain: i

(kg) I (N) (5E-7 V/V) (5E-7 V/V) iI
I

0.000 I 0.000 i 55836.3 0.0 i

I0.200 , 1.962
I 55778.3 : -58.0

I0.400 I 3.924 , 55720.4 -115.9!
i

j0.600 ! 5.886 55662.8 -173.50.800 I 7.848 55604.5 , -231. 8 i1.000 I 9.810 55546.7 -289.6
I1..200 11.772 55488.5 -347.8 I!

1~000 i 9.810 55546.4 -289.9 i0.800 I 7.848 55603.8 -232.5 i0.600 I 5.886 55662.5 -173.8
10.400 I 3.924 55719.8 -116.5 I

I 1.962 I 55777.9 -58.4 ,0.200 ,
0.000 I 0.000 I 55835.5 -0.8

I0.000 0.000 I 55901.8 0.0I0.200 -1.962 , 55960.1 58.30.400 -3.924 I 56018.0 116.20.600 -5.886 56076.3 174.50.800 -7.848
I

56134.7 232.91.000 -9.810 56192.4 290.61.200 1-11.772 I 56250.2 348.41.000 -9.810 I 56193.4 291.60.800 -7.848 I 56135.3 233.5,
0.600 -5.886 56077.7 175.90.400 -3.924 56019.5 117.70.200 -1.962 55961.0 59.20.000 0.000 55902.6 0.8

Reqression Output:
Constant -0.3246Std Err of Y Est 0.3486R Squared 1.0000No. of Observations 13Deqrees of Freedom 11X Coefficient(s) -29.5090
Std Err of Coef. 0.0261
orientation lIl: k = 14.755 E-6 V/V/N

IRegression Output:
Constant 0.6904
Std Err of Y Est 0.6398R Squared 1.0000No. of Observations 13Deqrees of Freedom 11X Coefficient(s) -29.5988
Std Err of Coef. 0.0479
orientation IV: k = 14.799 E-6 V/V/N
orientation III + IV: k = 14.777 E-6 V/V/N..

(table C13.1)
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transducer : 3
orientation : lIl/IV loading direction :

skin
Y
Yes I

Mass:
(kg) i

Force:
(N)

strain:
(5E-7 V/V)

i ••rel. stal.n:
(5E-7 V/V)

0.000
0.200
0.400
O~600
0.800
1.000
1.200
1.000
0.800 :
0.600
0.400
0.200
0.000 I

i
0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.000
0.'800
0.600
0.400
Q .. 200 .
0.000

.

0.000
1.962
3.924
5.886
7.848
9.810

11.772
9.810
7.848
5.886
3.924
1.962
0.000

55841.6
55787.5
55732.5
55677.7
55622.9
55568.0
55512.4
55566.5
55620.0
55673.9
55728.1
55782.2
55836.2

55899.6
55954.3
56009.5
56064.9
56120.6
56176.4
56231.4
56178.0
56123.0
56068.4
56013.0
55958.8
55903.4

i 0.000
i -1.962
I -3.924
I

1 -5.886

I
-7.848
-9.810

,-11.772
I -9.810
! -7.848
-5.886
-3.924
-1.962
0.000

Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std Err of Coef.

Regression Output:

orientation III:

-27.7256
0.1615

0.0
-54.1

-109.1
-163.9
-218.7
-273.6
-329.2
-275.1
-221.6
-167.7
-113.5
-59.4
-5.4

0.0
54.7

109.9
165.3
221.0
276.8
331.8
278.4
223.4
168.8
113.4
59.2
3.8

Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s)
Std Err of Coef.

-2.5372
2.1559
0.9996

13
11

Regression Output:
k = 13.863 E-6 V/V/N

orientation IV:

-28.0746
0.1327

1.8103
1.7719
0.9998

13
11

k = 14.037 E-6 V/VIN
orientation III + IV: k = 13.950 E-6 V/VIN

(tabIe C13.2)
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transducer
orientation
skin

1
IV
Yes

loading direction
skin
relaxation time

Y
Yes
None / One day

Mass:
,(kg)

Force:
(N)

strain:
(5E-7 V/V)

rel. stain:
(5E-7 V/V)

0.0
56.6

113.2
170.8
228.0
287.4 I346.6
288.5
230.9

: 173.0
I 115.0

57.5
-0.3

: 0.0
58.6

116.8
176.7
237.3
298.2

, 359.9I

300.1
: 241.6I 181.9

122.0
62.4
1.6

-0.7748
1.0941
0.9999

13
11

0.000
0.200
0.400
0.600

0.000
-1.962
-3.924
-5.886

54697.9
54754.5
54811.1
54868.7
54925.9
54985.3
55044.5
54986.4
54928.8
54870.9
54812.9
54755.4
54697.6

0.800 ; -7.848
1.000 I -9.810
1.200 .-11.772
1.000 I -9.810
0.800 ! -7.848
0.600 I -5.886
0.400 I -3.924
0.200 ; -1.962
0.000 0.000

0.000
0.200
0.400
0.600
0.800
1.000
1.200
1.000
0.800
0.600
0.400
0.200
0.000

I 0.000
I -1.962

-3.924
-5.886
-7.848

I -9.810
:-11.772
, -9.810

-7.848
-5.886
-3.924
-1.962
0.000

54697.8
54756.4
54814.6
54874.5
54935.1
54996.0
55057.7
54997.9
54939.4
54879.7
54819.8
54760.2
54699.4

Regression Output:
k = 14.705 E-6 VjV/N

Constant
std Err of Y Est
R Sq\lared
No. of Observations
Degrees of Freedom
X Coefficient(s) -30.4592
Std Err of Coef. 0.1578

relaxation time: One day

0.4389
2.1071
0.9997

13
11

k = 15.230 E-6 VjV/N

(table C14)
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Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s) -29.4098
Std Err of Coef. 0.0819

relaxation time: None



transducer . 2 loading direction · Y I. · Iorientation : IV skin · Yes I·skin : Yes relaxation time · None / One day i·
Mass: Force: Strain: rel. Stain: I

I
i(kg) (N) (5E-7 V/V) (5E-7 V/V) i
I

0.000
I

0.000 I 54961.9 0.0 I0.200 -1.962 55018.2 56.3 I0.400 , -3.924 55075.0 113.1
I

0.600 -5.886 55132.5 170.6
0.800 -7.848 55190.6 228.7 I1.000 , -9.810 55243.4 281.5I

I1.200 ; -11.772 55295.8 333.9
1.000 I -9.810 55247.5 285.6 I0.800 -7.848 55192.9 231.0
0.600 -5.886 55136.5 174.6
0.400 -3.924 55080.0 118.1
0.200 -1.962 55023.6 61.7
0.000 0.000 54966.0 4.1
0.000 0.000 I 54961.1 0.0
0.200 -1.962 55018.4 57.3
0.400 -3.924 I 55075.3 114.2
0.600 -5.886 , 55132.1 171.0
0.800 -7.848 ! 55190.3 229.2
1.000 , -9.810 55243.6 282.5
1.200 1-11.772 55294.8 333.7
1.000 -9.810 55246.4 285.3
0.800 I -7.848 55192.4 231.3I
0.600 -5.886 55135.8 174.7
0.400 -3.924 55079.5 118.4
0.200 -1.962 55023.0 61.9
0.000 0.000 54965.4 4.3

Regression Output:
Constant 3.4385
Std Err of Y Est 3.0689
R Squared 0.9993No. of Observations 13
Degrees of Freedom 11X Coefficient(s) -28.5211
Std Err of Coef. 0.2299
relaxation time: None k = 14.261 E-6 V/V/N

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s) -28.5019
std Err of Coef. 0.2242

3.8963
2.9938
0.9993

13
11

relaxation time: One day k = 14.251 E-6 V/VIN

(tabIe C15)
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transducer : 3 loading direction : Y I
orientation . IV skin : Yes ,.
skin : Yes relaxation time : None / One day I

I

Mass: Force: strain: rel. stain: i
(kg) (N) (5E-7 V/V) (5E-7 V/V) I

I

0.000 ! 0.000 55900.5 0.0
0.200 -1.962 55954.6 54.1
0.400 -3.924 56008.8 108.3 I0.600 -5.886 56063.5 163.0 I0.800 -7.848 56118.2 217.7
1.000 -9.810 56173.9 273.4 ,
1.200 -11.772 56228.4 327.9
1.000 -9.810 56175.5 275.0
0.800 -7.848 56121.0 220.5
0.600 ; -5.886 56067.3 166.8i -3.924 56012.5 112.00.400 i

0.200 : -1.962 55958.3 57.8
0.000 0.000 55904.2 3.7
0.000 0.000 55899.6

! 0.0
0.200 -1.962 55954.3 54.7
0.400 -3.924 i 56009.5 109.9
0.600 -5.886 I 56064.9 165.3
0.800 -7.848 I 56120.6 221.0
1.000 -9.810 ! 56176.4 276.8,
1.200 -11.772 , 56231.4 331.8
1.'000 -9.810 ! 56178.0 278.4
0.800 -7.848 I 56123.0 223.4
0.600 -5.886 56068.4 168.8
0.400 -3.924 56013.0 113.4
0.200 -1.962 55958.8 59.2
0.000 0.000 55903.4 3.8

Regression Output:
Constant
std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s) -27.7415
Std'Err of Coef. 0.1314

1.5973
1.7546
0.9998

13
11

relaxation time: None k = 13.871 E-6 V/VIN

Regression Output:
Constant
Std Err of Y Est
R Squared
No. of Observations
Degrees of Freedom
X Coefficient(s) -28.0746
Std Err of Coef. 0.1327

1.8103
1.7719
0.9998

13
11

relaxation time: One day k = 14.037 E-6 V/V/N

(table C16)
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APPENDIX D: RANGE FOR VARIABLE VALUES

Dl Towing in x Direction

Parameter values: Cd= 1.2, D= 0.060 m, ds= 0.015 m.
The force working in x direction on one of the transducers is
given by:

F - l·e·p ·D·lItA1·V'ds (N)
D 2 D

(I)

When 11 F 11 should not exceed 10.0 N, the maximum allowed towing
speed is 4.30 mis.

D2 Cylinder Oscillation in y Direction: Forces Inclu-
ding Ring Mass

Additional parameter values: Cd= 0.9, A= 0.3 m, m= 0.040 kg,
Ca= 0.5

When the cylinder displacement in oscillation direction is
given by (II),

y( t) - A·sin «a)' t) .
I (II)

the force working in y direction on one of the transducers is
given by (III),

(III)

with Fd, Fi and Fm as in (IV), (V) and (VI).

(N) (V)

(N) (VI)

It is here assumed that the maxima of these forces occur si-
mul taneously. When 11 F 11 should not exceed 10.0 N, the parameter
values inserted in equations (IV), (V) and (VI) yield for the
maximum allowed oscillation frequency f_o:

f 0 < 2.15 Hz

01
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APPENDIX E: EXPERIMENT LOG

El Run Numbers and their VariabIe Values

I 1 I j date: IRUN: A (m) : V(m/s) : ! T(s) : env:
;

1 0.000 r 0.00 0.00 4/12 I airI

II ;2 I 0.000 I 0.00 0.00 4/12 1 airI

3 i 0.000 I 0.00 0.00 4/12
1

air4 0.000 i 0.00 0.00 5/12

1

air5 i 0.250 i 0.00 I 3.00 5/12 air
6 i 0.250 I 0.00 2.00 5/12 air
7 0.250 I 0.00 ! 1.50 5/12 air8 5/12 1 air

I 5/12 air9 I I i
10 I 5/12 I airI-- i i II ! 5/12 air11 I
12

I
5/12 air13 5/12 air14

! 5/12 air15 5/12
1

air!16 i i 5/12 1 airi17 1 5/12 air18 0.300 I 0.00 I 1.50 I 5/12 airI
II

I i i19 0.300 0.00 ! 2.00 5/12 air20 0.300 I 0.00 3.00 5/12 air
21 0.300 0.00 2.50 5/12 air22 0.300 0.00 1.85 5/12 air23 0.300 0.00 1.70 5/12 air24 0.300 0.00 1.60 5/12 air25 0.300 0.00 1.55 5/12 air26 0.270 0.00 1.50 5/12 air27 0.240 0.00 I 1.50

I
5/12 air28 0.180 I 0.00 I 1.50 5/12 air29 0.000 I 0.00 I 0.00 i 5/12 air;

I30 0.000 i 0.00 I 0.00 5/12 airI
II

I
I

f

I31 0.000 0.00 ! 0.00 5/12 air32 I 0.180 0.00 1.50 I 6/12 water33 0.180
I

0.50 i 1.50 I 6/12 water34 0.000 0.50 ! 0.00 i 6/12 water35 0.000 1.00 0.00 6/12 water36 0.000 0.75 ! 0.00 6/12 water
I37 0.000 1.50 I 0.00 6/12 water38 0.300 0.00 I 1.50 6/12 water39 0.300 0.10 I 1.50 6/12 water40 0.300 0.25 I 1.50 6/12 water

E1
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*}

{* step load
(rope)

*}

{* short run *}



,

RUN: i A (m) :
,

V(m/s) : T( 5) : date: env: I
t

41 0.300 r 0.50 1.50 6/12 water
42 0.300 0.75 1.50 I 6/12 ,water
43 0.300 1.00 1.50 6/12 i water
44 0.300 I 1.50 1.50 6/12 .water
45 0.270 0.10 1.70 6/12 water
46 0.270 ! 0.75 1.70 6/12 ;watert

;47 0.270 0.50 1.70 : 6/12 wateri48 0.270 1.00 1.70 6/12 water
49 0.270 1.50 1.70 I 6/12 watert I50 0.270 ; 0.75 1.60 i 6/12 water--
51 0.270 0.75 1.50 6/12 water
52 I 0.270 0.75 1.85 6/12 wateri53 0.270 I 0.75 i 2.00 6/12 waterI

54 0.270 I 0.75 t 2.50 6/12 waterI
I ,55 0.270 0.75 3.00 6/12 water

56 0.300 I 0.10 1.70 6/12 water
57 0.300 0.75 1.70 t 6/12 waterI

I58 0.285 I 0.10 1.70 6/12 water
59 0.285 0.75 1.70 6/12 water
60 0.255 0.10 1.70 I 6/12 water

I--. i i
61 i 0•.255 0.75 1.70 I 6/12 waterI !62 ! 0.240 0.10 1.70

I
6/12 waterI

63 I 0.240 0.75 : 1.70 6/12 water
64 I 0.210 0.10 1.70 6/12 water
65 0.210 0.75 1.70 6/12 water
66 0.180 0.10 1.70 6/12 water
67 0.180 0.75 1.70 6/12 water
68 0.120 0.10 1.70 6/12 water
69 0.120 0.75 1.70 6/12

1

water
70 0.000 0.10 0.00 6/12 water--
71 0.270 0.50 3.00 7/12 I water
72 0.270 0.50 i 2.50 I 7/12 water
73 i 0.270 0.50 2.00 I 7/12 water
74 0.270 0.50 1.85 I 7/12 water, ! I75 t 0.270 0.50

1 1.70 ! 7/12 waterI76 i 0.270 0.50 : 1.60 ! 7/12 water
77 .1 0.270 0.50 1.50 I 7/12 waterI78 i 0.270 I 1.50 , 3.00 I 7/12 water
79 t 0.270 I 1.50 t 2.50 I 7/12 watert

80 0.270 t 1.50 2.00 7/12 waterI I

I I
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! ;

RUN: I A (m): i V(m/s) : T( 5) : date: I env:
I I ,

j
,

81 1 0.270 1.50 1.85 i 7/12 water
82 ! 0.270 1.50 1.70 I 7/12 wateri ,
83 , 0.270 ! 0.75 1.50 7/12 water
84 I 0.270 : 1.50 1.60 7/12 water
85 ; 0.270 ; 1.00 1.50 7/12 water,

I

86 0.270 , 1.50 1.50 7/12 water,
87 0.270 I 0.75 3.00 : 7/12 water,
88 O~270 ; 1.00 3.00 7/12 waterI Ii ,

I I89 0.240
I

0.75 1.85 I 7/12 water
90 0.210 0.75 : 2.00 i 7/12 water
-- I I : i

91 0.180 I 0.75 i 2.50 7/12 waterI i

92 I 0.120 0.75 3.00 ! 7/12 water
97

1
0.300 I 0.50 I 1.70 7/12 water

98 i 0.300 0.75 I 1.70 7/12 water
99

I
0.300 1.00 1.70 7/12 water

---
100

I
0.300 0.75 3.00 7/12 water

101 0.300 1.50 1.70 7/12 water
102 0.300 0.75 2.00 I 7/12 water
103 I 0.300 0.75 2.50 i 7/12 water
104 0.300 0.75 1.85 I 7/12 water

I105 0.300 0.75 1.60 I 7/12 water
106 0.300 0.75 1.50 7/12 water
107 0.120 0.75 2.50 7/12 water
108 0.120 0.75 2.00 7/12 water
109 0.120 0.75· 1.85 7/12 water
110 0.120 0.75 1.70 7/12 water
111 0.120 0.75 1.60 7/12 water
112 0.120 0.75 1.50 7/12 water
113 0.120 0.50 1.70 7/12 water
114 0.120 1.00 1.70 7/12 water
115

1
0.120 1.50 1.70 7/12 water

116 1 0.180 0.00 ; 1.70 7/12
1
water

117
1

0.180 0.50 i 1.70 i 7/12 waterI118 0.180 1.50 i 1.70 , 7/12
/
water

119 , 0.180 0.75 3.00 7/12 water

I
i120 0.180 0.75 1.50 , 7/12
I
water

i I

121 i 0.210 ! 0.00 1.70 7/12 ! water
I

I I

122 0.210 ! 0.50 : 1.70 7/12 i water! I123 ! 0.210 1.50 1.70 7/12 I water
124 0.210 0.75 3.00 7/12 I water
125 0.210 0.75 1.50 i 7/12 1 water! I

I126 0.240 0.00 1.70 I 7/12 waterI II127 0.240 0.50 1.70 I 7/12 water
I128 0.240 1.50 1.70 I 7/12 wateri129 0.240 0.75 I 3.00 I 7/12 water

i
I

130 0.240 0.75 1.50 I 7/12 water
II

I
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, I , I ,
RUN: I i ,

A (m) : V(m/s) : T(s): date: ; env:i I i
I ,131 0.255 I 0.00 1.70 7/12 I water132 0.255 I 0.50 I 1.70 7/12 water133 0.255 i 1.50 I 1.70 7/12 waterI

134 0.255 0.75 i 3.00 7/12 water
I

I

135 0.255 i 0.75 1.50 7/12 water136 0.270 I 0.00 i 1.70 7/12 water137 I 0.270 ; 0.50 1.70 ! 7/12 water138 0.270 1.50 1.70 I 7/12 wateri I139 0.270 0.75 3.00 I 7/12 water,
140 0.270 i 0.75 1.50 7/12 1 water
141 0.285 0.00 1.70 7/12 1 water142 0.285 0.50 1.70 7/12 water143 0.285 1.50 1.70 7/12 1 water144 0.285 0.75 3.00 7/12 ,water145 0.285 0.75 I 1.50 7/12 water146 0.000 0.00 I 0.00 7/12 water147 0.270 0.00 i 1.70 10/12 water148 0.270 0.10 1.70 10/12 water149 0.270 0.50 1.70 10/12 water150 0.270 0.75 1.70 10/12 water

I I151 0.-270 1.00 I 1.70 I 10/12 waterI152 0.270 1.50 1.70 I 10/12 water153 0.270 0.75 1.50 10/12 water154 0.270 0.75 1.60 10/12 water155 0.270 0.75 1.85 10/12 water156 0.270 0.75 2.00 10/12 water157 0.270 0.75 2.50 10/12 water158 0.270 0.75 3.00 10/12 water159 0.000 0.00 0.00 10/12 water--
161 0.300 0.75 I 1.70 10/12 water162 0.285 0.75 1.70 10/12 waterI163 0.255 0.75

! 1.70 10/12 Iwater164 0.240 0.75 1.70 10/12 I water165 0.210 0.75 1.70 10/12 ,water166 0.180 0.75 1.70 10/12 I water167 0.120 i 0.75 1.70 10/12/ water168 0.000 ! 0.50 0.00 10/12 ,water169 0.000 0.75 : 0.00 10/12 water170 0.000 I 1.00 ! 0.00 10/12 water171 0.000 I 1.50 I 0.00 10/12 waterI
i172 0.000 j 2.00
J

0.00 10/12 water
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E2 VariabIe Values and their Run Numbers

(-) : ! I

AID V (mis) : fo (Hz) : RUN:
4.50 0.75 55 I 139 II 0.33 I 87 158

! 0.40 54 : 1570.50 53 1560.54 52 155, 0.59 46
i 0.63 50 154! i !

i 0.67 i 51 83 I 140 I 153:

2.00 I 0.75 0.59 69 110 , 167,
I

!3.00 67 1663.50 i 65 165!

4.00 I i 63 1644.25 ! 61 1634.50 I I I 464.75 , 59 1625.00 , I 57 98 161I

! , I

I I I4.50 0.50 0.59 I 47 75 137 I 149, I ,0.75 46 I

i 150
I 1.00 , 48

I
151I 1.50 I iI 49 138 82 152

4.50 0.50 / 0.33 71i

1

0.40 72
0.50 73

I 0.54 74

I 0.59 , 75 137 47
1 0.63 I 76
i 0.67 77 I i

! ,

2.00 I 0.75 0.33 92 I3.00 : I119 /I
,

13.50 , 1244.00 129 I4.25 134 I ,4.50 139 I 87 ! 55 I

i4.75 144 i ,
5.00 i 100 I !

I ,
I4.50 I 0.50 0.33 71 1' . 0.75 87 55 I!

1.00 I 88
1.50 78 i;

I I I/,

ES



I I I
AID (-): I V (mis) : i fa (Hz) :

/
RUN:

5.00 i 0.75 0.33 I
I 100I! i0.40 I 103 Ii

102 !0.50 i II 0.54 ! 104I I I0.59 I 98 57, , !: 0.63 105 I
II

42 I 1060.67 ; I

2.00 1.50 i 0.59 115 1 !I

I3.00 i 118 I3.50 : 123 !4.00 ; 128 I I

i
!4.25 133
i4.50 138 82
I

494.75 143 I

5.00 101 I
5.00.l~. 0.50 0.59 97

1
1 !0.75 98 I 571.00 99

I I
I
I
I1.50 101 i

2.00 i 0.10 0.59 683.00 i 663.50 64
4.00 624.25 60
4.50 45 1484.75 585.00 56
2.00 0.00 0.59 I3.00 I 116

1
1

3.50 I 121 I4.00 126 I4.25 131
! i4.50 136 1474.75 141

j
!I

ii I5.00
I I i

0.00 I 0.00 0.00 I 146 I I 159 Ii I II : i
i 0.10 ! I 70 I II
I 0.50 34 168,

I I, 0.75 36 I 169I 1.00 ! I 35 I 170
1 1 I1.50 37 ,

171 i
I

1 1

1 1
12.00 ,

172
1

I

1
I

1 /I
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J I ; I

AID (-) : 'v (mis) : fo (Hz) : RUN:I

4.50 ! 1.50 0.33 78 I ,
0.40 79
0.50 80
0.54 81 ,

;

0.59 82 ~ 138 49
0.63 84 I

0.67 86 I II

, 0.67 ! 1122.00 0.75 !

i I !

3.00 j I 120 ! :
I ,

3.50 i i 125 ; ,
4.00 i 130 i

! ,4.25 : 135
4.50 83 140 i 51
4.75 145 i
5.00 ! 106 42 i i

I

I4.50 0.50 I 0.67 77 I 1

0.75 140
I

83 51 i
i
: 1.00 ! 85 I1.50 i

I 86 I

i I
2.00

i
0.75 0.33 I 92

i 0.40 107
I 0.50 108

I I 0.54 109
I 0.59 110 69

I
0.63 111
0.67 112

1 i

2.00 I 0.50 0.59 I 113I3.00 ! I 117
3.50 122
4.00 127 I

4.25 : 132 i,
4.50 137 75 47
4.75 , 142 i

97 ;5.00 I I,

2.00 0.50 0.59 I 113 1
I

0.75 ! 110 69 I

1.00 , 114 !

1.50
I

115 I Ii

E7



E3 Miscelleneous Parameters

Channel numbers and signals recorded:
1: towing velocitYi
2: force in x-direction of transducer no. 1;
3: force of y-direction of transducer no. 1i
4: force in x-direction of transducer no. 2i
5: force of y-direction of transducer no. 2;
6: force in x-direction of transducer no. 3;
7: force of y-direction of transducer no. 3;
8: rèference signal in phase with oscillator motion;
9: reference signal 90 degrees out of phase with oscillator

motion.
Oscillator setting versus in phasejout of phase signal:

o degrees:
90 degrees:

180 degrees:
270 degrees:

maximum positive: out of phasei
maximum positive: in phase:
maximum negative: out of phase:
maximum negative: in phase.

Time interval of each run
Sample interval

20 seconds.
0.020 seconds (number of samples: 10-
00).

: 20 Hz (low pass filter).
16 degrees Celcius.

Filtering frequency
Water temperature

EB



APPENDIX F: COMPUTER PROGRAMS LISTINGS



FI DEVELOPED COMPUTER PROGRAMS

All programs for the analysis of the experiments of the pre-
sent study have been written in FORTRAN. The output files were
designed in such way that spreadsheet software like SYMPHONY
could easily be applied. The author is aware of the fact that
more efficient pragamming would probably reduce the length of
the listings considerably.
six programs have been developed:

Program ANALYSIS

This program determines the required coefficients of
Model I.

Program DATAI

This program summarises the output of ANALYSIS in such
way that a table like table GI in appendix G occurs.
Program RESULTS

This program rearranges the table mentioned above (i.e.
the output of DATAI) in such a way that the values of
one coefficient for identical input parameters are put
together. Now, graphs like those in appendix G, figures
Gl to G6, can easily be made with spreadsheet software.
Program RINGMASS

This program determines the ring mass that is responsi-
bIe for the forces that have been recorded during air
oscillations.

Program RELEVAT5

This program gives the same results as ANALYSIS, but now
for the Model II.

Program DATA5

This program manipulates the output of RELEVAT5 in the
same way as DATAI.

FI



F2



F2 COMPUTER PROGRAMS LISTINGS

PROGRAM ANALYSIS

CHARACTER INPHASE*15,OUTPHASE*15,FORCEX*15,FORCEY*15,
+RUNNUMBER*3,AOUTF*12,PART*1
REAL HINF(145,7),HOUT(145,7),HFX(145,7),HFY(145,7),
+RINF(1000),ROUT(1000),FX(1000),FY(1000),
+XLIFT(1000),YLIFT(1000),
+NSTEP(4),STEP(4),
+COMIN(0:4),CAMIN(0:4),TCLMIN(0:4),STRMIN(0:4),TPHIMIN(0:4),
+CRITFSTRPHI(9),CRITFCL(9),STR(9),PHIMIN(9),CLMIN(9),
+ENOPHI(9),CRITFCOCA(9)
OPEN (10 ,FILE= ,INVOER1 ',STATUS= ,UNKNOWN' )
OPEN(15,FILE='UITVOER1',STATUS='UNKNOWN',IOSTAT=IOOPEN)
PRINT*,IOOPEN
READ(10,*)NUMBEROFRUNS
READ(10,*)RMASS,RHO
DO 10000 NUMBEROFRUN=l,NUMBEROFRUNS

READ(10,*)RUNNUMBER,PIECES
READ(10,*)INPHASE,OUTPHASE,FORCEX,FORCEY
READ(10,*)A,V,T
OPEN(ll,FILE=INPHASE,STATUS='UNKNOWN')
OPEN(12,FILE=OUTPHASE,STATUS='UNKNOWN')
OPEN(13,FILE=FORCEX,STATUS='UNKNOWN')
OPEN(14,FILE=FORCEY,STATUS='UNKNOWN')
REWINO 11
REWIND 12
REWIND 13
REWIND 14
PI=3.1415927
READ(ll,*)CHI,R,OTI
READ(12,*)CHO,R,OTO
READ(13,*)CHX,R,OTX
READ(14,*)CHY,R,OTY
WRITE(*,*)'Analysis of RUN ',RUNNUMBER,':'
WRITE(*,*)'Reading files .••• '
DO 10 I=1,142

READ(11,*)(HINF(I,J),J=1,7)
READ(12,*)(HOUT(I,J),J=1,7)
READ(13,*)(HFX(I,J),J=1,7)
READ(14,*)(HFY(I,J),J=1,7)
DO 5 J=1,7

RINF«I-1)*7+J)=HINF(I,J)
ROUT«I-1)*7+J)=HOUT(I,J)
FX«I-1)*7+J)=HFX(I,J)
HFY(I,J)=HFY(I,J)-(RMASS*HINF(I,J)*A*(2*PI/T)**2)
FY«I-1)*7+J)=HFY(I,J)

5 CONTINUE
10 CONTINUE

READ(11,*)(HINF(143,J),J=1,6)
READ(12,*) (HOUT(143,J),J=1,6)
READ(13,*)(HFX(143,J),J=1,6)
READ(14,*)(HFY(143,J),J=1,6)
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DO 20 J=l,6
RINF(994+J)=HINF(143,J)
ROUT(994+J)=HOUT(143,J)
FX(994+J)=HFX(143,J)
HFY(143,J)=HFY(143,J)-(RMASS*HINF(143,J)*A*(2*PI/T)**2)
FY(994+J)=HFY(143,J)

20 CONTINUE
WRITE(*,*), completed.',
+ ' (Ring Mass Force has been subtracted from Y-FORCE
+ signal).'
NSAMPLES=INT(R)
TELLER=AINT«NSAMPLES/PIECES»
NTELLER=INT(TELLER)
NPIECES=INT(PIECES)
PART=CHAR(NPIECES+48)
WRITE(15,IOSTAT=IOWRTE,FMT=999)RUNNUMBER

999 FORMAT(A3)
PRINT* ,IOWRTE
WRITE(15,llOO)NPIECES,NTELLER

1100 FORMAT(I3,I5)
WRITE(15,1110)A,V,T

1110 FORMAT(F8.3,F8.3,F8.3)
NSTEP(1)=4
NSTEP(2)=5
NSTÈP(3)=5
NSTEP(4)=4
STEP(1)=.2
STEP(2)=.04
STEP(3)=.008
STEP(4)=.002
CDMIN(O)=l.l
CAMIN(0)=1.1
WRlTE(*,*)'Optimum values for Cd and Ca:'
DO 100 I=1,4

CDMIN(I)=CDMIN(I-1)
CAMIN(I)=CAMIN(I-1)
DO 150 L=-NSTEP(I),NSTEP(I)

CD=CDMIN(I-1)+L*STEP(I)
DO 200 J=-NSTEP(I),NSTEP(I)

CA=CAMIN(I-1)+J*STEP(I)
CRITF=O
DO 300 K=1,NSAMPLES

ALPHA=ATAN«2*PI*A*ROUT(K)/T)/V)
FDMODEL=0.45*CD*(V**2+(2*PI*A*ROUT(K)/T)**2)*RHO/1000.
FAMODEL=-0.042412*(2*PljT)**2*A*RINF(K)*CA*RHO/1000.
FXMODEL=FDMODEL*COS(ALPHA)
FYMODEL=FAMODEL-FDMODEL*SIN(ALPHA)
CRITF=CRITF+(FXMODEL-FX(K»**2+(FYMODEL-FY(K»**2

300 CONTINUE
IF «I .EQ. 1) .AND. (L .EQ. -NSTEP(l») THEN

CRITFMIN=CRITF
ENDIF
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IF (CRITF .LT. CRITFMIN) THEN
CRITFMIN=CRITF
CDMIN(I)=CD
CAMIN(I)=CA

ENDIF
200 CONTINUE
150 CONTINUE

WRITE(*,1300) 'Cd = ',CDMIN(I)
WRITE(*,1300) 'Ca = ',CAMIN(I)

100 CONTINUE
YMAXl=O
DO 400 K=l,NSAMPLES

ALPHA=ATAN«2*PI*A*ROUT(K)/T)/V)
FDMODEL=0.45*CDMIN(4)*(V**2+(2*PI*A*ROUT(K)/T)**2)*RHO/l000.
FAMODEL=-O. 042412*(2*PI/T)**2*A*RINF(K)*CAMIN(4) *RHO/lOOO.
FXMODEL=FDMODEL*COS(ALPHA)
FYMODEL=FAMODEL-FDMODEL*SIN(ALPHA)
XLIFT(K)=FX(K)-FXMODEL
YLIFT(K)=FY(K)-FYMODEL
CLGUESS=MAX(ABS(YLIFT(K)/(.45*(V**2+(2*PI*A/T)*+ *2»*RHO/lOOO.),YMAXl)
YMAXl=CLGUESS

400 CONTINUE
WRITE(15,1140)CDMIN(4),CAMIN(4)

1140 FORMAT(F8.3,F8.3)
WRITE(*,*)'Approximation for Cl:'
WRlTE{*,1300)'Cl - ',CLGUESS
DO 500 II=1,NPIECES

IF (NPIECES .GT. 1) THEN
WRITE{*,1250)'Analysis of part ',II,' of the record:'

ENDIF
1250 FORMAT{A18,I2,A16)

NSTEP(1)=3
NSTEP(2)=3
NSTEP(3)=4
NSTEP(4)=4
STEP(1)=.02
STEP(2)=.005
STEP(3)=.001
STEP(4)=.0002
WRITE(*,*) 'Optimum va lues for st and Phi(t=tO):'
'STRMIN(O )=.2
CRITFMIN=1.E35
DO 520 I=1,4

STRMIN(I)=STRMIN(I-1)
DO 540 J=-NSTEP(I),NSTEP(I)

STR(II)=STRMIN(I-1)+J*STEP(I)
DO 560 L=-5,6 .

PHI=L*PI/6
CRITF=O
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DO 580 K=«II-l)*NTELLER+l),(II*NTELLER)
ALPHA=ATAN«2*PI*A*ROUT(K)jT)jV)
PHI=PHI+(2*PI*STR(II)*SQRT(V**2+(2*PI*A*ROUT(K)jT)**2)j3)
FLMOOEL=0.45*CLGUESS*(V**2+(2*PI*A*ROUT(K)jT)**2)*

+ SIN(PHI)*RHOjlOOO.
IF (V .GT.. 15) THEN

CRITF=CRITF+(YLIFT(K)-FLMODEL*COS(ALPHA»**2
ELSE

CRITF=CRITF+(XLIFT(K)-FLMODEL*SIN(ALPHA»**2
ENDIF

580 CONTINUE
IF (CRITF .LT. CRITFMIN) THEN

CRITFMIN=CRITF
PHIMIN(II)=L*PIj6
STRMIN(I)=STRMIN(I-l)+J*STEP(I)

ENDIF
560 CONTINUE
540 CONTINUE

WRITE(*,1300)'St = ',STRMIN(I)
WRITE(*,1300)'Phi= ',PHIMIN(II)

520 'CONTINUE
STR(II)=STRMIN(4)
WRITE(*,*)'Optimum value for Phi(t=tO):'
NSTEP(1)=4
NSTEP(2)=3
NSTEP(3)=2
STEP{l)=PIj30
STEP(2)=PIj120
STEP(3)=PIj360
CRITFMIN=1.E35
TPHIMIN{O)=PHIMIN(II)
DO 600 I=1,3

TPHIMIN{I)=TPHIMIN{I-1)
DO 610 J=-NSTEP(I),NSTEP(I)

CRITF=O
PHI=TPHIMIN(I-1)+J*STEP(I)
DO 620 K=«II-1)*NTELLER+1),(II*NTELLER)

ALPHA=ATAN«2*PI*A*ROUT(K)jT)jV)
PHI=PHI+(2*PI*STR(II)*SQRT(V**2+(2*PI*A*ROUT(K)jT)**2)j3)
FLMOOEL=0.45*CLGUESS*(V**2+(2*PI*A*ROUT(K)jT)**2)*
+ SIN(PHI)*RHOj1000.

IF (V .GT.. 15) THEN
CRITF=CRITF+(YLIFT(K)-FLMODEL*COS(ALPHA»**2

ELSE
CRITF=CRITF+(XLIFT(K)-FLMODEL*SIN(ALPHA»**2

ENDIF
620 CONTINUE

IF (CRITF .LT. CRITFMIN) THEN
CRITFMIN=CRITF
TPHIMIN(I)=TPHIMIN(I-l)+J*STEP(I)
ENDPHI(II)=MOD(PHI,2*PI)
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IF (ENDPHI(II) .GT. (Plj2.» THEN
ENDPHI(II)=ENDPHI(II)-(1.5*PI)

ELSE
ENDPHI(II}=ENDPHI(II)+(.5*PI}

ENDIF
ENDIF

610 CONTINUE
WRITE(*,1300}'Phi( t=to } = ',TPHIMIN(I}
WRITE(*,1300}'Phi(t=tO+P} = ',ENDPHI(II)

600 CONTINUE
1300 FORMAT(A15,F10.4)

PHIMIN(II}=TPHIMIN(3}
CRITFSTRPHI(II}=CRITFMIN
WRITE(*,*}'optimum value for cl:'
,STEP(1 }=.2
STEP(2}=.05
STEP(3}=.01
STEP(4}=.002
NSTEP(1}=5
NSTEP(2)=3
NSTEP(3)=4
NSTEP(4)=4
TCLMIN(O)=l.
CRITFMIN=1.E35
DO 700 1=1,4

TCLMIN(I)=TCLMIN(I-1}
DO 720 J=-NSTEP(I),NSTEP(I}

CL-~CLMIN(I-1)+J*STEP(I)
CRITF=O
PHI=PHIMIN(II)
DO 740 K=«II-1)*NTELLER+1),(II*NTELLER)

ALPHA=ATAN«2*PI*A*ROUT(K)jT)fV)
PHI=PHI+(2*PI*STR(II)*SQRT(V**2+(2*PI*A*ROUT(K)jT)**2)j3)
FLMODEL=0.45*CL*(V**2+(2*PI*A*ROUT(K)jT)**2)*SIN(PHI)*
+ RHOj1000.

IF (V .GT •. 15) THEN
CRITF=CRITF+(YLIFT(K}-FLMODEL*COS(ALPHA»**2

ELSE
CRITF=CRITF+(XLIFT(K)-FLMODEL*SIN(ALPHA»**2

ENDIF
740 CONTINUE

IF (CRITF .LT. CRITFMIN) THEN
CRITFMIN=CRITF
TCLMIN(I)=TCLMIN(I-1}+J*STEP(I)

ENDIF
720 CONTINUE

WRITE(*,1300)'CI = ',TCLMIN(I)
700 CONTINUE

CLMIN(II)=TCLMIN(4)
CRITFCL(II)=CRITFMIN
WRITE(15,1120)CLMIN(II),STR(II),PHIMIN(II),ENDPHI(II)

1120 FORMAT(F8.3,F8.4,F10.6,F10.6}
500 CONTINUE
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AOUTF='FORCE'//RUNNUMBER//'.EX'//PART
OPEN(16,FILE=AOUTF,STATUS='UNKNOWN',IOSTAT=I016)
PRINT*,'I016=',I016
AOUTF='FORCE'//RUNNUMBER//'.MD'//PART
OPEN(17,FILE=AOUTF,STATUS='UNKNOWN',IOSTAT=I017)
PRINT*,'I017=',I017
STARTALPHA=ATAN«2*PI*A*ROUT(1)/T)/V)
DQ .800 I=1,2

AVGSTR=O.
AVGCL=O.
WRITE«15+I),IOSTAT=IOWRTE,FMT=999)RUNNUMBER
WRITE«15+I),'(2(5X,I5»')NPIECES,NTELLER
WRITE«15+I),'(4(5X,FIO.5»')A,V,T,RMASS
WRITE«15+I),'(4(5X,FI0.3»')CDMIN(4),

+ CAMIN (4),STARTALPHA,RHODO 810 II=l,NPIECES
WRITE«15+I),1120)CLMIN(II),STR(II),PHIMIN(II),

+ ENDPHI(II)
AVGCL=AVGCL+CLMIN(II)
AVGSTR=AVGSTR+STR(II)

810 CONTINUE
AVGCL=AVGCL/NPIECES
AVGSTR=AVGSTR/NPIECES
WRITE«15+I),1130)AVGCL,AVGSTR

800 CONTINUE
WRITE(15,1130)AVGCL,AVGSTR

1130 FORMAT(FI0.3,FI0.4)
TCRITFX=O.
TCRITFY=O.
TSUMFX=O.
TSUMFY=O.
DO 830 K=l,NPIECES

CRITFX=O.
CRITFY=O.
CRITFCOCA(K)=O.
SUMCOCA=O.
SUMFX=O.
SUMFY=O.
SUMCL=O.
PHI=PHIMIN(K)

DO 820 I=«K-l)*NTELLER+l),(K*NTELLER)
WRITE(16,1500)(I*.02),FX(I),FY(I)

ALPHA=ATAN«2*PI*A*ROUT(I)/T)/V)
PHI=PHI+(2*PI*STR(K)*SQRT(V**2+(2*PI*A*ROUT(I)/T)**2)/3)
FLMODEL=0.45*CLMIN(K)*(V**2+(2*PI*A*ROUT(I)/T)*

+ *2)*SIN(PHI)*RHO/I000.
FDMODEL=0.45*CDMIN(4)*(V**2+(2*PI*A*ROUT(I)/T)*

+ *2)*RHO/I000.
FAMODEL=-0.042412*(2*PI/T)*
+ *2*A*RINF(I)*CAMIN(4)*RHO/IOOO.
FXMODEL=FDMODEL*COS(ALPHA)+FLMODEL*SIN(ALPHA)
·PYMODEL=FAMODEL-FDMODEL*SIN(ALPHA)+FLMODEL*COS(ALPHA)
CRITFCDCA(K)=CRITFCOCA(K)+XLIFT(I)**2+YLIFT(I)**2
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CRITFX=CRITFX+(FX(I)-FXMODEL)**2
TCRITFX=TCRITFX+(FX(I)-FXMODEL)**2
CRITFY=CRITFY+(FY(I)-FYMODEL) **2
TCRITFY=TCRITFY+(FY(I)-FYMODEL) **2
SUMCDCA=SUMCDCA+(FX(I)-XLIFT(I»**2+(FY(I)-YLIFT(I»**2
'SUMCL=SUMCL+(FLMODEL*COS(ALPHA»**2
SUMFX=SUMFX+FXMODEL**2
TSUMFX=TSUMFX+FXMODEL**2
SUMFY=SUMFY+FYMODEL**2
TSUMFY=TSUMFY+FYMODEL**2
WRITE(17,1500)(I*.02),FXMODEL,FYMODEL
WRITE(18,*)(I*.02),FY(I)
WRITE(19,*)(I*.02),XLIFT(I)
WRITE(20,*)(I*.02),YLIFT(I)
WRITE(21,*)(I*.02),FY(I)-FYMODEL
WRITE(22,*)(I*.02),FX(I)-FXMODEL

1500 FORMAT(F6.2,F8.4,F8.4)
820 CONTINUE

CDCACRITF=CRITFCDCA(K)jSUMCDCA
STRPHICRITF=CRITFSTRPHI(K)jSUMCL
CLCRITF=CRITFCL(K)jSUMCL
WRITE(15,1510)CDCACRITF,STRPHICRITF,CLCRITF
CRITFX=CRITFXjSUMFX
CRITFY=CRITFYjSUMFY
WRITE(15,1520)CRITFX,CRITFY
WRITE(*,1520)CRITFX,CRITFY

1510 FORMAT(E10.3,E10.3,E10.3)
1520 .' FORMAT(E10. 3,E10. 3)
830 CONTINUE

TCRITFX=TCRITFXjTSUMFX
TCRITFY=TCRITFYjTSUMFY
WRITE(*,1520)TCRITFX,TCRITFY
WRITE(15,1520)TCRITFX,TCRITFY

10000 CONTINUE
WRITE(*,*)'Program ANALYSIS has been executed.'
END
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PROGRAM DATA1

REAL A(150),V(150),T(150),CD(150),CA(150),CL(150),
+PHISHIFT(9),STR(150),CRITFX(150),CRITFY(150)
INTEGER RUNNUMBER(150)
OPEN(10,FILE='UITVOER1',STATUS='UNKNOWN')
OPEN(11,FILE='UITVOER2' ,STATUS='UNKNOWN')
OPEN(12,FILE='UITVOER3',STATUS='UNKNOWN')
DO 100 N=1,150

READ(lO,*,END=lOOOO)RUNNUMBER(N)
WRITE(*,*)N
READ(10,*)PIECES,TELLER
NPIECES=INT(PIECES)
NN=INT(PIECES*TELLER)
READ(10,*)A(N),V(N),T(N)
READ(10,*)CD(N),CA(N)
PHIO=O.
PI=3.1415927
DO 10 I=l,NPIECES

READ(10,*)DUMMYl,DUMMY2,PHl1,PHI2
PHISHIFT(I)=PHII-PHIO
IF (ABS(PHISHIFT(I» .GT. PI) THEN

IF (PHISHIFT(I) .LT. 00) THEN
PHISHIFT(I)=PHISHIFT(I)+2*PI

ELSE
PHISHIFT(I)=PHISHIFT(I)-2*PI

ENDIF
ENDIF
PHIO=PHI2

10 CONTINUE
WRITE(12,'(I3,9(lX,F704»')RUNNUMBER(N),

+ (PHISHIFT(J),J=l,NPIECES)
READ(10,*)CL(N),STR(N)
DO 20 I=l,NPIECES

READ(10,*)DUMMY3
READ(10,*)DUMMY4

20 CONTINUE
READ(10,*)CRITFX(N),CRITFY(N)

100 CONTINUE
10000 CONTINUE

DO 200 I=l,(N-l)
WRITE(ll,llOO)RUNNUMBER(I),CD(I),CA(I),CL(I),STR(I),

+. A(I),V(I),T(I),CRITFX(I),CRITFY(I)
200 CONTINUE
1100 FORMAT(I3,F603,F6.3,F6.3,F704,F603,F6.3,F6.3,

+ EI0.3,EIO.3)
WRITE(*,*)'Program DATAI has been executed.'
END
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PROGRAM RESULTS
CHARACTER INPUTF*12
REAL FX(150,6),X(150,3),CONSTANT(5,3),Y(3,150,5),

+GY(3,150,6),COLUMN(0:3,150,6)
INTEGER JMAX(3)
OPEN(10,FILE='INVOER6',STATUS='UNKNOWN',IOSTAT=IOOPEN)
WRITE(*,*)IOOPEN
OPEN(12,FILE='UITVOER8',STATUS='UNKNOWN' ,IOSTAT=IOOPEN)
WRITE(*,*)IOOPEN
READ(10,*)NUMBEROFFILES
DO 5 I=l,3

READ(10,*)(CONSTANT(I,L),L=l,3)
5 CONTINUE

DO 10 I=4,5
DO 15 L=l,3

CONSTANT(I,L)=CONSTANT«I-3),L)
15 CONTINUE
10 CONTINUE

DO 20000 NUMBEROFFILE=l,NUMBEROFFILES
READ(10,*)INPUTF
OPEN(ll,FILE=INPUTF,STATUS='UNKNOWN',IOSTAT=IOOPEN)
WRITE(*,*)IOOPEN
REWIND 11
'DO 25 J=1,150

READ(11,*,END=30)NUMBEROFRUN,(FX(J,I),I=1,4),
+ (X(J,I),I=1,3),(FX(J,I),I=5,6)25 CONTINUE

30 CONTINUE
NRUNS=J-1
WRITE(*,*)NRUNS
DO 35 I=I,3

J=O
DO 40 N=l,NRUNS

IF (ABS(X(N,I)-CONSTANT(I,2» .LT.• 005) TREN
J=J+1
DO 45 L=1,3

Y(I,J,L)=X(N,L)
45 CONTINUE

DO 50 L=4,5
Y(I,J,L)=X(N,(L-3»

50 CONTINUE
DO 55 K=1,6

GY(I,J,K)=FX(N,K)
55 CONTINUE

ENDIF
40 CONTINUE

JMAX(I)=J
35 CONTINUE

OPEN(13,FILE='UITVOER8.CON',STATUS='UNKNOWN',
+ IOSTAT=IOOPEN)

WRITE(*,*)IOOPEN
OPEN(14,FILE='UITVOER8.STR',STATUS='UNKNOWN',

+ IOSTAT=IOOPEN)
WRITE(*,*)IOOPEN
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75
72
70

110
90

130

120
100
65
60
1210
1230
1240
20000

OPEN(15,FILE='UITVOER8.CRT',STATUS='UNKNOWN',
+ IOSTAT=IOOPEN)

WRITE(*,*)IOOPEN
DO 60 1=1,3

DO 65 L=1,2
NN=INT(2.jL)
WRITE(13,1210)CONSTANT(I,2),(CONSTANT«

+ I+NN),J),J=1,3)
WRITE(14,1210)CONSTANT(I,2),(CONSTANT«

+ I+NN),J),J=1,3)
WRITE(15,1210)CONSTANT(I,2),(CONSTANT«

+ I+NN) ,J),J=l,3)
WRITE(13,*)' ,
WRITE(14,*)' ,
WRITE(15,*)' ,
DO 70 N=l,JMAX(I)

DO 72 K=1,6
COLUMN(O,N,K)=Y(I,N,(I+L»
DO 75 J=1,3

IF (ABS(Y(I,N,(I+NN»-CONSTANT«
+ I+NN),J» .LT•• 005) THEN

COLUMN(J,N,K)=GY(I,N,K)
ELSE

COLUMN(J,N,K)=-l.
ENDIF

CONTINUE
CONTINUE

CONTINUE
NMAX=N-1
DO 90 K=1,3

DO 110 N=l,NMAX
WRITE(13,1210) (COLUMN(J,N,K),J=0,3)

CONTINUE
WRITE(13,*)' ,

CONTINUE
DO 130 N=l,NMAX

WRITE(14,1230)(COLUMN(J,N,4),J=0,3)
CONTINUE
WRITE(14,*)' ,
DO 100 K=5,6

DO 120 N=l,NMAX
WRITE(15,1240)(COLUMN(J,N,K),J=0,3)

CONTINUE
WRITE(15,*)' ,

CONTINUE
CONTINUE

CONTINUE
FORMAT(F7.3,F10.3,F10.3,F10.3)
FORMAT(F7.3,F10.4,F10.4,F10.4)
·FORMAT(F7.3,E10.3,E10.3,E10.3)
CONTINUE
WRITE(*,*)'Program RESULTS has been executed.'
END
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15

20

500
9999
10000

5
10

PROGRAM RINGMASS

CHARACTER INPUTF*12,OUTPUTF*12,RUNNUMBER*3,RING*1
REAL RINF(1000),FY(1000),HINF(145,7),HFY(145,7),MASS
OPEN(10,FILE='INVOER5',STATUS='UNKNOWN')
PI=3.1415927
DO 9999 NUMBEROFRUNS=1,150

READ(10,*,ENO=10000)RUNNUMBER,RING,A,T
INPUTF='RFINF'//RUNNUMBER//'.ASC'
OPEN(ll,FILE=INPUTF,STATUS='UNKNOWN')
REWINO 11
INPUTF='Y'//RING//'R'//RUNNUMBER//'.ASC'
OPEN(12,FILE=INPUTF,STATUS='UNKNOWN')
REWIND 12
READ(11,*)OUMMY1,R
READ(12,*)OUMMY2,R
NSAMPLES=INT(R)
SUMFACCELERATION=O.
SUMFMEASUREO=O.
DO 10 I=l,142

READ(11,*)(HINF(I,J),J=l,7)
READ(12,*)(HFY(I,J),J=l,7)
DO 5 J=l,7

RINF«I-l)*7+J)=HINF(I,J)
FY«I-l)*7+J)=HFY(I,J)

CONTINUE
CONTINUE
READ(11,*)(HINF(143,J),J=l,6)
READ(12,*)(HFY(143,J),J=1,6)
DO 15 J=1,6

RINF(994+J)=HINF(143,J)
FY(994+J)=HFY(143,J)

CONTINUE
DO 20 I=l,NSAMPLES

SUMFMEASURED=SUMFMEASURED+ABS (FY (I ))
SUMFACCELERATION=SUMFACCELERATION+

+ ABS«2*PI/T)**2*A*RINF(I»
CONTINUE
MASS=SUMFMEASUREO/SUMFACCELERATION
OUTPUTF='RNG'//RING//'R'//RUNNUMBER//'.MAS'
OPEN(13,FILE=OUTPUTF,STATUS='UNKNOWN')
WRITE(13,*)RUNNUMBER,RING,MASS
WRITE(*,*)RUNNUMBER,RING,MASS
DO 500 I=l,NSAMPLES

RINGMASSFORCE=-(2*PI/T)**2*A*RINF(I)*MASS
WRITE(13,*)(.02*I),RINF(I),FY(I),RINGMASSFORCE

CONTINUE
CONTINUE
CONTINUE
END
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PROGRAM RELEVATS

This program is almost the same as ANALYSIS. The differences
are:

The variable FREQ (and fellow variables) is used instead
of STR;

- The output file UITVOER5 is used instead of UITVOER1;
- The following description of the lift force phase has been

used:
PHI=PHI+(2*PI*FREQ(K)*0.02)
instead of:
PHI=PHI+(2*PI*STR(K)*SQRT(V**2+(2*PI*A*ROUT(I)/T)**2)/3);

- The values for NSTEP and STEP where the lift force fre-
quency is determined are different:

I NSTEP STEP
7 0.2
3 0.05
4 0.01
4 0.002

1
2
3
4

FREQMIN(0)=3.0

- The output file *.FR has been used instead of *.MD.

PROGRAM DATA5

This program differs only from DATA1 where the output files
are defined. DATA5 uses UITVOER5, UITVOER6 and UITVOER7 in-
stead of UITVOE~, UITVOER2 and UITVOER3, respectively.
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table Gl
figures Gl to G6

figures G7
figures Ga
figures G9
figures GIO
figures GIl

TABLE OF CONTENTS

Output Parameters (Model I)
Graphical Presentation of Output Para-
meters (Model I)
Graphs of Farces (Model I Fit)
Graphs of Farces (Model 11 Fit)
Graphs of Spectra (Experiments)
Graphs of Spectra (Model I)
Graphs of Spectra (Model 11)

Gl

pg.
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G23
G31
G39
G49
G57



Listing of Output Parame~ers (Model I)
I

Cd: I Cl: i st: I A: ! V: I T: i critfX: I CritfY:Run: Ca:
(no.,) (-) (-) (-) (-) I (m) I (mis)! (s) (-) I (-)
46 i 1.140 i I ! ,

I.5741 .511 .1773 .270 .750 11.700 .695E-01 .628E-0145 1.086 0052

1

.638 .1778 .270 .100 11.700 .106E+01 .137E+0055 1.000 .636 .276 .1865 .270 .750 j3.000 •251E-01 .733E-0151 1.210 .772 .722 .1828 .270 .750 11.500 .603E-01 .493E-015711.126 I

.750 i1.700.530 I .497 .1636 .300 .927E-01 I .846E-0169 .926 .696 .226 .1797 .120 .750 i1.700 •154E-01 , .714E-0149 .854 .744 .106 .1841 .270 1.50011.700 .102E-01 .402E-0147 1.306 .370 •8251
.1330 .270 .500 11.700 .293E+00 .641E-0136 .900 .300 .185 .1874 .000 .750 i1.700 .706E-02 •487E+0056 1.074 .052 •5251
.1661 .300 I .100 11.700 •172E+01 •120E+006811.904 1.014 2.198 .1228 .120 .100 1.700 .901E+00 •949E-0171 1.074 •4641 .391 I .1813 .270 '.500 3.000 .599E-01 •549E-0177 1.288 .146 1.000 I .1344 .270 .500 1.500 •251E+00 •567E-0178 I.744 .814 .050 .1628 .270 1.500 3.000 •389E-02 •646E-0186 .802 .752 .072 .1780 .270 1.500 1.500 •112E-01 •438E-0192 .974 .806 .159 .1895 .120 .750 3.000 •895E-02 •148E+OO97 1.210 .236 .529 .1529 .300 .500 1.700 •352E+00 •645E-01100 .956 .490 .172 .1794 .300 .750 3.000 •266E-01 .502E-01101 .786 .708 .0751 .1736 .300 1.500 1.700 .100E-01 /.391E-01106 1.102 .582 .492 .1767 .300 .750 1.500 .818E-01 •379E-01112'1.012 .612 j.248 1.1866 .120 .750 1.500 .155E-01 .748E-01113 1.226 .190 1.015 .1799 .120 .500 1.700 .363E-01 .593E-01115 .716 .762 .035 .1618 .120 1.500 1.700 •389E-02 •145E+00136 .944 .052 .624 .2106 .270 .005 1.700 •890E+00 •132E+0054 .942 .610 .189 .1800 .270 .750 2.500 .203E-01 .501B-0153 .984 .590 .264 .1921 .270 .750 2.000 .340E-01 •494E-0152 1.032 .624 .311 .1761 .270 .750 1.850 •482E-01 •610B-0150 1.162 .586 .607 .1791 .270 .750 1.600 •599E-01 •570E-0167 .980 .692 .291 .1886 .180 .750 1.700 •234E-01 •637E-0165 1.014 .618 .372 .1881 .210 .750 1.700 •292E-01 •479B-0163 1.034 .596 .357 .1764 .240 .750 1.700 •392E-01 .603E-0161 1.056 .554 .423 .1831 .255 .750 1.700 •551E-01 •574E-0159 1.102 .560 .460 .1723 .285 .750 1.700 .720E-01 •652E-0148 .982 .626, .224 .1892 .270 1.000 1.700 .222E-01 I •541E-0172 1.184 .3461 .699 .1751 .270 .500 2.500 •658E-01 •569E-0173 1.158 .460 I .477 .1790 .27C .500 2.000 •111E+00 .471E-0174 1.182 .378 I .536 .1549 1 .270 .500 1.850 •238E+00 .663E-0176 1.276 .052 .906 .1356 1 .270 .500 1.600 .307E+00 •693E-01119 .914 .558 .170 .1843 I .180 .750 3.000 .183E-01 .100E+00124 .916 .518 .164 .1844 .210 .750 3.000 .177E-01 •682E-01129 .922 .572 .197 .1778 .240 .750 3.000 .243E-01 •685E-01134 .920 .506 .170 .1902 .255 .750 3.000 •224E-01 •566E-01144 .896 .514 .187 .1889 .285 .750 3.000 •214E-01 •390E-0188 .870 .594 .134 .1810 .270 1.000 3.000 .807E-02 •578E-01103 .966 .464 .217 .1831 .300 .750 2.500 •269E-01 .379E-01102 .988j .428 .239 , .1863

I
.300 .750 2.000 .488E-01 .472E-01104 1.010 .454 .280 .1769 .300 .750 1.850 .613E-01 .517E-01105 1.110 .412 .524 .1705 .300 .750 1.600 .107E+00 .604E-01118 .730 .852 .043 .1628

1

.180 1.500 1.700 .520E-02 •678E-01123 .722 .818 .032 .1617 .210 1.500 1.700 .507E-02 .489E-01
I I 1
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I I
I II ,

I i i ,Run: Cd: i Ca: I Cl: I st: I A: V: I T: I CritfX: CritfY:I

(-) I (-) 1

!(na. ) (-) (-) (m) (mis )1 (s) ; (-) (-)! !

I ;

i .505E-02
!

I :79 .752 .758 .051 .1651 .270 i1.500 /2.500 .548E-0180 .774 .744 .063 .1699 .270 1.500, 2.000 .502E-02 i .431E-0181' .7'58 .756 .048 i .1720 .270 11•500 11.850 .693E-02 •410E-01
841 .776 .700 .056 ;.1717 .270 1.500 1.600 .832E-02 •357E-01

120 .940 i .524 .198 , .1809 .180 I .750 11.500 •283E-01 .604E-01
125 1.012 .556 .376 .1851 .210 I .750 1.500 .556E-01 ;.732E-01
130 1.028 .606 .415 .1905 .240 .750 1.500 .490E-01 i.644E-01135 1.032 .596 .390 .1839 .255 .750 1.500 .594E-01 I.671E-01145 1.056 .560 .426 .1786 .285 .750 1.500 •555E-01 I.410E-0185 .944 .506 .262 .1791 .270 1.000 1.500 •325E-01 i.657E-01107 .980 .536 .179 .1836 .120 .750 2.500 •226E-01 i·120E+00108 1.004 .626 .231 .1838 .120 .750 2.000 •218E-01 i.938E-01109 .970 .614 .149 .1857 .•120 .750 1.850 •121E-01 i·750E-01111 .998 .584 .209 .1873 .120 .750 1.600 •127E-01 •715E-01117 1.290 .168 .978 .1590 .180 .500 1.700 .103E+00 •834B-01122 1.276 .222 .974 .1459 .210 .500 1.700 •157E+00 .700B-01127 1.280 .180 .985 I .1377 .240 .500 1.700 •194E+00 1.718E-01132 1.216 ,.282 I .744 I .1366 .255 .500 1.700 •285E+00 i.575E-01142 1.164' .346 ! .554 i .1509 .285 .500 1.700 •284E+00 I.567E-01114 .830 .626 i .1822 .120 1.000 1.700 .796E-02.132 I i.817E-0134 .886 .252 .232 ! .1864 .000 .500 1.700 •189E-01 I.478E+00
37 .748 .060 .068 .1739 .000 1.500 1.700 .469E-02 •671E+0035 .842 .052 .105 .1837 .000 1.000 1.700 .504E-02 •845E+00

172 .728 .052 .049 .1505 .000 2.000 1.700 .102E-01 •211E+01128 .746 .762 .060 .1637 .240 1.500 1.700 .648E-02 •417E-01133 .742 .728 .062 .1685 .255 1.500 1.700 •895E-02 •387E-01143 .752 .746 .059 .1738 .285 1.500 1.700 •881E-02 .405E-0199 .892 .464 .160 .1818 .300 1.000 1.700 .300E-01 •490E-0166 1.388 .306 .804 .2146 .180 .100 1.700 •166E+01 •124B+0064 1.234 .190 .651 .1800 .210 .100 1.700 .168E+01 •151E+00
6211.182 .104' .642 .1711 .240 .100 1.700 .101E+01 I.138E+0060 1.106 .052 I .722 .1833 .255 .100 1.700 .822E+00 ,.147E+0058 1.05~ I .146 1.634 .1981 .285 .100 1.700 •157E+01 •138E+00116 1.238 .052 ! .810 .1816 .180 .005 1.700 •120E+01 •152E+00I

1 .725121 1.102 I .052 .2050 .210 .005 1.700 .103E+01 .143E+00126 1.042 I .052 j.636 .1949 .240 .005 1.700 .102E+01 1·142E+OO131 .946 .052 .660 .2129 .255 .005 1.700 .107E+01 i·144E+OO141 .886 .052 I .517 .2171 .285 .005 1.700 •129E+01 j.148E+00
I !

,
i I

(tabie GI)

Listing of Output Parameters (Model I)
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CRITERIUM ::-UNCTION \ ' VALIJES ( MODEL i)x
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.~
0 11-

I
,-..

-0.5 jI
::;'--' ,

,.-,
x
:::; -1
'e

tio
'-'
Ol -1.5 0.Q

o +

-2

-2.5

-3

0.00 .0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

o T = 1.50 s Stotionory FlowVelocÎt)'V (mis)
+ T = 1.70 s o T .. 3.00 s

!I
FIGURE Gl.l

11
FIGURE Gl.2 u

CRITERIUM FUNCTION X VALUES (MODEL I)
Constant Ä .... 270 m

0.5 -

0

1""\

I -0.5 - 0 0'--' 0 0,....,
X
:::; -1 - 0-.::

+o + +'-'
+Ol -1.5 - +.Q

-2 - (> oo
<)

o

o o

+ +

<>
-2.5 - o

·-3 I I I I T I I.' I I I1.20 1.60 2.00 2.40 2.80 3.20 3.60 GS0 V - .50 mis OscÎllotionPeriod T (s)
+ V - .75 mis . o V - 1.50 mis



CRiTERIUM r::-UNCTION x VALUE5 (MODEL I)
Constant V = .75 mis~--------------------------------------------------------~
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