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Abstract

The present thesis addresses the hydrodynamic forces on cylinders where the angle between
incoming flow and the cylinder axis is low. The normal viscous force is expressed in terms of
this angle, called the angle of attack, rather than in terms of the normal component of the
incoming velocity which is more common for large angles of attack.

Measured results for a rigid cylinder with length to diameter ratio of 40 towed at constant
angle of attack are used to discuss the applicability of suggested methods like the cross flow or
the 2D+t principle. The results indicate that for large angles the independence principle holds,
but the drag coefficient used for the transverse flow do depend on the Reynolds number of
the longitudinal flow. This is particularly the case for the drag crisis known from a cylinder
in 2D cross flow. The importance of the flow pattern initiated at the nose of the cylinder is
clearly illustrated in these results where the forces on the cylinder increased significantly when
an asymmetric vortex pair was initiated.

By oscillating the cylinder in a transverse direction while towing it in the axial direction,
the force coefficient in the case of oscillating angle of attack was found. The reduction in added
mass known for cylinders in 2D cross flow at small KC numbers are shown to disappear when
an axial flow component is present. At the highest tow speed, also the drag coefficient becomes
independent of the KC number. For small amplitudes the drag is better modeled by the sine of
the angle of attack, rather than the square of the sine associated with the quadratic drag term
in Morison’s equation.

A combination of linear and quadratic dependence on the sine of the angle is used to
model the response of a flexible cylinder with forced oscillation of the tow point. The result
is compared to experimental result for a flexible cylinder with length to diameter ratio of 1100
and Reynolds numbers in and above the critical range. The linear term are found to be 8-10
times larger than the skin friction coefficient normally used for this term in modeling of cables.
The cylinder is simulated in time domain with a Finite Element Method with second order
elements. As an example of practical application of the model, the response of a part of a full
scale streamer subject to irregular waves and a control device is investigated. In realistic sea
states the response is found to be rather small, but not damped by the control device.
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Nomenclature

General

Symbols are generally defined where they appear in the text for the first time.
Only the most frequent use of symbols are listed here
Matrices are represented by bold characters, e.g A

The vector symbol @ is used for vectors in space only. Other vectors are represented by
bold characters.

Overdots signify differentiation with respect to time, e.g a, @
Superscript prime is used for differentiation with respect to coordinate along cable.

Subscripts ¢, n, and b denotes tangent, normal and bi-normal directions in local coordinate
System

Subscripts z, ¥y, and z denotes directions in global (non accelerating) coordinate system.

Subscript 0 normally indicates the amplitude of an oscillating parameter. Subscript pp
denotes the peak to peak amplitude.

Abbreviations

BVP Boundary Value Problem

2D

Two dimensional

2D+t Two dimensional plus time. Also known as Q%D

3D

Three dimensional

DOF  Degrees of freedom
FEM Finite Element Method
VIV  Vortex induced vibrations
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CHAPTER 1

Introduction

1.1 Background and Motivation

Marine seismic surveying is a method to map subsurface topology and geological structures.
The method is mainly used in offshore oil production, both for exploration of possible areas
containing oil and gas and more detailed studies in the field development and production phase.
The basic configuration is given in figure 1.1. A more detailed description of such systems can
be found in Pedersen (1996) and only a short summary will be given here. The survey system
consists of a tow vessel, a lead-in system, an acoustic source and one or more streamers. The tow
vessel is most often purpose built and range from designs based on trawlers to novel designs like
the Ramform. Acoustic sources are most often based on air guns mounted on some kind of floats
towed close behind the towing vessel. The hydrophones used to register the reflected acoustic
signal are located in so called streamers towed in parallel, usually 3-8000 m long. In addition
to hydrophones, the streamers contains signal cables, tension members, buoyancy devices and
in some cases power and control lines for the depth control devices. From a modeling point of
view the streamer is considered a fully flexible cylinder which do not carry any bending moment,
in other words a cable. Configurations from a single streamer and up to 16 streamers towed in
parallel are used. The depth and distance between the tow points of the streamers are kept by
a system of tow lines, deflectors and floats, denoted lead-in in figure 1.1. In the downstream
end of each streamer a tail buoy provides tension and navigation aids. Depth control devices
in the form of small controllable wings are distributed along the streamer. Normally these only
allow control of the tow depth of the streamer by a local PID controller, but new systems like
the @Q-fin system by Western Geco Inc allows global control also of the horizontal position.

For design and tuning of such control systems, simulation is a very useful tool. Math-
ematical models of the system can also be used in observers, improving the robustness and
accuracy of the position measurement of the hydrophones. Simulation is also used for personnel
training both for special operations like deployment and retrieval of the towed hardware and for
normal operation. Since acquisition requires towing the streamers in a straight line, the time
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Tailbuoy

Figure 1.1: Towing configuration for 3D marine seismic surveys using a single vessel towing two
acoustic sources and five streamers.

spent turning the survey system around between runs should be reduced as much as possible.
Simulation of the system could be used to optimize the turn. Also, Pedersen (1996) reported
large oscillations in the vertical direction for some cases during full scale measurements. A sim-
ulation model of the system could be used to find the cause of this as done by Pedersen and
Sgrensen (2001) with a very simple model of the streamer.

A major obstacle in developing reliable and effective models of a seismic survey system
is to model the hydrodynamic forces on the streamers correctly. The flow around the streamer
is dominated by flow in the axial direction, in contrast to other highly flexible marine structures
like risers where the dominating flow is across the cylinder. A result of this is the importance of
friction force on the tension in the streamer, which again is important for the transverse motion.
On the other hand, the effect of the axial flow on the forces normal to the streamer axis is not
fully known, since it is suspected that the cross flow principle normally used for slender marine
structures is invalid when axial flow is dominating. This is here denoted the near-axial flow
regime.

The objective of this work is then to evaluate and possibly improve models of the hy-
drodynamic force on a towed streamer. Since some applications like observers requires that
simulation can be performed in real time or faster, the emphasis is on models that do not re-
quire modeling of the flow field around the streamer. Tools like Computational Fluid Dynamics
(CFD) are therefore not applied, rather the emphasis is on applying experimental results in a
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general formulation.

1.2 Previous work

The literature on towed cable systems can be roughly divided in two: Stability of a towed array, or
streamer, and modeling of a tow fish system. The former is the most applicable for the modeling
of a streamer, but unfortunately the main focus have been on military applications (typically
sonar arrays towed by submarines) and unclassified publications are rare. The linearized equation
for the transverse motion of a towed flexible cylinder was published by Paidoussis (1966) and
with corrections in Paidoussis (1973), and is known as the Paidoussis equation. This equation
assumes small amplitude of motions, linear distribution of tension and that the cylinder is
neutral in water. See also the series of articles by Paidoussis, Grinevich, Adamovic, and Semler
(2002), Lopes, Paidoussis, and Semler (2002),and Semler, Lopes, Augu, and Paidousssis (2002)
where the equation is extended to higher order and bending resistance is included. The main
application is to study the stability of a towed flexible beam with a free end. Dowling (1988)
discussed the solution and stability for a towed cable with a free end based on this equation. In
both cases the hydrodynamic force is based on a linear model suggested by (Taylor 1952) for
turbulent flow. The development of the Paidoussis equation is given in chapter 6.

An important finding in these analysis is that for a free, tapered end the cable may
become unstable and oscillations of the free end are introduced. At some point toward the end
of cable the tension, which is created by friction forces along the cylinder, becomes to small to
balance the unstable part of the hydrodynamic forces. In this case a singularity is introduced
in the Paidoussis equation and some moment resistance must be introduced at least locally to
obtain a solution. In the case of a streamer it will be assumed that sufficient tension is applied
at the downstream end to avoid this singularity. After all, this is the main reason for having an
aft float attached to the streamer.

The formulation and problem setup here is mainly based on Kennedy (1987) and Tri-
antafyllou and Chryssostomidis (1988). Both study the response of a long and thin flexible
cylinder subjected to forced motion of the tow point and with an applied tension in the down-
stream end. No bending resistance is included. The former keeps the linear formulation of the
hydrodynamic force coefficient, but the coefficient is much higher than suggested by Taylor. This
is based on experimental result, but it has not been possible for this author to obtain details of
these experiments. Triantafyllou and Chryssostomidis (1988) studies the same kind of problem,
but adds a non-linear term to the hydrodynamic normal force. In both cases the response is a
wave propagating along the cable in the downstream direction. For high frequencies the ampli-
tude of the wave is reduced, so that the cable acts as a low pass filter for upstream disturbances.
By including the nonlinear term the downstream response was found to approach zero.

A comprehensive study of seismic system from a more nautical point of view is is given
by Pedersen (1996). The example of a streamer in chapter 7 is based on data from this work.

For more general cable systems a comprehensive review is given by Casarella and Parsons
(1970) for work before 1970. A very quick summary of this is that the main problem is the
hydrodynamic loading were experimental data are sparse. Two different principles for modeling
hydrodynamic force is identified. The first uses the angle between the cylinder axis and the
incoming flow, similar to Taylor (1952) while the alternative express the forces in terms of
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normal and tangential components of velocity. In the latter case Reynolds number are accounted
for. More resent work seems to concentrate on the solution of the partial differential equations.
Here the cable is discretized either in a physical or mathematical sense to create a system of
equations solvable on a computer. Physical discretization usually divides the cable in straight,
rigid segments connected at nodes. Examples are given by Winget and Huston (1976), Sanders
(1982) and Vaz and Witz (1997). The alternative is to write the equation of motion for a
continuous cable and then discretize the result. Possible schemes are the finite difference method,
e.g. Ablow and Schechter (1983), Hover (1997) or the finite element method, (Bhattacharyya,
Vendhan, and Sudarsan 2000; Aamo and Fossen 2000; Tiirkyilmaz 2003). In chapter 7 the finite
element method is used to simulate Paidoussis equation with non-linear hydrodynamic forces.
A different approach is suggested by Hover, Grosenbaugh, and Triantafyllou (1994) where the
problem is divided in a static and a dynamic part, and the dynamic part is linearized.

1.3 Present work

The present work focuses on how to model the hydrodynamic force when the local angle of
attack is small. The local angle of attack is the angle between the axis of the cylinder and the
relative fluid velocity vector. The hydrodynamic forces includes all forces acting on the cylinder
by the fluid, due to the relative motion between them. This force is in general divided in a part
due to potential flow effects, like the added mass, and a viscous part due to skin friction and
separation of flow.

After presenting some background on steady and unsteady flow on slender bodies and
cylinders, chapter 2 also presents concepts and methodology for error analysis of experiments
and numerical models in some detail, with emphasis on the use of both bias and precision errors
in the analysis. To this author’s knowledge the extensive application of this methodology in the
following chapters is quite unique to this work.

The following two chapters discusses the normal forces on a rigid cylinder. First it is
towed at a constant angle of attack so that the local angle is constant both in position and time.
Chapter 3 describes the experiment and results for this case. The main findings is that there
are at least two possible flow regimes for angle of attack between zero and twenty degrees. Due
to the shape of the upstream end asymmetric vortex shedding occurred for very low angles in
some cases. In addition to creating a bi-normal force this also increased the normal force on the
cylinder. Possible models of the force are discussed. The forces are expressed in a lift coefficient
form, similar to the expression for lift on a wing section:

1
F, =Cn(") 5pU2 dL

Where p is the density of the surrounding fluid, U the tow speed and d and L the diameter and
the length of the tested cylinder. The force coefficient C,(-) is in principle a function of several
parameters, but most important are Reynolds number, position along the cylinder and angle of
attack. Neglecting the Reynolds number and averaging along the length, it can be expressed

Cp(+) = Cpysin(a) + Cposin?(a)

The values and physical meaning of these coefficients are discussed. In chapter 4 forced oscillation
is applied on the cylinder, and possible force models are discussed. The KC dependence known
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from a cylinder oscillating in cross flow is discussed, and found to decrease with increased forward
speed.

In chapter 5 the attention is shifted to a flexible cylinder. The response due to harmonic
oscillation of the tow point was measured for a model setup in the tow tank. Setup, results
and measurements errors are discussed. The following chapter presents the linearized model
of the transverse motion, the Paidoussis equation. It is developed and extended to include a
buoyancy term and non-linear hydrodynamic forces. This model assumes small perturbations
of the cylinder in the normal direction, so that also gradients along the cylinder are small. By
assuming a harmonic oscillating form of the solution, the problem is transformed to a boundary
value problem for the response amplitude and phase along the cylinder. The use of force models
found in literature overestimated the results by a factor of two, particularly around the first
eigenfrequency of the experimental setup. Applying the results from the rigid cylinder improved
this dramatically.

Chapter 7 presents a simulation model of a cable using the finite element method. Here
the agreement between model and experiment is at the same level as the uncertainty of the
measurements. Finally the model is applied to find the response of a streamer in waves and the
effect of depth control devices.

As mentioned above, unclassified experimental data for normal forces on cylinders in
near-axial flow are rare. Thus the results and the quality assurance of this data through an
extensive error analysis may be the most important contribution of this work. The results and
the estimated errors are for this reason given in tables in the appendix.
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CHAPTER 2

Theoretical Background

The first part of this chapter introduces some commonly used concepts and approximations for
hydrodynamic force models and to some extent discusses their relevance. This will be further
discussed based on experimental results in following chapters. The problem to be considered is
shown in figure 2.1.

In the following chapters the comparison of experiments and numerical models are dis-
cussed at length. An important aspect of this is the uncertainties associated with both exper-
imental and computed results, in this context called measurement and modeling errors respec-
tively. The second part of this chapter introduces methodology and concepts in error estimation,
most noticeably for experimental results.

2.1 Hydrodynamic forces on a flexible cylinder in near
axial flow

o ! I
D —— S

Figure 2.1: Coordinate system for flexible cylinder in near azial flow.

The cylinder is assumed to have constant cross sections and to be very long compared to
its diameter, L/d > 1000 is expected for the real case. The coordinate system is moving with
constant speed U toward the left, and will normally be the tow speed of the seismic streamer.
An element of the cylinder is shown in figure 2.2 where velocity, forces, and angles are defined.
Here U is again the tow speed of the cable, while V' is the relative velocity between the cable and
the surrounding fluid. The angle of attack « is the angle between the relative velocity vector and

7
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the cable axis, while the orientation angle 6 is the angle between the cable axis and the x-axis.
The forces F), and F; are written in a local coordinate system for the cable element, rotated the
angle # from the global coordinate system.

Figure 2.2: Local element of a flexible cylinder. U and V describes free and relative velocities,
F, and F; are normal and tangential forces, and o and 0 are angle of attack and orientation
angles, respectively.

For a towed seismic streamer it is a reasonable assumption that the displacement in the
normal direction is small compared to the length, and that this displacement is slowly varying
with x. The last assumption will justify a small angle approximation for the orientation angle
f. This does not necessarily mean that the transverse velocity is small, thus the angle of attack
« is not small.

Most of the existing models of hydrodynamic force on a long flexible cylinders utilize the
independence principle. This principle assumes that the flow can be separated in a longitudinal
and a transverse part, and that these can be analyzed separately. This is sometimes denoted
the cross flow principle but here the latter term will be reserved for the special case when the
transverse flow is considered pure 2-D, with no variation in the longitudinal direction.

The force and motion in the bi-normal direction, corresponding to an y axis into the plane
in figure 2.1, are assumed identical to the normal direction in most of the following discussion.

2.1.1 Slender Body theory for flexible cylinder

The slender body theory is described in detail in Lighthill (1960) and Newman (1977). It is based
on potential flow, thus viscous effects are neglected and strictly speaking only valid for the part of
the body where there is no flow separation. By assuming small and slowly varying displacement
the problem can be divided in a longitudinal and a lateral flow problem, an application of the
independence principle. Due to the small angle # the local coordinate system of F;, and F; is
assumed to coincide with the global system (z,y, 2).

No tangential force component is predicted by the theory, but the normal force per unit
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length is given by:

0 0
d o\’
= —a (a + U@) z
0%z 0z 0 0%2
= —ag5 - QGUath —aU pre) (2.1)

Here v = % +U % is the relative velocity between the element and the fluid in the z direction.
The added mass a is considered constant along the cylinder except at the ends. End effects are
discussed by Paidoussis, Grinevich, Adamovic, and Semler (2002) and Dowling (1988) but will
be neglected here.

When applied to slender, rigid bodies, the theory is applied to the forward part of the
body, before any flow separation. For a flexible, oscillating cylinder there is no fixed separation
points, and a correct application of the theory is therefore difficult. An extension of the theory
to higher order accuracy is given by Lopes, Paidoussis, and Semler (2002).

2.1.2 General formulation of Viscous Forces

The viscous forces are highly dependent on semi-empirical formulas, particularly because the
flow is usually turbulent in real cases. The formulations for force per unit length used here were
suggested by Taylor (1952):

1
1
F, = C, 5pv2 d (2.3)

where p is the density of water and d is the diameter of the cylinder, and V is again the relative
velocity between body and fluid. Note that V is not decomposed in normal and tangential direc-
tions. The decomposition is included in the coefficients which are functions of flow parameters
like angle of attack, Reynolds number and in some cases the amplitude of motion. Expressions
for these coefficients are the main goal of the experimental work in the following chapters, while
some possible expressions are presented in the next sections.

2.2 Axi-symmetric boundary layer

For evaluation of the tangential force F; it must be realized that the boundary layer on a cable is
different from a flat plate. Equations for the axi-symmetric turbulent flow past a long cylinder
are given by White (1972). His results for local skin friction and boundary layer thicknesses are
given in figure 2.3. For streamers typical values are R, = Y% = 1x10°, where a = 5 is the radius
of the streamer, and R, Uz =1x10*—1x10% (Heenan and Morrison 2002). From figure 2.3

a) expected values values of the local skin friction coefficient is C ¢~ 0.03. Also, with tow speed
U = 2.5 ms™ !, streamer diameter d = 0.05 m the boundary layer thickness is approximately
0 = 0.2 m, or five times the diameter of the cylinder.
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Figure 2.3: Azi-symmetric boundary layer. a) Local skin friction coefficient. b) boundary layer
(6) and displacement (6% ) thickness. From White (1972).

White (1972) also gives an approximate formula for the averaged friction force coefficient
on a cylinder of length L and radius a:

o

L 0.4 B
Cp = 0.0015 + (0.30 +0.015 (E) ) Re;, (2.4)

valid for 1 x 10® < Re;, <1 x 10% and % <1 x 10°. In this range, the formula is within 5% of
the numerical result. Results are given in figure 2.4. By taking the derivative, a local friction
coefficient may be found:

1

T\ 0.4
C;(z) = 0.0015 + (0.20 +0.016 (5) ) Reg? (2.5)

Here z = 0 is the upstream end of the cylinder.

For a streamer oscillating in the normal direction, the flow is of course not axi-symmetric.
The case for small angle of attacks are discussed by Heenan and Morrison (2002) and references
therein. The conclusion is that the friction force decreases on the upstream side and increases
on the downstream side, but no quantitative results are given. Another effect mentioned by
Heenan and Morrison (2002) is that the boundary layer is not continuous for the length of the
streamer. When calculating the friction coefficient an effective length should be used. For a
real streamer this length might not be more than 2-3 meters, giving effective length to diameter
ratios of about 50.

The above formulas are valid for smooth cylinders, i.e, no effect of roughness is considered.
For a flat plate the highest admissible roughness for this assumption to hold is:

14
Fadm < 100 (2.6)

taken from Schlichting (1979). The admissible roughness then only depends on the dynamic
viscosity v of the fluid and the velocity outside the boundary layer U. The limit is valid for
turbulent boundary layers and is slightly conservative for a flat plate. It should be safe to use it
also for the axi symmetric layer since it depends on the thickness of the viscous sublayer which
if anything is larger for the axi symmetric case than for the flat plate (White 1972).
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Figure 2.4: Aweraged skin friction coefficient Cg for various length to diameter ratios. Special

values: —— % = 40, the rigid cylinder experiment; — — % = 1200, the flexible cylinder experiment.

2.3 Rigid cylinder at constant angle of attack

It seems that very few studies are available on the normal force of flexible cylinders at low
angle of attack, particularly if separation is present. On the other hand, the related problem of
forces on rigid cylinders of finite length are studied in much more detail, usually in connection
with airplane fuselages and missiles. Figure 2.5 is taken from Zilliac, Degani, and Tobak (1991)
and defines three leeward side flow regimes of a pointed infinitely long rigid cylinder. Three
angle of attack regimes are defined: For low angles (a < 30°) the flow is steady and symmetric
relative to the angle of attack plane. In an intermediate range (30° < o < 50°) the flow field is
essentially composed of regime 3 in figure 2.5, steady and asymmetric tip vortices. For higher
angles this becomes unstable, until for o > 65° the regimes 2 and 3 is located on the forward
part of the body and regime 1 over the aft part. These limits were based on experiments with a
relatively short body (L/d = 16) and it is expected that for longer bodies regime 1 will be more
pronounced also for lower angles.

2.3.1 Cross flow principle

The regime 1 in figure 2.5 is the part where the cross flow principle is valid. The normal force
coefficient is then written

C,, = Cysin®(a) (2.7)

where (Y is the sectional drag coefficient of a circular cylinder in cross flow.
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Figure 2.5: Schematic of leeward-side flow regimes on a pointed cylinder. From Zilliac, Degani

and Tobak (1991).

A justification for this principle is given by Marshall (2003):. The Navier-Stokes equations
for the longitudinal (z) and transverse directions (y and z) are, neglecting gravity:

ou ou  Ou ou 10p Pu  0*u  0%u

E—i_u@_x—i_q)@—i_w@_z - _;8_x+y<8x2+8y2 +822) (28)

@4_“@_*_@%_{_10% — _1@_*_1/(@4_@_{_@) (29)

ot ox dy 0z p Oy ox?  Oy?> 022
3_w+u6_w+va_w+w3_w = _1@+V(82w+82w+82w> (2.10)
ot oz Jy 0z p 0z 0z2  0y? 022

The local velocities in x, y and z directions are denoted u,v and w respectively, p is the pressure
and v the kinematic viscosity. The component of the free stream velocity are denoted U for the
longitudinal direction and W for the normal direction, where the free stream is assumed to be
in the x — z plane. The variables can be non-dimensionalized by:

w W, D

v
—_— = — t*:— =
W; w W, d y P pW2

(2.11)
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Inserting in equations (2.8) - (2.10) and dropping the asterisks on the dimensionless variables:

8_u iu@ + v% + % — _ea*@ + 1 62 62“’ + 82” + 82'[1, (2 12)
ot o Oz oy oz 0r  Reyq 0x?2  Oy?2 022 ’
dv € Ov  Ov Qv op 1 ,0%v  0*v D%
I P T e grL 2,20 2.1
ot + o ox +v8y +w62 0z + Reyq <6 0x? + 0y? + 022 (2.13)
ow € Ow ow ow op 1 , 0w  Pw  w
TPV a I Vet R e 2.14
ot +a*u8x +v8y+w8z 62+R62d <6 8x2+8y2 +8z2 (2.14)

The non-dimensional parameters are the diameter to length ratio e = d/L, inflow velocity ratio
o' =W/U = tan(a) and the Cross flow Reynolds number Resq = 4. The same substitution
in the continuity equation gives

€e Ou Ou Ov

a*dr Oy 0z
By inspection of equations (2.12) - (2.15) it can be concluded that the terms including
derivatives with respect to x can be neglected if:

(2.15)

l.ex1
2. e X«

The first requirement is the definition of slender bodies and should be fulfilled. The second
requirement on the other hand will not be fulfilled as the angle of attack goes to zero. As an
example, for angle of attack o = 10° the requirement cannot be said to be fulfilled for x < 60 x d
where £ > 0.1.

The Reynolds number in equations (2.12) - (2.14) follows from the choice of non-
dimensional variables in equation (2.11) and is based on the cross flow velocity. The question
is if this is correct when choosing the drag coefficient if there also is a high longitudinal flow
component present. For the 2-D case of a cylinder in cross flow the drag coefficient is very much
dependent on the Reynolds number, see e.g Faltinsen (1990) where four regimes are defined for a
smooth cylinder: Sub-critical (Regq < 2 X 10°), critical (2 x 10° < Regq < 5 X 10°), supercritical
(5% 10° < Reyg < 3% 108) and trans-critical (Regq > 3 x 10°). Here the limiting Reynolds num-
bers are significantly reduced by roughness. The drag coefficient typical drops from C; = 1.2 in
the sub-critical regime to C; ~ 0.4 —0.6 in the critical regime before increasing again to Cy ~ 0.8
for trans-critical flow. Since this change is explained by transition from laminar to turbulent
boundary layer upstream of the separation point, the boundary layer due to longitudinal flow
should be of importance. If the boundary layer on the cylinder is turbulent due to longitudinal
flow, the trans-critical value of C; = 0.8 should probably be used even in cases where Rey, is in
the sub-critical regime.

2.3.2 The 2D+t principle

In 2D+t theory the three-dimensional steady flow is mapped to a two-dimensional flow with
time dependence. This can be applied for the low angle of attack regime, where a vortex pair
is formed close to the nose and develops downstream, in a steady pattern. This is illustrated in
figure 2.6 and is referred to as the NACA vortex model (Sarpkaya 1966). Now consider a plane
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fixed with respect to the fluid and perpendicular to the axis of the body. As the body pierces
this plane its trace moves laterally in the plane with velocity U, = U sin(«). This is illustrated
in figure 2.6 where the plane is located at a distance x from the nose of the body. The flow in
the plane is then assumed 2-D but time dependent, where the x component of the flow with
respect to the body is mapped to a time ¢ = #**° in the transverse plane. 1z, is the distance

from the nose to the location of initial separation. The time is non-dimensionalized by:

2

5= % = 23% - 22 sin(a) (2.16)
From Schlichting (1979) the minimum time from separation start is s = 0.351, for the 2-D
case and laminar flow. Both Jorgensen and Perkins (1958) and Bryson (1959) assumes that
separation starts approximately at the transition from the nose cone to the cylinder part of
the body, as observed in experiments (Jorgensen and Perkins 1958). For hemispherical noses
the change in pressure gradient at the junction triggers two so-called horn vortices (Traub and
Rediniotis 2003), an effect that may have similarities for the pointed nose. The problem of an
‘expanding’ cylinder in the 2-D analogy is neglected and the flow is assumed similar to the flow
of an impulsively started cylinder in pure cross flow. As in the cross flow principle, the effect of
a boundary layer due to the longitudinal flow is neglected.

Figure 2.6: Symmetric vortex separation on a slender body at low angles of attack.

Calculated and measured force histories of an impulsively started cylinder are shown in
figure 2.7. The numerical results are from high resolution vortex method (Koumoutsakos and
Leonard 1995). They are characterized by a singularity at s = 0, a minimum value at s ~ 1 and
a maximum at s ~ 4. The high Reynolds number case has minimum and maximum at the same
non-dimensional times, but the range of values are larger and oscillations more pronounced.
Experimental values in figure 2.7 are taken from Sarpkaya and Isaacson (1981). The rise and
maximum of this curve seems to lag compare to the numerical result. This might be a result of
experimental procedure, since some time of acceleration always will be present in an experiment.
Note that the curves in figure 2.7 are the results of digitizing the printed curves in the references,
so some error compared to the actual data is possible.

The experimental results in curve c¢) in figure 2.7 is plotted as a function of position and
angle off attack in figure 2.8. The normal force at a given angle is given by integration of the
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Figure 2.7: Drag coefficient for impulsively started cylinder: a) and b) are numeric results
(Koumouttsakos and Leonard, 1995) while c) is experimental results (Sarpkaya and Isaacson,
1981).

curve formed by the surface in figure 2.8 and a plane normal to the « axis. By inspection, it is
obvious that the effect is highest at low angles of attack, @ < 5°, both with respect to normal
force and even more pronounced trough a moment on the cylinder. As should be expected the
result from 2D+t method approaches the cross flow principle when angle of attack and length
to diameter ratio increases. This is indicated by the level area of the surface in the upper right
part in figure 2.8.

The total force on the cylinder is

SL

L 1 1
Fn:/ Cy(w, a)dx 5pUgd :/ Cy(s)ds Z,oUnUd2 (2.17)

0 S0
Where the limits sy and sy, corresponds to xq and L respectively. With xo = 0 the ratio of force
from cross flow principle (F°F) and equation (2.17) is

F, fosL Cqa(s)ds

FEF CdCF ST,

(2.18)

Where superscript CF' denotes cross flow principle. Results are given in figure 2.9 a) where it
is clear that the 2D+t principle gives less normal force than the cross flow principle.
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Figure 2.8: Coefficients in 2D+t theory as function of position and angle of attack. The results
are based on curve c) in figure 2.7, assuming Cq(s) =0 for s = 0.

The moment about x = % is for 2D+t principle:

r 1 _,, L
M, = Cu(z,a)xdx =pUid — =F,
; 2 2

L 1 L
= / Cy(s)sds ZpUQd?’ - §Fn (2.19)
0

The ratio of this and F¢¥ L is given in figure 2.9 b). The moment is positive for nose up. Then
the negative values means that the moment from 2D+t tends to stabilize the cylinder.

The symmetric flow pattern in figure 2.6 will at some point break down and the alternating
vortex shedding known from a cylinder in cross flow will appear. According to Sarpkaya and
Isaacson (1981) this process start when the drag coefficient is at its maximum for the impulsively
started cylinder. For the slender body, Jorgensen and Perkins (1958) comments that it seems
that the symmetric pattern is more stable than expected from the analogy to 2D flow, so it is
possible that the pattern is sustained for higher angles than indicated by impulsive start analogy.
As referred to in the beginning of this section, for a body with L/d = 16 the symmetric flow
pattern is observed for angle of attacks up to 30° (Zilliac, Degani, and Tobak 1991).

2.3.3 Intermediate regimes

The cross flow and 2D-+t principle is applicable for high and low angles of attack respectively,
corresponding to regimes 3 and 1 (with symmetric vortices) in figure 2.5. An approximate
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Figure 2.9: Normal Force and Moment for 2D+t compared to cross flow principle

theoretical description of the flow regimes between these does not seem to exist. Zilliac, Degani,
and Tobak (1991) present measurements for the intermediate angles where the tip vortices are
still steady, but becomes asymmetric. The direction of the asymmetry is unstable and depends
on details of the nose and incoming flow. This region is characterized by high side, or bi-normal,
forces on the body. Unfortunately Zilliac, Degani, and Tobak (1991), or later references on the
same topic, does not discuss the lift, or normal force, for this region. The regime 2 in figure
2.5 is described by Ramberg (1983) and is characterized by a the fact that the vortices are not
parallel to the cylinder. This also results in the shedding frequency being lower than expected
from the cross flow principle. Again, no data is given for the forces on the cylinder for this flow
regime.

2.4 Oscillating rigid cylinder

Due to waves, control devices mounted on the streamer or motion of the tow vessel a streamer
towed in the ocean is more likely than not exposed to oscillating flow. The slender body theory
above already allows for this, but the effect of viscosity are different in the oscillating case than
in the steady case discussed above and may depend on the amplitude and frequency of the
oscillation.

2.4.1 Separated flow

For cases where separation of flow takes place i.e the amplitude of motion is at least in the same
order as the cylinder diameter, the only available theory seems to be based on the cross flow
principle. Then the normal force is given by Morison’s equation:

d? d?

. 1
Fn = p’ﬂ'z ’U)f - Ca p’ﬂ'Z Vn - Cd 5,0 d Vn |Vn‘ (220)
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Here a dot denotes time derivative, wy is the velocity of the surrounding fluid, C, is the added
mass coefficient, Cy is a cross flow drag coefficient and V,, = Z — wy is the normal component of
the relative velocity between cylinder and fluid. The first term is the Froude-Kriloff force. For
a cylinder oscillating in fluid at rest, this term is zero, while for a cylinder at rest in oscillating
fluid, the two inertia terms can be combined using the mass coefficient C,,, = 1+ C,. Compared
to the expression above, the Morison’s equation includes the first term in equation (2.1) and the

viscous force from equation (2.3) with coefficients taken from the cross flow principle in equation
(2.7).
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Figure 2.10: Mass coefficient C,,, = 1+ C, versus Keulegan-Carpenter number K = KC = %
for inclined cylinder in oscillating flow. From Chakrabarti(1987).

For the 2D case of a cylinder fixed in a harmonically oscillating flow, it is well known that
the coefficients C; and C is not functions of the Reynolds number only, but also the history of
the motion itself (Sarpkaya and Isaacson 1981; Faltinsen 1990) . This dependence is expressed
through the Keulegan-Carpenter number:

UnT Ao

i 2r y (2.21)
Here U,y and Ag is the velocity and displacement amplitudes of the harmonic motion, 7" the
period of the oscillation and d still the cylinder diameter. The variation of the coefficients for
various inclinations of the cylinder are shown in figure 2.10 and figure 2.11. The figures are
taken from Chakrabarti (1987), based on experimental data from Sarpkaya, Raines, and Trytten
(1982). The measurements were performed in an U-tube where the cylinder is at rest in an
oscillating water column. These data are not directly applicable to a towed streamer, since
there is no constant flow in the axial directions and the angle of attack is high in the U-tube
experiments. But the important result from these figures is that the large reduction in C,, and
increase in Cy seen for a cylinder in normal flow (# = 90° in figures 2.10 - 2.11) does not occur
for the inclined cases, so this may be a very specialized phenomena that will not occur in the

KC =
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Figure 2.11: Drag Coefficient Cy versus Keulegan-Carpenter number K = KC = %. for
inclined cylinder in oscillating flow. From Chakrabarti(1987).

current case either. This may explain the limited success in Ersdal and Faltinsen (2002), where
a 2D+t approach was used to modify the K'C' number in order to use the data for a cylinder at
0 = 90°.

2.4.2 Attached flow

For small amplitudes or very low velocities, the flow may not separate from the cylinder, and
the drag term from equation (2.20) becomes invalid. In this case the skin friction becomes just
as important as pressure forces (Faltinsen 1990). The skin friction is discussed by Taylor (1952).
For a stationary cylinder the absolute value of the normal force is

1

5an2 d (2.22)

where V), is the fluid velocity normal to the cylinder. The drag coefficient is split in two, where
7 is due to normal stresses and C’t{ is due to shear stress and given by

F,= (cg + C(f)

_1
Cf = 4Re,? (2.23)

The cross flow Reynolds number is Re, = % In the case of attached flow, the part due to
normal force will be taken as equal to the shear part (Faltinsen 1990, p. 237). Inserting this
and that the normal component of velocity is V,, = Usin(«) the force is

1 1
F, =8Re,’ sin%(a)i,oU2 d (2.24)

where R.q = UTd is Reynolds number based on cylinder diameter. This has the form of equation
(2.3) with:
1
Cn =8Re,’ sin? (a) (2.25)
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For harmonically oscillating flow Faltinsen (1990) gives an expression for the shear part:

T 2

The cross flow Reynolds number is here based on the amplitude of the oscillating flow. In the
form of equation (2.3) this becomes, again with a normal stress effect of equal amplitude:

1
2

C, = 4r ( sin? (a) (2.27)

T
Red KC
where «y is the amplitude of the angle of attack.
These expressions both utilizes the independence principle. An alternative is to assume
that the friction force on the cylinder is parallel with the incoming flow, so that

Cy, = nCpsin(a) (2.28)

The normal force coefficient C,, is based on the diameter of the cylinder, while the skin friction
coefficient is normally based on the vetted surface S = wdL, hence the factor 7 in equation
(2.28).This form is used by Paidoussis (1966) and Dowling (1988).

2.4.3 Bi-normal Force

A consequence of asymmetric vortex shedding is that a bi-normal force will be created on the
cylinder. If the cross flow principle is applied, this force will be oscillatory even for steady inflow.
For a flexible cylinder the result is a out of plane, or bi-normal, response. For an oscillating
flow the bi-normal force is expected to be quite irregular (Chakrabarti 1987). One possibility
is to express the force as a Fourier series with frequencies equal to and multiples of the forcing
frequency. Analysis based on experimental data in a U-tube indicates that the coefficients and
their relative importance is very sensitive to the KC-number, at least for the 2-D case (Faltinsen
2000). For large KC-numbers a quasi-steady model was developed by Bearman, Graham, and
Obasaju (1984), revising a model by Verly (1982). This model assumes constant Strouhal number
(S = %, where f, is the frequency of the oscillating force) and is based on instantaneous flow
velocity (. See also Chakrabarti (1987, p 196) or Faltinsen (1990, pp 248-249). In this work the
study of the bi-normal force is limited to discussions of asymmetric vortex shedding.

2.5 Error analysis: Basic statistics

The aim of an error analysis is to give a quantitative measure of how reliable a measured or
calculated value is. Normally this is presented as a confidence interval, e.g 95%. This means
that the probability that the true value is within the given interval is 0.95. In the following the
word error will be used to describe the distance between a measured or calculated value and the
true, but unknown, value. The word uncertainty may be used for the statistical estimate of the
same thing.

Even if a careful and throughout error analysis is performed, parts of the analysis is open
to discussion, and there is always the possibility that some major error source is overlooked.
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On the other hand, to draw conclusions based on experimental results without at least trying
to quantify the error level seems at best optimistic. An error analysis also includes a study of
the sensitivity of the final results to input parameters, which ideally should be an important
consideration when designing or refining the experiment.

All analysis here refers to so-called time-wise experiments, i.e. the measured quantity is
measured at a single location at different times. The alternative in which the quantity varies
in space but not in time are called sample-to-sample experiments. For marine applications this
applies to thermodynamic properties of water and material properties of a material. For the
towing tank experiments considered here such variations are not considered.

2.5.1 Bias, precision and total error

Two types of errors are considered in the analysis: bias and precision errors. The difference is
illustrated in figure 2.12 taken from Coleman and Steele (1989). The figure also illustrates the
total error as the sum of bias and precision errors. A main assumption in this analysis is that
if an infinite number of measurements were taken the precision error would follow a Gaussian
distribution. The bias error would then be the difference between the mean of this distribution
and the true value. The trouble with these definitions is of course that the true value is unknown,
so in practice an alternative definition is needed.

To do this the concept of replication levels are introduced. When repeating an experiment
the replication level describes what exactly is repeated, here in three levels. At the zeroth order
replication the measured quantity is assumed absolutely constant in time, so that only variations
inherent in the measurement system contributes to the error. For example, calibration of load
cells before mounting it in the experimental setup should give zeroth order replication. In this
case the true value is known, so bias and precision can be estimated in the normal sense. At
first-order replication level the instrumentation and setup is fixed, but the time is running. This
corresponds to repeating the experiment keeping the instrumentation constant. Typically this
corresponds to a time series of a measured variable. N’th level replication includes all other
possible changes when repeating the experiment, from doing a second run at a later time to
performing a similar experiment in another laboratory.

A more practical distinction between precision and bias error then is as follows. The
precision error is given by the variation of the data at a given replication level, while the bias
error are constant for the same level. The precision error can be estimated to a reasonable degree
by repeating the experiment, but this is not the case for the bias error without increasing the
replication level. In practice, particularly in a large and expensive laboratory like a towing tank,
there will be a practical limit on this replication level. Estimates of the bias error must therefore
be based on experience and more or less educated guesses. The resulting error level will always
be uncertain and open to discussion, particularly if the bias errors are large.

2.5.2 Sample population and confidence interval

If the measurement is repeated an infinite number of times, the main assumption here is that the
measured value will be normal, or Gaussian, distributed around a mean. This parent distribution
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Figure 2.12: Errors in the measurements of a variable X: a) single reading, b) two readings, c)
infinite number of readings. From Coleman and Steele (1989).

is characterized by the mean p and the standard deviation o, and expressed by

L -t
f(X) = = (2.29)
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here f(X)dz is the probability that a single measurement X will lie between X and X+dX. The
measurement is of course never repeated an infinite number of times. The statistical properties
of interest is therefore based on a sample population that consist of a finite number of samples
drawn from the parent distribution. For the sample population the mean is given by

N
- 1
X== ;Xj (2.30)

where N is number of samples (measurements) X,. The precision index, or standard deviation,
of the sample population is estimated by

1 )2
5= || s S - ) 231)

Jj=1

Working with a sample population, the mean in equation (2.30) will depend on the set of samples
taken from the parent population. Thus the mean itself is normally distributed with mean p
(mean of the parent distribution) and standard deviation (Kreyszig 1988)

Sa

Sz = 2.32
VN (232)

For the parent distribution the confidence interval of a sample is given by
Prob(X; —to < p< X;+to) =7 (2.33)

where ¢t ~ 1.96 for a normal distribution and confidence level v = 0.95, i.e the 95% confidence
interval. For the sample population, the standard deviation is only estimated thus the value of
t is not given. This is especially true if the number of samples are low. Equation (2.33) can be
rewritten

X. —
Prob (t < =i e t) = (2.34)
where the variable Xg—:“ is random and follows a Student’s ¢ distribution, with N — 1 degrees of
freedom. The value of ¢ may be found from (Kreyszig 1988)

t=F"1 (%(1 + 7)) (2.35)

where F~!(-) is the inverse of the cumulative density function for the ¢-distribution, again with
N — 1 degrees of freedom. Figure 2.13 gives values of ¢ for 95% and 99% confidence intervals.
For N > 30 the value t = 2 is acceptable (International Towing Tank Conference 1990). The
precision limit for a sample is then

P, =15, (2.36)

and for the mean of N repetitions

(2.37)
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Figure 2.13: The weight t for estimating confidence intervals: — 95% confidence; —— 99%
confidence. Ordinate azxis corresponds to 95% confidence for a normal distribution: t=1.96.

2.5.3 Chauvenet’s criterion for rejecting outliers

Data samples that appear significantly out of line with the majority of samples are called wild
points, or outliers. If the reason for such discrepancy is obvious and verifiable, such points can be
disregarded. In cases where the reason is harder to explain, an acceptable criterion for rejection
of a sample is the Chauvenet’s criterion. This states that samples within a band around the
mean with probability of exceedance less than 1 — - should be retained. This limit can be

2N
expressed as a weight on the standard deviation:

1
Lehauvenet = F (5(1 +p)> (238)
where p =1 — ﬁ is the limit probability based on N samples. Note that in this case F(-) is

the cumulative density function of the normal distribution, also for small values of N. Values of
tehauvenet are plotted in figure 2.14.
Samples with higher deviation from the mean than:

‘Xj - Y| > tchmwenet Sa: (239)

may then be disregarded, and a new mean and standard deviation can be found based on the
remaining data. The procedure can only be performed once.

2.5.4 Bias error estimation

The precision limits in equation (2.36) and equation (2.37) is only valid for the precision part of
the error, while the bias cannot be treated this way. This follows from definition, the bias error
does not change when the measurement is repeated. Note that the higher the replication level
of repeated measurements, the fewer unknown bias errors there are in the results. This means
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Figure 2.14: The weight tchauvenet tn Chauvenet’s criterion for rejection of outliers.

that errors that must be estimated if the experiment is performed only once, might be included
in a statistical analysis if the experiment is repeated.

Known and well defined bias errors, like constant terms in a calibration model, are usually
corrected for and not included in the error analysis. The rest, for example the uncertainty of
the constant term in the calibration model, must be estimated in some way. The approach is to
establish a bias error limit B that with a given confidence represents the unknown bias. In order
to establish this limit simplified estimates, experience or more or less educated guesses must be
applied.

2.6 General Uncertainty Analysis

The parameter actually measured is seldom the final result of the test. For example, when
measuring force with a strain gauges the parameter actually measured is an electrical resistance.
Based on the change in resistance, a force is calculated, and then usually non dimensionalized.
The final result is therefore a function of several parameters, both inherit in the measurement
method and in the preferred way to present the result.

2.6.1 Reduction equation
The functional relationship is called the reduction equation and is expressed:
X =fWM,Ys,..,Yy) (2.40)

where X is the measurement (sample) and the reduction equation f, is a function of N parame-
ters Y7 ...Yy. Examples for the experiments in later chapters of such parameters are calibration
factors, tow speed and model dimensions but also less obvious factors like temperature and
thermodynamic properties of water. The first step of the error analysis is to establish a list of
parameters that must be considered. In the following these parameters are denoted elemental
Error Sources.
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Assuming that a small change in a parameter Y; results in a small change in the measured
value, Taylor expansion gives:

A

80X 182X 3
X = Xt gAYVt 552, +0 (AY?) (2.41)
. 0X
~ X 4+ ZZAY, 2.42
+ 5y AYi (2.42)

7

From this, the influence coefficient is defined as

0X
i = o 2.43
5 =gy (2.43)
and the elemental error is: )
; = a—XAY = k;AY; (2.44)
el - aY [ K-/Z 2 .

In most cases the absolute value of AY; is not known. Rather it is given as a precision
limit based on a confidence interval as described in the previous section. The recommended
practice is the 95% confidence interval, where the probability of the actual AY; being less or
equal to the estimated value is 95%:

AY; = Py, = P, (2.45)

or for bias error
AY; = By, = B, (2.46)

Where P; and B; are the precision and bias limit of parameter Y; respectively.

2.6.2 Error propagation

If all elemental error sources are independent, the combined effect on the measured value (error
propagation) is:

e = (2.47)
The precision and bias errors are calculated separately:

N

Ep = \ (K,Z' Pz)2 (248)
i=1
N

€Ep = \ (lﬁi B,)2 (249)
i=1

where subscript P is denotes precision and B denotes bias error.
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The total error may be found by

e=/ex +e% (2.50)

According to Coleman and Steele (1989) this gives approximately a 95% coverage of the true
value. The alternative is to sum the errors

e=es+ep (2.51)

This gives 99% coverage if the bias and precision errors are of the same order and 95% cover-
age if one is negligible compared to the other. International Towing Tank Conference (1990)
recommends both to be reported, but only the former will be discussed in later chapters.
If X is the erroneous measurement and e is the total error from equation (2.50), the true
value X is found in the interval
X=X+e (2.52)

with a probability of 95%. This of course requires that the 95% confidence interval is used
throughout the analysis. It is also assumed that the bias error is symmetric, which is not always
the case. If not, a high and low limit must be established from equation (2.50).
Here the error has the same unit as the measured value itself. An alternative is to define
a relative error:
er = — (2.53)

so that R
X=X (1te,) (2.54)

The relative error can be calculated by using a relative influence coefficient:

Q
o

Kps =

(2.55)

o]
Q
=

in equations (2.48) - (2.49) .

2.7 Measurement Errors

The following steps are listed in International Towing Tank Conference (1990) in order to create
an uncertainty interval for a measurement:

—

. identify all error sources

2. determine the individual precision and bias errors for each error source
3. determine the sensitivity of the end result to error sources

4. create the total precision interval

5. create the total bias uncertainty
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6. combine total bias and precision either by addition or root sum square method (equation
(2.50)

7. declare results from 4)-6) separately.

The first two steps are the tough ones. A possible approach is to start with the reduction
equation and then consider its parameters and what might influence them. Then the replication
level must be considered in order to distinguish between precision and bias errors. The question
is typically if the experiment is repeated, and which uncertainties are covered by repetition.

The influence coefficients is found by partial derivation of the reduction equation, either
analytically if possible or numerically by changing input parameters to a numerical procedure.

The ITTC report use a slightly different way to calculate the precision error than the
one outlined above. Rather than establishing a precision limit P for each parameter Y, a total
precision limit is calculated

N

D (k:Si)? (2.56)

i=1

Sresult =

The precision error is then given by
S’result

ep=1t
P gsm

where t95 is the weight based on a 95% confidence interval and M is the number of times the test
is repeated. To find tg5 from a student’s t distribution an average degree of freedom is required,
weighted by the magnitude and degree of freedoms of the individual precision indexes S;. This
is done by the Welch-Satterthwaite approximation:
S2)?
Vpesult = (Z ;4) (258)

v

(2.57)

This do not seem to give a simplification compared to calculating a precision limit for each
elemental error source, so this method is not applied here.

2.8 Modeling errors

The word model is used in at least three different contexts in this thesis. First there is the
physical models used in the experiments, i.e the hardware actually put in the water in order to
measure force or response. Next there is the mathematical model used to describe some physics,
possibly on several levels. Thus the hydrodynamic force model is a mathematical model used
in the simulation of the motion of a cable, a higher level mathematical model. Finally there
is a numerical model, here used to describe the implementation of a mathematical model, thus
including the numerical methods and other approximations made to actually solve the equations
given by the mathematical models. Hopefully it will be clear from the context what is actually
meant in each case.

The flow diagram in figure 2.15 is adapted from International Towing Tank Conference
(1990) and describes the modeling and validation process. Note the distinction between ver-
ification and validation, the former being the process of checking that the implemented code
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actually gives a true representation of the mathematical model(s), while the latter is to verify
that the numerical model is an adequate representation of the physical reality. Roughly speaking
the verification will in the following be done by comparison to analytical results for special test
cases, while validity of the numerical model is based on comparison to experiments.

Reality
Neglected Physical _
# E Effects
Conceptual
Model
Representation
* ) errors
Mathematical
Models
Discretization -
H errors ke
g=!
Numerical o ._g
model 8 =
Programming s >
# ) errors o=
3
Computer =
Code
Numerical _
* ] inaccuracies
Computation Comparison with
- analytical results

- Other numerical results
- experimental results
(benchmarks)

]

Results

Figure 2.15: Modeling and validation process. From recommendations in International Towing
Tank Conference (1990).

A confidence interval of the numerical model is established in the same way as for the
experimental results, considering the numerical model a reduction equation and estimating limits
for each parameter. Error sources to be considered are indicated in figure 2.15.

2.8.1 Comparing model and experiment

In comparing measured and calculated results the distinction between measurement errors and
modeling errors are not always obvious. This is the case for parameters not explicitly stated
in the reduction equation, so that a numerical model is necessary to estimate sensitivity. An
example of this is found in chapter 5 for the transverse response of a cable. Here parameters
like aft tension, length, and tow speed are not included in the reduction equation, although
these parameters certainly effects the resulting response. In the following parameters of this
type will be treated as modeling errors while the term measurement errors will be reserved for
uncertainties in the actual measurement.

When comparing experiment to a mathematical model there are then at least three
quantities to consider. The first of these is the difference between the calculated and measured
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results:
Cdiff = XmOd — X*P (259)

where X4 ig the result from the mathematical model and X¢*? is the result from the measure-
ment. To measure the performance of the model for a range of parameters a precision index can
be formed as before:

1 N

cars =t \| o7 2o (K = X7)° (2.60)

Jj=1

where ¢ is the weight corresponding to a given confidence interval as discussed above and N is
the number of samples.

By including the errors inherent in the numerical analysis and from uncertainty in input
parameters (€nyum), a total modeling error can be defined:

But this error only makes sense if compared to the measurement errors. If the model error is
less or equal to the measurement error, that is

€mod < €exp (262)

then the model is as good as the measurements, and further improvements makes no sense. In
this case the validation is complete, and the numerical model is acceptable based on the available
data. If a range of parameters are considered, some representative values must be used for e,,,4
and eggp.



CHAPTER 3

Rigid cylinder at stationary angles

The rigid cylinder setup were ran in the the Marine Cybernetics Laboratory (MCLab) and in
towing tanks I+III, see appendix A. The experiments in the towing tank was performed in
September 2002 where the cylinder was rotated in yaw. The follow up experiment in the in
MCLab were performed in December 2003, this time rotating the cylinder in pitch. The results
were found to be quite different in the two cases, a fact that will be discussed toward the end of
the chapter.

3.1 Experimental setup

Figure 3.1 and figure 3.2 show the model mounted in the MCLab.
The main components of the model were:

A The test section was made of a aluminum pipe 2 m long and 51 mm in diameter. The wall
thickness was 2 mm and total mass was 1.877 kg (with end plugs). Using a roughness
reference pad the roughness height of the spray painted surface was estimated to be less
than 1.5pm.

B The force sensors were standard 2 DOF sensors from MARINTEK. The test section was
simply supported at the ends to avoid cross talk from moment. The assembly of sensors
and couplings were 130 mm long and covered by an aluminum pipe. The gap between this

cover and the test section was 1 mm, assuring free movement of the test section. See figure
3.3.

C The end supports are a total of 270 mm long, where the forward 150 mm was approximately
a parabola. The struts are 1 m long solid aluminum bars of elliptic cross section (30 x 10

31
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Figure 3.1: Towing the rigid cylinder in MCLab. Tow speed is U=0.6 ms™!

Table 3.1: Parameters of the test section

Length L 2.03 m
Diameter d 0.051 m
Dry Weight m 1.875 Kg
Water density — p 998.5 Kg/m?
Dyn. viscosity v | 1.05x107% m?/s
Length to diameter ratio 5 39.2
Structural mass to Added mass ratio p;”;_Q 0.46
Roughness 54 29.5 x 1076

D The yoke structure was made of aluminum RHS 200 x 200 beams. It was connected to the
vertical actuators of the carriage by hinges. At the left connection in figure 3.2, rails and
linear ball bearings are used between the hinge and the support beam in order to allow
pitch motion of the model.

Important parameters are given in table 3.1.
The main idea of this design was that only forces on a constant cross section should be
measured. Drag and lift forces from the end supports and struts should not have to be corrected
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Figure 3.2: The Model mounted under the carriage in MCLab: A -test section, B -Force sensor
housing, C -end supports and struts, D -yoke

22.5 '/A l<3>l Sensor

T = / E Test 1
Plastic Cone | : 51
Section
o m | w | ow ||

Figure 3.3: Model detail: End support and sensor housing. Measurements in mm and deg.

I

|

for. The length of the test section was a compromise between high Reynolds numbers (based on
length) and the length of the basin. Typical towing length in MCLab was 25 m, or 12.5 times
the length of the section. The diameter was selected mainly to ensure that the cylinder was
truly rigid. For a load of 40 N/m the max displacement was less than 0.1% of the section length.

The sensor arrangements is shown in figure 3.3. A pin in a finely fitted hole was used to
decouple moment from shear loads. This also eliminated axial loads induced by bending of the
test section. Shim plates were used to limit the axial movement of the test section. This setup
allowed the test cylinder to rotate around it’s axis, but from observation during the experiment
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it seemed that the friction in the support was enough to prevent this. In the towing tank the
model was mounted on a rig allowing manual setting of draft and yaw angle, while in the MCLab
all settings were done by the control system of the carriage.

The force sensors are standard strain gauges based designs used extensively by MAR-
INTEK, while all velocities are encoder outputs from the carriages. In both laboratories a
Hottinger MGC+ were used for amplification, filtering and analog to digital conversion of all
measurements. Although same make and model, two different units were used. In the towing
tank a sample frequency of 200 Hz and a filter cutoff frequency of 60 Hz were used. For the
followup experiments in the MCLab the sampling frequency was reduced to 120 Hz, filtering at
40 Hz. In both cases the cutoff frequency was set to well below the Nyquist frequency to avoid
aliasing of the signal. All force signals were recorded in volts, while calibration and all data
analysis were performed on a PC using MAT LAB®.

3.2 Error analysis

In this section the methodology described in the last part of chapter 2 is used to establish a 95%
confidence inteval for the measurement results

In the towing tank, each run were performed in both directions for each combination of
velocity and angle. The experiment were first performed 13’th September 2002, and repeated
the 25'th, and again the 27’th September 2002. Each result is then an average of six runs. The
exception is the angles above 12° which were only ran the last day, thus only two repetitions
exist for these angles. In MCLab all experiments were repeated three times and for selected
angles six times. Here all runs are in the same direction.

It is then possible to use the variation in the result directly to estimate a confidence
interval, but to better understand the nature of the errors, a detailed analysis of the elemental
errors was performed. This must in any case be done for the bias errors.

3.2.1 Reduction Equations

In conformation with later chapters the angle of attack is denoted by the symbol a. The force
normal to the cylinder axis, but in the plane formed by the incoming velocity and this axis, is
denoted the normal force. The bi-normal force is then the force normal to this plane. In the
MCLab the model was rotated about the y-axis in figure 3.2 for most of the runs, so that the z
axis is the normal direction while the y axis is the bi-normal direction. This is denoted rotation
in pitch in the following. In the towing tank and the remaining runs in the MCLab the model
were rotated about the z axis, in which case y axis becomes the normal and z axes the bi-normal
directions, respectively. This is then denoted yaw rotation.

The presented results of the experiments are force and moment coefficients. Denoting the
measured forces from the two force sensors with superscripts f and a for forward and aft sensor
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respectively, the reduction equations described in chapter 2 are

Cpa(a) = % (3.1)
e 32
Cula) = % (33)
_ % (3.4)
Cola) = (_nggQ)L (3.5)
_ % (3.6)

The subscripts 2 and 3 denotes forces in the y and z directions, while 5 and 6 indicates moment
about the same axes.

To generalize, the reduction equations contain measured forces, a dynamic pressure ¢ =
spU? and representative dimensions. The error sources are grouped according to this.

3.2.2 Precision and bias limits for force measurements

For the force measurements, there are three replications levels available:

e The sensors were calibrated after assembly. By rotating the sensor and the spacer it was
mounted on, known weights of 10-500 grams were applied in directions 0,90,120,180,240,
and 270 degrees with respect to the positive n axis. This gave more than 120 points on
which to build a 2-D calibration model incorporating cross-talk and alignment errors:

Here F;, is the known force in direction n, Vi_ are the measured voltages in the two
directions of the sensor and k; and k9 are coefficients found by the least square fit method.
The result is 4 sets of coefficients. This is the zeroth replication level.

e The measurements are recorded in in time series with steady state conditions for at least
15 seconds. The forces used in the analysis is the mean these time series and represents a
1’st replication level.

o At least some of the time series were repeated six times, representing a second order
replication level with 3 degrees of freedom. Here variations in alignment and velocity are
included in the data set, so the precision level should be higher for this case.

Precision limits are given in table 3.2. For zeroth order replication the value is the 95%
confidence interval of the calibration model. The 1’st order level uses the forward runs on the
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Table 3.2: Precision and bias limit ranges and medians (in N) on force measurements. All
velocities and angles included. (na -not applicable).

Replication Samples Weight y-direction z-direction
Level N t min max median min max median
0’th 120 2 0.015 0.028
1’st 4000 2 0.021 0.616 0.048 0.029 0.248 0.066
2’nd 6 2.57 0 3.615 0.096 0.04 9.35 0.35

Bias errors
Vibration Bo; 0.0 0.15 0.0025 1.5x107% 0.008 0.0015

Cylinder End By 0 0.0022 4.4x1073 na
Strut Wake By na 0.0015
| Measured Force [F.] | 0 37387  0.615 [4.00x10™* 1.991 0.368 |

third day, while the 2’'nd order includes all measured data. Six data points are assumed for all
angles in this case. For the higher order levels the precision is given by (see chapter 2):

Sa
VN

In table 3.2 the median is given rather than the mean. The median is the value for which
the probability of exceedance is 50%. In other words, half the calculated precision limits are
lower than this value, and half the precision limits are higher. Since relatively few cases (mostly
a > 20°) gave quite high precision limits compared to the majority of the runs, the median is
more representative than the mean. From inspection of the raw data it was found that for 1’st
order replication the value does not vary with angle of attack, thus the variation in results are
mainly due to variation in velocity.

For o > 20° the model was observed to oscillate and the standard deviation of the time
series increases by a factor five or more. This is reflected in the max value of the precision level.
For second order replication the z direction results are much higher than expected, particularly
since these value should be less sensitive to small variations in angle of attack than the y-
direction. This may imply unsteady flow pattern for the high angles.

The highest limits were found for the highest measured values, so the relative error is
more constant than the precision levels indicates. Typically, the precision limit is about 5% of
the measured values, at least in the y-direction.

The 2’nd order level is here included for comparison only. Since there was a small differ-
ence in speed in forward and back wards runs, the resulting precision limits is too high. When
estimating the final error from repeated runs, the coefficients are calculated for all data series,
then the mean and the precision level is established.

Identified sources of bias errors in the force measurements are

P=t (3.8)

Roughness The surface roughness of the cylinder influence the magnitude of the skin friction
on the cylinder. More importantly, increased roughness decreases the Reynolds number
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where the flow in the boundary layer changes from laminar to turbulent. The effect of
roughness for a cylinder in steady cross flow is given in Faltinsen (1990, p. 177). The
roughness from table 3.1 is an order of magnitude lower than the lowest values presented
here. A flat plate can be assumed smooth for k/z = k/d for local Reynolds numbers less
than about 5 x 108 (Blevins 1992), which is the upper limit for the Reynolds number based
on cylinder length in the experiments. It will from this be assumed that the cylinder is
smooth, an any effect of roughness is neglected.

Vibrations (By;) Since the total force on cylinder was measured, all inertia forces due to
vibration induced by the carriage and its drive system were included in the measurements.
But these are assumed to have zero mean, so they only effects effect the precision errors in
table 3.2. The effect of vibration on the averaged hydrodynamic damping forces depends on
the work done by the cylinder on the fluid, which again depends on the actual motion of the
cylinder. From decay tests of the model mounted on the carriage the lowest eigenfrequency
was found to be 9 Hz. The highest shedding frequency was found for 2.5 ms™! tow speed
and 30 degrees yaw angle. The estimated value is f, = 4.9 — 6.86 Hz where the low value
corresponds to subcritical flow (Strouhal number S; = 0.2) and the high limit corresponds
to transcritical flow, S; = 0.28 (Faltinsen 1990). Since the in line oscillating force has
twice the frequency of the vortex shedding, there is a possibility of matching load and
eigenfrequency for the extreme cases. Oscillation of the model was observed, both visually
and in the force measurements, for velocities above 1.5 ms~! and angles above 20 degrees.
For the remaining tests no oscillation of the model was observed and the motion of the
cylinder is assumed limited to the clearance of the pin of the sensor to the fitting in the
test cylinder, see figure 3.3. The clearance is 0.1 mm. For the case of VIV, Faltinsen (1990)
give a simple relation between drag coefficient and amplitude of oscillation:

Cqa A
— =142 3.9
CdO " <d)mam ( )

Here Cy is the drag coefficient without vibration, A is the amplitude and d is the cylinder
diameter. Although the current case is not VIV, this represent an upper limit. The bias
due to vibration can then be expressed

A

Here Fj is the measured force.

Cylinder end effects (By;) To ensure that all forces actually went trough the force sensor a
gap between the test cylinder and the support was necessary. This gap is shown in figure
3.4 and was about 1 mm. The boundary layer and displacement thickness at the forward
gap can be found from figure 2.3. The displacement thickness is found to 6* ~ 1.2 mm,
about the same as the gap opening. It is then assumed that the tangential flow velocity at
the gap is small and that potential forces from sudden change in diameter can be neglected.
The analysis is then limited to include frictional forces due to low speed flow between the
outer plate of the support and the protrusion at the cylinder end. This is assumed similar
to a 2D channel flow, see right part of figure 3.4. The height of the channel was h = 1 mm,
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the breath b = 4 mm (the length of the protrusion on the cylinder end), and the length
| = im%, ie half the circumference of the cylinder. From Blevins (1992, Table 13-4) the
shear force on the walls are:

r= o= p) (.11

Here (p; — po) is the pressure drop through the channel. The pressure difference on the
upstream and leeward side of the cylinder can be estimated by the dynamic pressure of
the cross flow so that (p1 — p2) ~ 3p(U sin(e))®. With equal flow on both side of the
protrusion, the total force on the cylinder end is

1
By = 12bl = hbip(Usin(a))Q (3.12)

Force Sensor T A
1 mm Gap 2D channel flo
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| o |
RS e
H A-A
L A

Figure 3.4: Model detail: Test section end

Analysis Errors The use of a well documented and tested tool like MATLAB® should reduce
the number of bugs in the computer analysis scripts, an error source that is impossible to
quantify. Another question is which part of the measured time series to use in analysis. All
recordings were started before the actual run, so that all transient effects are present in the
time series. The part of the time series used in averaging are identified based on the tow
velocity, with a time delay from constant velocity was achieved to assumed steady state
forces of at least 5 seconds. From visual inspection of selected force traces no transients
were observed beyond this time, but no further analysis were done.

Wake of the struts (Bys) In planning the experiments it was estimated that the pressure
recovery in the wake of a single strut should be quick enough so that it did not create a
force on the test section. From runs with zero angle it is seen that there is a small vertical
force on the forward sensor. This is most likely due to the combined effect of all three
struts. Since the effect of angle of attack is uncertain, it cannot simply be subtracted
from the results, but is included as a bias uncertainty limit. It only influences force in the
z-direction.

When rotating in yaw it was found that the presence of the struts had a major influence
on the initial vortex formation on the cylinder nose. This effect is studied by comparing
rotation in yaw to results from rotating in pitch in the discussion of the results, and are
not included in the error analysis.

The range and median of the bias limits are given in table 3.2. For the most part, the
bias error is an order of magnitude lower than the precision limits.
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Table 3.3: Precision and bias limit for (in ms™') on reference velocity. All velocities and angles
included. (na -not applicable).

Replication Samples Weight Tow speed [ms™!]
Level N t 1.0 1.5 2.0 2.5
st 4000 2 [828x10° 12x10* 152x10~% 1.85x10~
Bias errors
Residual flow By 0.004
Generated waves  Bgs 6.8x107* 0.0027 0.011 0.024

3.2.3 Precision and bias limits for dynamic pressure

The dynamic pressure is given by
1
0= 5o(U —uy)? (3.13)

Here U is the tow speed as usual, while u; is the velocity of the surrounding fluid in the tow
direction, and must be included due to possibility of residual flow and generated waves. Only
the tow speed was measured, while u; represents the largest uncertainty with respect to bias.

The tow speed was measured by a counter mounted on the carriage rails. The precision
error is given by equation (3.8) and listed for 1’st order replication in table 3.3. The speed was
slightly different on forward and backward runs due to the speed control on the carriage, so
there is to few data points to include 2’nd order replication here.

Bias errors are:

Residual flow (Bjy;) When the cylinder is towed, part of the water in the tank is set in motion,
both in the form of wake and generation of waves. It will take some time after the run
before this motion dies out, in fact this is the part of the actual experiment that requires
the longest time. The waiting time between runs was minimum 4 minutes in the towing
tank and twice that in the MCLab, based on experience and visual observation of the
waves in the tank. An estimate of the level of residual flow can based on far wake theory.
The mean velocity deficit at the center of a plane (or 2D) wake is given by (Blevins 1992,
p.267)

=

Uy z B
— =1.2 .14
U <Cd D) (3.14)

For an axi-symmetric body the relation is

ﬁl =0.35 (7(013 A)%> (3.15)

Here u; is the maximum velocity in the wake A the characteristic area on which Cj is
based, and U the free stream velocity. Equations 3.14 and 3.15 refers to a coordinate
system fixed to the moving body. Switching now to a plane fixed with respect to the

Wl
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fluid and normal to the direction of motion, as in 2D+t theory, the diffusion of the wake

becomes a function of time by the substitution x = %:
Ut \?
u, = U 12 (CD D) (3.16)
2
~3
up = U035 Ll (3.17)
(Cp A)?

for plane and axi-symmetric wakes respectively. In this fixed plane the velocity u; is the
actual velocity at the center line, not the velocity deficit, since the body fixed coordinate
moves with a velocity U with respect to the fixed system. Table 3.4 lists the resulting
velocity for the cylinder (axi-symmetric) and a strut (plane) at t=240 s. The tow speed is
set to U = 2.5 ms™! and it is assumed that the diffusion in the fixed plane is not affected
by the fact the the motion of the cylinder actually has stopped at some time ¢ < 240.

Table 3.4: Estimated residual velocity uy after 4 minutes.

‘ ‘ CD d/A (3] ‘
Test Cylinder | 0.01 wdL = 0.32 m? 0.002
Strut | 0.1 0.01 m 0.004

The result for the strut is then used in table 3.3. There is also the possibility of residual
flow due to remaining waves, but since these could not be observed this is neglected.

Generated Waves (Bys) The depth at which the cylinder is towed is a trade off between

rigidity of the model and the influence of the free surface. In this case the cylinder was
towed at a depth of 0.4 m, or 8 d. The velocity amplitude under a linear free surface wave

at a given depth is
Ug =/ k‘gCAeikh (3.18)

where h = 0.4 m is the tow depth, w = /gk is the circular frequency of the wave, and (4 is
the amplitude of the wave elevation at the surface. The expression assumes infinite water

depth and that the wave elevation is small. The wave number is given by k = 27” where
the max wave length is A = 271'%2 for transverse waves and A = %”U?z for divergent waves

(Faltinsen 2004). Low wave numbers means slower decay with depth, so the transverse
waves should be critical. On the other hand, the only waves that could be observed during
the experiment were divergent waves from the struts. The Froude number for the struts
is 1.84 for U = 1.0 ms ! which is in a range where the divergent waves are dominant
(Faltinsen 2004). By observing the wash on the tank walls, it was concluded that the wave



3.2. ERROR ANALYSIS 41

amplitude never exceeded 5 cm. The bias limit is then estimated by:

(4 = 0.05m (3.19)
39

3
By = \/;UCAe_kh (3.21)

The second parameter in the dynamic pressure is the water density. The density and viscosity
of the water in the tank used for calculating dynamic pressure and Reynolds number are given
in table 3.1. These values are based on a measured water temperature of 18.2 °C and taken
from tables used at MARINTEK. The variation of the temperature in the tank is very low, so
the same temperature is used for all days. The biases are:

Density By = 0.1
Dynamic Viscosity 5.0x10?

® |§M SNLQN

The dynamic viscosity is only used when calculated Reynolds number, and is not included in
the error estimate. .

3.2.4 Precision and bias limits for alignment and dimensions

Alignment The yaw angle was set manually using a fixed protractor. The angle was set by the
same person all day, ensuring that the same reference was used each time. The bias limit
was then estimated to

Byg = £0.25° (3.22)

Running both directions with zero angle of attack revealed no difference in z-direction force
thus no error in pitch alignment could be observed. Since such forces may be very small,
a precision error equal to the yaw precision are applied anyway.

Model dimensions (By;) All dimensions are kept constant during analysis, thus there should
be no precision errors. The length and diameter of the test section were measured to an

accuracy of +£0.5 mm. Then
By; = 0.5mm (3.23)

3.2.5 Influence Coefficients
From chapter 2 the influence coefficient becomes
T 8}/;

where j refers to index and Y] is the parameters in equations (3.2) - (3.6) . Below, the parameters
are index by the alphabet rather than numbers, to separate from error source indexes. For normal
forces (j = 2,3) the sensitivity to variation in a single sensor is

Fe+ FJ 1
Ka 6<y y>_7 (3.25)

(3.24)

~or/ \IpUzdL ) T U7 dL
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and similar for F}!, F? and F}. For the moments (j = 5,6), the equations are

o (—Fi+F/f 1
o = f(li’fzdf):m (3.26)
oFy \ 2r 3P
and so on.
For error in the velocity the sensitivity is
F*+ FJ F*+ F/
Kp = i 1?/7?/ = _21973‘ (3.27)

for both normal forces and moments.
The sensitivity to variation in density is

Fe+ Ff Fe+ F!
/ic:2 1y 2 =1 ; (3.28)
op \ 5pU? dL 3p?U? dL
and finally for variation in diameter
o [ F*+F/f Fe+ FJ
Ki=n | T | = —1 %% (3.29)
od \ ;pU? dL 5pU? d?L

and similar for variation in length.

The angle of attack « is not included in the reduction equations, so the sensitivity cannot
be expressed this way. But since the angle of attack is varied, the relationship between the force
and the angle of attack is known from the experiment. This of course is the reason for doing
the experiments in the first place. The sensitivity . can therefore be estimated by a numerical
derivation of the measured results, with respect to the given angle of attack.

3.2.6 Total error estimates

To avoid division by zero when calculating a relative error, only o > 1° are included in the
following results. Figure 3.5 shows the relative errors for C)5, i.e. the in-line normal force
coefficient, calculated based on the forward runs the third day. This represents a first order
replication approach. The bars gives the contributions from the source described above. The
part of the bars representing force and dynamic pressure (Dyn. Pres.) includes both precision
and bias errors for these sources. The solid line gives the total error from equation (2.50), the
quadratic sum of the error contributions.

Figure 3.6 gives the relative errors from the second order replication. In this case a
coefficient is calculated for each run, and the precision error is based on the variation of these
values. Six repetitions are assumed for all angles. By repeating the test series errors due to
variation of the set angle and the residual velocity will be included in the precision part, so By,
and By; are not included in the bias error estimates. This is the main reason for repeating the
experiments. Note the difference in legend between the two plots. For second order replication
there is only one precision error and it is given separately. The remaining sources are all bias
errors.
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Figure 3.5: Relative errors based on first order replication analysis. Calculation is for C,s.

Comparing the two methods, the first order replication gives high errors for low angles
while the errors are in the same range for medium and high angles. Particularly at the lowest
angles it seems that the error due to variation in angle of attack is lower than the estimate in
By;. For higher angles the comparison is reasonable, which hopefully indicates that no large
error sources are omitted in the analysis. Note that even when the experiments are repeated,
the bias error is estimated to contribute 10-15% of the total measurment error.

The errors included with the results below are from second order approach, if not noted

otherwise.

3.3 Results

The measured results are presented in plots as function of the angle of attack, with bars repre-
senting the 95% confidence interval. Also see appendix B for the results in tabular form. Major
findings in the results are discussed in the following sections.
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Figure 3.6: Relative errors based on second order replication analysis. Calculation is for Cs.

3.3.1 Results from experiments in the Towing Tank

The results from towing the cylinder in the large towing tank are plotted in figures 3.7 - 3.10.
In this case the cylinder was rotated in yaw only. From these results there seems to be a change
in flow pattern somewhere around 6°, and again between 10 and 20 °, depending on tow speed.
In the low region the normal force is almost linear with the angle, while the bi-normal force is of
the same order as the normal force. This region is further discussed in following sections on flow
patterns in pitch and yaw and modeling of the normal forces for low angles. In the intermediate
region the normal force looks more like a parabola. The bi-normal force is almost constant,
but is now small compared to the in-line direction. At the highest angles it almost looks linear
again. Here the bi-normal force changes sign, and becomes irregular. The shift is assumed to be
related to the Reynolds number of the longitudinal flow, as will be discussed in the section of
normal forces for higher angles of attack. For all regions the moments are well within the error
limits of the measurements, and any conclusions based on this must be stated with care.
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Figure 3.8: Bi-normal Force coefficient when rotating in Yaw: C,3. Results from towing tank.
Bars represents the 95% confidence interval

3.3.2 Results from MCLab

Figure 3.11 and figure 3.12 gives the results from the runs in the MCLab, rotating the cylinder
in pitch.

In this case the maximum angle was limited to 12 °in order to avoid interference
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Figure 3.9: Bi-normal moment coefficient when rotating in Yaw: C,s. The moment is taken
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Figure 3.10: Normal moment coefficient when rotating in Yaw: Cpg. The moment is taken about
%. Bars represents the 95% confidence interval

with the surface. All runs were repeated three times, and selected runs (o = 2°,6°,and 12°)
six times. Again a zero offset corresponding to a C),3 value of 0.001 was found. Since this
is the important result this time, the offset is removed for all data, but included in the bias
error estimate (Bpg = 0.0015, as before). Otherwise the errors are calculated as for 2'nd order
replication above, with six repetitions. Using the MCLab carriage, th uncertainty of orientation
of the cylinder almost zero, thus the error level is slightly less for these experiments than those
from the towing tank. Results from s single series rotating in yaw is also included in the figures,
assuming the same error level as when rotating in pitch.

The results from rotating in yaw is a least qualitatively the same as found from the
towing tank experiments, while the normal force when rotating in pitch is significantly lower.
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Figure 3.11: Normal force coefficient from experiments in MCLab: — Rotation in Pitch (Cy3);
—— Rotation in Yaw (C,3). Bars represents the 95% confidence interval
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Figure 3.12: Bi-normal force coefficient from experiments in MCLab: — Rotation in Pitch (Cps);
—— Rotation in Yaw (C,3). Bars represents the 95% confidence interval

This discrepancy is true also for the bi-normal force. The dependence of tow speed for a@ > 6
also seems to be less pronounced when rotating in pitch, see for example the bi-normal forces in
figure 3.12.

As was the case for the tow tank experiments, the measured moment coefficient where
small an with large errors, so the results are not plotted here. They are on the other hand
included in the tables in appendix B.
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3.4 Flow pattern in pitch and yaw

In the results from the MCLab, it becomes clear that the measured forces are not equal when
rotating in pitch rather than yaw. Both normal and bi-normal forces are larger for the yaw
rotation case in the range measured. The difference does not seem to be a measurement error,
particularly since the yaw rotation results in the tow tank are reproduced in the MCLab.

Figure 3.13: Vorter shedding when rotating in yaw. Tow speed is U = 0.2 ms™! and angle of

attack is o = 10°. A dominating vortez is developed underneath the cylinder while a small vortex
that stays close to the cylinder on the lee side is developed on the top

1

Figure 3.14: Vorter shedding when rotating in pitch. Tow speed s U = 0.2 ms~" and angle of
attack is o = 10°. A symmetric pair of vortices are formed on each side of the cylinder

To investigate this, the flow field on the cylinder were visualized by releasing dye (potas-
sium permanganate) on the lee side of the cylinder. At low tow speeds it was possible to observe
a distinctive difference in the flow pattern when rotating in pitch rather than yaw. For higher,
turbulent flow, good visualization were not achieved. In figure 3.13 and figure 3.14 it should
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be possible to see that in the case of yaw rotation the initial vortex pair is not symmetric, but
dominated by the vortex formed underneath the cylinder. In this case the dye was released at
the same axial () location as the struts, where a vortex sheet already exists. When rotating
in pitch, the initial vortices are close to symmetric. Here the dye is released at the nose, so the
figure shows the vortex formation from the start. Assuming the vortex patterns are the same for
higher tow speeds, this explains why there is a much larger bi-normal force in the yaw rotation
case, but it does not necessarily explain the difference in normal force, see e.g the discussion in
Hoerner and Borst (1985, ch. XIX).

The difference in flow pattern is most likely due to the struts. When rotating in yaw, the
upstream end is not symmetric about the plane of the normal direction (the horizontal plane in
this case) since the supporting struts are placed on the upper side of the cylinder. It seems that
this influence the formation of the first set of vortices and thus the flow over the full length of
the cylinder. In the pitch rotation case, the upstream end is close to symmetric in the plane of
the normal force (now the vertical plane), and so is the initial vortex formation. The last case
then looks more like the 2D + ¢ approximation in chapter 2.

3.5 Normal Forces: o > 6°

In chapter 2 a general formulation of the viscous normal force was written:

F, = C, %pV2 d (3.30)
Cp, = Cpsin(a)+ Cpysin®(a) (3.31)

where F, is the force per unit length. In the stationary case the relative velocity equals the tow
speed, so that V' = U in the following expressions.

The two models of normal force described in chapter 2 both utilized the independence
principle, i.e the flow over the cylinder is decomposed in a longitudinal and a transverse direction
and studied separately. The normal force is then a function of the cross flow drag coefficient,
calculated from the normal component of the velocity:

Fy

Cu= so(U sin())? d (3.32)

In the frame work of equations (3.30) - (3.31) this corresponds to C,,; = 0 and Cp = Cj.
Figure 3.15 presents the experimental results for this coefficient. The figure clearly illustrates a
problem with the independence principle: The drag of a smooth cylinder in 2-D has a shift from
a value of approximately C; ~ 1.2 for R.q < 1x 10 called the subcritical region to Cy ~ 0.7—0.8
for Reg > 1 x 108, the supercritical region (These values depends highly on the roughness of
the cylinder, but again the tested cylinder will be assumed smooth). For Reynolds number
between these limits, the transcritical region, the drag coefficient is even lower Blevins (1992).
The cross flow Reynolds number for the test cylinder is given in the left part of figure 3.16, and
is in the subcritical region for all cases. But the change in value of the coefficient is usually
explained by change from laminar to turbulent boundary layer prior to separation. If the flow in
the axial direction has high enough Reynolds number the boundary layer is turbulent anyway.



50 CHAPTER 3. RIGID CYLINDER AT STATIONARY ANGLES

18 ST

16 -

=
i
T

Fn
p(Usin(a))? d
I
[N
T

=1
2

Cq
R
T

08 -

06 -

04| - ST

02

0 i i i i i
0 5 10 15 20 25 30
a[?]

Figure 3.15: Cross flow drag coefficient: — Rotation in yaw; —— Rotation in Pitch

The question is then if the change in coefficient value would happen at all. From figure 3.15 it
is obvious that some shift do occur, for angles between 5 and 15 degrees the Cy values tends
toward the trans- and supercritical values while for higher angles it tends toward the subcritical
value. The longitudinal flow is described by the Reynolds number based on length, given in the
right part of figure 3.16. Unfortunately it is not given whatever these Reynolds numbers results
in a turbulent boundary layer or not. Considering figure 2.3, dependence of diameter for the
axially symmetric boundary layer is given by the parameter R,. This is the Reynolds number
based on cylinder radius, thus R, = 0.5 R.q. For the experiment, this value is in the order 10*.
For R, = R.r, and z/d < 100 in figure 2.3 it can be concluded that the boundary layer for the
test cylinder is close to that of a flat plate, and not much influenced by the transverse curvature.
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The transition from laminar to turbulent boundary layer on a flat plate takes place somewhere
in the region 0.5 x 10® < R,, < 5 x 10° (Blevins 1992, Fig 10-10). This is the exact region of the
Reynolds number based on length in figure 3.16. This very strongly suggest that the boundary
layer due to longitudinal flow do influence the flow field and force in the normal direction.

When designing the experiment it was assumed that the forward support structure would
create enough disturbance to ensure a turbulent boundary layer, but from the above discussion
this probably was a little optimistic. Note that the shift in C; value does not take place for
the same longitudinal Reynolds number for different tow speeds, so Reynolds number is not the
only parameter involved in the shift. From figure 3.7 the measurement error increase slightly for
the higher angles, but not enough to conclude that the shift is highly unstable for a given tow
speed.

4 6
x 10 Based on Diameter x10  Based on Length
7 6 + r -
-U=2.5
6 oo
5 .U=2.04
= ) =
g4 U=15 3
IS) ]
I3 cee e Il
~ .
-U=1, =
Edm Q:“’ 2
2
1 Th- ]
0 : . . . . 0 : : : . :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
xlabel2 xlabell

Figure 3.16: Reynolds numbers for the rigid cylinder at constant angles. Ry is based on test
section length.

The above discussion is mainly based on the results from rotation in yaw. Although the
data for rotation in pitch is limited to angles o < 12°) it seems that the C; values remains
on the trans- and supercritical range for higher angles in this case. The difference in results
from yaw and pitch rotation mentioned above is clearly seen in figure 3.15. Allowing for some
variation in the Cy values, the difference seems to roughly correspond to the ratio between the
cross flow principle and the 2D + ¢ method given in figure 2.9. It then seems like the onset
of an asymmetric flow (rotation in yaw) leads to a situation where the flow pattern associated
with the cross flow principle becomes dominating at a lower angle than if the initial vortex pair
is symmetric (rotation in pitch). This has a parallel in CFD modeling of flow over a cylinder,
where a slight asymmetry is used to speed up the convergence to a steady state flow pattern
(Comsol AB 2000).
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3.6 Normal forces: a < 6°

The results for angles larger than about 5° — 6° seems to be in reasonable agreement with the
independence principle, when proper Reynolds number are used. Unfortunately this is not the
case for low angles, where the cross flow drag coefficient goes to infinity as the angle approaches
zero. This is expected to happen, since the denominator of equation (3.32) goes to zero as «
goes to zero. When the transverse component of the velocity becomes so low that the flow does
not separate, the skin friction dominates the force. The skin friction is proportional with sin(«)
rather than sin?(«), so the coefficient in figure 3.15 should have a singularity at o = 0.

But this should happen for lower angles than indicated by in figure 3.15. In Schlichting
(1979) it is given that for an impulsively started cylinder in 2D cross flow the separation starts
at s = % = 0.351, while in figure 2.6 the turn around is at s ~ 1° Following the coordinate
mapping in the 2D + ¢ method from chapter 2 this corresponds to a ~ 0.6° at the downstream
end of the test section. The distance from the nose to the start of the test section is 0.39 m,
so s = 1 corresponds to o ~ 3.6° at the start of the test section. In figure 3.15 the curves turn

upward at about 6°, where separation should be fully developed along the cylinder.
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Figure 3.17: Normal Force coefficient at low angles: o Rotation in yaw; + Rotation in pitch

The measured normal force coefficients for small angles are plotted in figure 3.17. The
solid lines corresponds to Cpz = 0 and given C,,; in equation (3.31). The value C,; = nCF is
the result from skin friction, suggested by Taylor (1952). For the rotation in pitch the linear the
sum of a skin friction and a 2D + ¢ term, that is Cy;; = 7CF and Cps = 0.6 in equation (3.31)
seems to fit the data well within the error limits.

For the rotation in yaw on the other hand, there is a linear trend with Cj5 ~ 0.08 from
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curve fitting. No good explanation for this have been found, except that it seems related to the
asymmetric separation of vortices. In the case of oscillating cylinders discussed in the following
chapters, both the asymmetry and the linear force coefficient is present, indicating that this is
an often encountered phenomena at low angle of attack.
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CHAPTER 4

Oscillating rigid cylinder

The next logical step in investigating the hydrodynamic force on a streamer is to study the
forces on an oscillating rigid cylinder, rather than the stationary angle of attack case discussed
in the previous chapter. Again the focus will be on experimental results. These tests were
performed in May 2002, which is before the stationary tests in the towing tank. This was also
the first attempt to utilize the multi degree of freedom forced motion capability of the MCLab
carriage, revealing an unwanted limitation in the original carriage control system. The available
data is therefore limited to one rather low frequency. Still, it seems that some rather important
conclusions can be drawn from the results.

4.1 Measured forces

The results given in this section is the peak to peak amplitudes of all tested combinations of
amplitude and forward speed. In addition mean force traces of selected cases are included for
comparison with force models of an oscillating cylinder presented in sections below.

4.1.1 Set up and errors

The model cylinder was the same as in chapter 3, without some of the stiffeners on the strut
structure. The oscillation then had to be performed in the vertical direction (z-direction in
figure 3.2), since horizontal motion (y-direction) would results in large deflections in the cylinder
supports.

In principle, the carriage in the Marin Cybernetics Laboratory allows forced motion of a
model in 5 degrees of freedom. At the time of these tests the control system of the carriage did
not allow accurate control of the velocities of each axis independently. The control system was
taken from a milling machine, in witch case accuracy in velocity and acceleration was sacrificed
for accuracy in position. The ability to create a combination of a fixed forward speed and a
harmonic vertical motion were therefore limited, and some oscillations in the forward speed did

95
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occur. Measurements were made for five velocities ranging from zero to one meter per second
and 8-9 different amplitudes of oscillation, while the frequency were kept constant at f = 0.2
Hz for all experiments. Then both KC number and cross flow Reynolds numbers changes when
the amplitude changes.
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Figure 4.1: Reynolds numbers and angle of attack as function of oscillation amplitude (A) to
cylinder diameter (d) ratio. U is the tow speed in ms~*. All numbers are based on measured

amplitudes.

Figure 4.1 plots the Reynolds number and amplitude of the angle of attack versus the
position amplitude to diameter ratio A/d. The cross flow Reynolds number is calculated from
the measured velocity amplitudes. The results is fairly constant, with the exception of tow speed
U = 0.2 ms~!, where the deviation in velocities were largest. All cross flow Reynolds numbers
are in the subcritical regime. The longitudinal Reynolds number are calculated from the mean
of the measured tow speed. Again the variation is small, and the effect of some variation of the
forward speed is not addressed explicitly in the error analysis. Any effects should be included in
the precision error. The longitudinal Reynolds numbers are mostly below the transition region,
so the boundary layer should be laminar. The exception is U = 1.0 ms~! where the boundary
layer may be turbulent over large parts of the cylinder. The angle of attack is the inverse tangent
of the cross flow velocity amplitude divided by the mean tow speed. It ranges from about 2° for
high tow speed and low KC numbers to 90° for zero tow speed.

The peak to peak values are found by finding the difference between maximum and
minimum measurements from each forced period, and taking the mean. The precision errors are
taken as the variation of this mean. In most time series a total of 8-9 periods were measured,
for high speed in two or more runs. The precision error is then calculated from equation (2.36).

Since the setup is the same, bias errors from the z-direction in chapter 3 are used for both
the z-direction and y-direction. The motion here is in the z-direction, so the cylinder end effect
is included in this direction. The values are given in table 4.1. Due to the very high accuracy of
the carriage position control alignment errors are neglected. The tow speeds are lower, so the
maximum forces are expected to be lower in this case than for stationary tow at high speeds
and angles. Therefore the median values in table 4.1 are used for force measurements biases.

According to Sarpkaya and Isaacson (1981) the effect of roughness is not necessarily the
same for an oscillating cylinders as it is for a cylinder in steady flow. Based on their discussion,
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Table 4.1: Bias errors for oscillating rigid cylinder.

‘ Source index ‘ Bias Limit  Unit ‘
Vibration By 0.008 N
Cylinder end By 0.0022 N
Strut Wake Bys 0.0015 N
Residual Flow By 0.004 ms—!
Generated Waves By; | 0.2x107%  ms™!
Density Byg 0.1 Kg/m
Diameter By; | 0.5x1073 m
Length Bys 0.5%x1073 m

the assumption of a smooth cylinder will still stand. This because the roughness in the current
case is two orders of magnitude below the values discussed by Sarpkaya and Isaacson (1981).
The mean tow depth was in this case 0.6 m, a little deeper than for the stationary case. The
smallest gap between bottom or surface to occur in the experiments then was 0.4 m, giving a
gap to diameter ratio of about 8. From experiments by Sarpkaya and Isaacson (1981) a ratio
of two should be sufficient to avoid interference effects from a fixed surface, so the surrounding
fluid is assumed infinite in extension.

This time the forces are presented directly, so a reduction equation is only involved to
calculate the sensitivity of errors in dynamic pressure and dimensions:

_9
- 0X,

1
Ki <1.2§pW02 dL) (4.1)
where X is one of the parameters in the equation, corresponding to i = 4 — 8 in table 4.1. Wj is
the velocity amplitude and the drag coefficient of 1.2 is assumed conservative. For i = 1 —3 and
for the precision error, the influence coefficient is k; = 1. The total error can then be calculated
as in described in chapter 2.

4.1.2 Force Amplitudes

The peak to peak amplitudes of the measured transverse forces are given in figure 4.2 and figure
4.3 and tabulated in appendix B. Inertia forces due to the dry mass of the test cylinder are
calculated from the time derivative of the measured vertical velocity and the given mass. The
result is subtracted from the measured force in the vertical direction before analysis so the forces
discussed here should be the hydrodynamic forces only.

The general trend is that transverse forces decreases with increased tow speed, but not
gradually.

The normal force (z-direction in this case), the peaks are notably reduced from U = 0.0
ms ! to U = 0.2 ms™!, then they actually increase again and is more or less constant for
U =0.4ms ! and U = 0.6 ms™!, before there again is a noticeable reduction from U = 0.6 ms~!
to U = 1.0 ms~!. The large change from no speed to some speed should be expected, based on
the discussion in chapter 2 and realizing hat the KC numbers of these experiments are in the
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Figure 4.2: Peak to peak amplitude of measured normal forces on a oscillating cylinder as function
of oscillation amplitude. Frequency is constant: f = 0.2 Hz. Fach curve corresponds to a tow
speed in the axial direction and bars represent 95% confidence interval.
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Figure 4.3: Peak to peak amplitude of measured bi-normal forces on a oscillating cylinder as
function of oscillation amplitude. Frequency is constant: f = 0.2 Hz. Each curve corresponds
to a tow speed in the arial direction and bars represent 95% confidence interval.

region with large KC dependence. It is more difficult to explain why the force increases again for
higher tow speeds, except that the velocities increases and the angles of attack are in a region
where cross flow principles becomes dubious. For U = 0.6 ms ! the test section of the cylinder



4.1. MEASURED FORCES 59

travels three quarter of its length during on half period of oscillation, so formerly shed vortices
are returning to the cylinder downstream. For U = 1.0 ms™! the cylinder travels longer than
its own length during a half period, thus the inflow conditions should be close to free-stream for
the full length of the cylinder and a difference from lower tow speeds should be expected. Also,
for U = 1.0 ms~!, the longitudinal Reynolds number is in the transition region, which may lead
to a reduction in the normal drag force as shown in chapter 3.

In the y-direction, which is the bi-normal direction in this case, the force peaks are almost
as large as for the normal force at low amplitudes, although the precision error is large so this is
uncertain. When amplitude and/or forward speeds increases there is a shift where the bi-normal
forces are reduced compared to the normal force.

These results will be further discussed in the following sections on force modeling.

4.1.3 Traces of normal forces

Traces of the normal forces over one period are given in figures 4.4 - 4.6 for three amplitudes
and velocities. These results are the mean of all measured periods. The bars represents the 95%
confidence interval. The large scatter early in the time series are mainly due to small differences
in phase, while scatter of the peak values are lower. The forced normal velocity is also included
in the plots.

U =0.0ms! U=0.6ms ! U=10ms"?

t [s] ¢ [s] ¢ [s]

Figure 4.4: Time series at A/d = 1.17: — Measured force, bars represent 95% confidence
interval; —— Forced normal velocity (w).

According to Morison’s equation described in chapter 2, the hydrodynamic force is the
sum of a term in phase with the acceleration and a term in phase with the velocity, the added
mass and drag term, respectively. For harmonic oscillation these are 90°out of phase, so that
the added mass force is maximum when the velocity is zero, while the drag force is maximum
when the velocity is maximum. Relating the amplitude of the two terms gives for harmonic
oscillation:

szCaW§ 7C, 1

— xa_— 4.2
%(MA)ZCd d 2 Cd % ( )



60 CHAPTER 4. OSCILLATING RIGID CYLINDER

U =0.0 ms™! U=0.6ms! U=10ms1?

t[s]

Figure 4.5: Time series at A/d = 1.96: — Measured force, bars represent 95% confidence
interval; —— Forced normal velocity (w).

U =0.0 ms! U=0.6ms! U=1.0ms!

-3

Figure 4.6: Time series at A/d = 2.75: — Measured force, bars represent 95% confidence
interval; —— Forced normal velocity (w).

For low A/d ratios the force is the expected to be dominated by the added mass term, while for
high amplitudes the drag term dominates. This can be seen in figures 4.4 - 4.6 for U = 0 ms ™!,
where a peak develops as the amplitude increases. There is a large error for the value of these
peaks, indicating the unstable nature of oscillating flow with shed vortices. But when the tow
speed increases these peaks disappears and the time of the maximum force shifts to somewhere

between the maximum acceleration and maximum velocity.
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4.1.4 Traces of Bi-normal forces

From the discussion in chapter 3 it was expected that the bi-normal force should be about zero
for high tow velocities and low amplitudes. Comparing angle of attack for stationary rotation in
pitch with the angle of attack amplitude in figure 4.1 this should be the case for U = 1.0 ms™*
except maybe for the largest amplitude. That this is not the case is shown already in figure 4.3
where the peak to peak values in bi-normal direction is about 1/3 of the normal force.

Y

Figure 4.8: Bi-normal force traces at A/d = 2.75 and U = 1.0 ms™".

The measured bi-normal force traces are shown in figure 4.7 for zero tow speed and in
figure 4.8 for U = 1.0 ms™!. Here all measured periods of the time series are shown, to directly
indicate the scatter. For U = 0.0 ms ™! the peaks has the same order of magnitude as the in-line
forces. Using the root mean square (RMS) value of velocity and assuming Strouhal number
St = 0.2 the vortex shedding period may be estimated by: T, = Stv(ims = 2.04 s. Allowing for a
time interval around zero transverse speed where no transverse force is generated, this seems to
fit with the measured trace.

For U = 1.0 ms™! there seems to be only two peaks for every forced oscillation period,
and the value is lower. Also, the direction of the side force is not entirely stable, for one of the
measured periods the direction is opposite of the others. This again illustrates that the vortex
formation is highly dependent on the surrounding flow. The high frequency oscillation evident
in figure 4.8 is most likely some resonance frequency of the model setup as indicated by decay

tests.
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4.2 Normal force models

For a rigid cylinder of constant cross section the remaining term from the slender body force in

chapter 2 is
ow

a/—

ot
where w is the normal component of the relative velocity. The viscous part of the force is given
by equation (2.3):

Fp=— (4.3)

Foy = —C, %pVQ d (4.4)

Cn = Cpisin(a) + Cpasin(a) [sin(a)|| (4.5)
w

a = arctan (Z) (4.6)

Vo= u? 40 (4.7)

The normal force coefficient C), is here given by a second order expansion in «, as suggested by
Taylor (1952). The total force per unit length is the then the sum of these forces. The question
is again the value of the coefficients.

4.2.1 Constant coefficients

From chapter 3 the coefficients should be:

Co = 1 (4.8)
Cp = 7C; =0.011 (4.9)
Cpy = 1.2 (4.10)

The C,2 values assumes high angles and laminar boundary layer. In order to compare this with
measurements, the ratio of the model error and the measurement error for each case is plotted
in Figure 4.9. See chapter 2 for a discussion of these quantities. If this ratio is less than unity
the requirement in equation (2.62) is fulfilled and the force model is as good as the current data.
It is here assumed that the force model is the only error in the numerical model. For e.g, the
mean value over a period is used. Estimated values are calculated from measured velocities and
numerical time derivatives.

The ratios in figure 4.9 are in general larger than unity. This means that the discrepancy
between model and experiment cannot be explained by measurement errors, so refinement of
the model is justified.

4.2.2 KC dependent coefficients

The force on a cylinder oscillating in 2-D cross flow is known to be highly dependent of the
KC number for the range of amplitudes discussed here. The main reason is that vortices shed
in one half cycle influences the inflow of the cylinder in the next half cycle (Faltinsen 1990).
But as shown in chapter 2 this dependence almost disappeared for an inclined cylinder, so the
modification of the inflow seems to be less influential when axial flow is present. The current
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Figure 4.9: Force model error epoq over measurement error eq.,: Constant coefficient. A ratio of
unity means that the numerical model is as good as the uncertainty in the experiments. Indicated

tow speeds U in ms*.

case has steady flow in the axial direction and oscillating flow in the transverse direction. Then
vortices shed at one section is convected downstream during a half cycle and influence the inflow
for some downstream section. The distance between where the vortex is shed and where it
returns to the cylinder depends on both oscillation period and tow speed. As mentioned above,
for the highest tow speed they do not return at all, which of course is a significant difference
from the 2-D assumption.

The values of the coefficient in figures 4.10 - 4.11 are found by a least square curve fit of
the measured data to the equation

d
F, :ald—qf + asw |w| (4.11)

where w is the measured vertical velocity. The coefficients are then:

ai

Co = —3 (4.12)
Py
a2

c, = — (4.13)
zpd

where F), is the measured force per unit length of the cylinder. The calculation was done on each
measured period, and the values in figures 4.10 - 4.11 represent the mean of at least six estimates.
The standard deviation of the estimates are given in figure 4.12. This way of estimating the
coefficient is assumed to be the most accurate of the methods listed by e.g Chakrabarti (1987).
The alternative of estimating the coefficients at zero and max velocity gave the same general
trend, but with larger errors.

The KC numbers are calculated from the measured velocity and period:

Vo T
4

KC (4.14)
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Since the motion is not exactly harmonic in all cases, this is not exactly the same as KC' = 2’/’1’%.
For this reason there is some variation of the tested KC numbers between the tow speeds, even
if the tested position amplitudes were the same.

1.4 T T T T T T T T T

04 /0 |

0.2 -

0 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 22
KC

Figure 4.10: Cross flow added mass coefficient with axial velocity estimated from erperiments

Tow speed U in ms™*.

2 4 6 8 10 12 14 16 18 20 22
KC

Figure 4.11: Cross flow drag coefficient with azial velocity estimated from experiments Tow speed

U in ms .
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Figure 4.12: Period to period variation of coefficient estimates. The vertical azis is the the

standard deviation of the calculated values. Tow speed U in ms™!.

The results for the added mass coefficient show the same tendency as for the inclined
cylinder results in chapter 2. In the presence of an axial flow component the added mass
coefficient is only a weak function of the KC' number. The variation due to non zero speed
in figure 4.10 is within the period to period variation of the estimates (figure 4.12, and may
therefore be somewhat arbitrary. The value does seem to converge to C, = 0.8 as KC increases.
From the result for the inclined cylinder, this may rise to unity for KC' > 50.

As for the inclined cylinder, the distinctive maximum for the drag coefficient found for
10 < KC < 15 disappears in the presence of axial flow, but this seems to be the only similarity
between the two cases. For the current case, the drag coefficient converges to different values
based on the tow speed. For U = 0.2 ms ! there probably still is some K C number dependence,
for U = 0.4ms ! and U = 0.6 ms ! the drag coefficient converges toward C; ~ 1.2, the expected
value for subcritical flow. For U = 1.0 ms ! the KC dependence is weak, and the Cy value less
than for true subcritical flow. As discussed above, this most likely is a result of the length
the cylinder travels during a half period of oscillation and a possible transition to turbulent
boundary layer and thus transcritical flow.

The result of using coefficients from figure 4.10 and figure 4.11 to model the measured
force is investigated in figure 4.13, by the same ratio as in figure 4.9. The uncertainty in the
coefficients indicated by figure 4.12 is not included here, only the difference between measured
and calculated force is included in the model error. From the figure it seems that the results are
acceptable for all cases. It is clearly an improvement over the result with constant coefficients
in figure 4.9.

4.2.3 Linear model

In literature on towed arrays, the normal hydrodynamic force is assumed proportional to the
normal component of the velocity (Paidoussis, Grinevich, Adamovic, and Semler 2002; Dowling
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Figure 4.13: Force model error ey.q over measurement error €q,: KC dependent coefficients. A
ratio of unity means that the numerical model is as good as the uncertainty in the experiments.

Indicated tow speeds U in ms™1.

1988; Kennedy 1987). If the angle of attack « is small, it can be assumed that

w? ~ 0 (4.15)
(0%

sin(a) ~

Then keeping first order terms only, equation (4.4) can be written

1
F,,=- nlgpwu d (4.17)

Setting C', = 1 and C),; = 0.08 gives the error ratios in figure 4.14. This is found to be
the best value for U = 1.0 ms™! while for lower speed the model does not make much sense.
Zero tow velocity is not included, since this would give zero viscous force. Comparing to the
amplitude of « in figure 4.1, U = 1.0 ms™! is the case where the low angle assumption could
be expected to hold. For this tow speed the linear model seems to perform better than the
Morison’s equation.

The value of Cy,; = 0.08 is quite high. The expected value taken from e.g Dowling (1988)
is Cp1 < mC/, a result based on unseperated flow. In Kennedy (1987) it is given as Cy,; = 0.06,
unfortunately without much explanation. It is also the same result as found for small stationary
angles when rotating in yaw, still without any explanation.

4.2.4 Time series comparison

From figures 4.9 - 4.14 is seems that for low amplitudes all models are acceptable. This is because
the relative error for these cases are high, from figure 4.2 and figure 4.3 they are of the order
50-100%. It must therefore be concluded that the quality of the data for these cases is not good
enough to properly compare the models.
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Figure 4.14: Peak Force estimate error €m,q over measurement error €gp,: Linear Model. A
ratio of unity means that the numerical model is as good as the uncertainty in the experiments.
Indicated tow speeds U in ms™! .

The time series of selected cases are shown in figure 4.15 and figure 4.16. As before, the
time series shown are the average of all steady state periods between identified zero up crossing
points. The bars indicate the 95% confidence interval of the peak values.

U =0.0 ms! U=0.6ms™! U=10ms""

t [s] t [s] t [s]

Figure 4.15: Time series at A/d = 1.17: — Measured; —— Non linear model; — - Linear model.
Bars indicates 95% confidence interval of averaged values.

Forces calculated by the nonlinear expression in equation (4.4) with KC dependent co-
efficients and forces calculated by the linear model in equation (4.17) are included in the plots.
For U = 0.0 ms™* the viscous part of the force becomes zero for the linear model, so the plotted
force is here the estimated inertia force. There is a dip in the curves at ¢t ~ 2.5 s, the point
where the motion changes direction. This is due to the particulars of the motion control system.
The force estimated by the non linear model follows the measured force quite well for the low
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Figure 4.16: Time series at A/d = 2.34: — Measured; —— Non linear model; — — Linear model.
Bars indicates 95% confidence interval of averaged values.

velocities, with a small deviation in the phasing of inertia and drag forces known from 2-D tests
(Sarpkaya and Isaacson 1981). For U = 1.0 ms™! the linear model works quite well, and better
than the non linear version. This is particularly true for the upper part of the curve, while the
lower part of the measured signal is more flat than expected. This could be the result of the
wake of the struts and is included in the error estimate for the peaks.

4.3 Conclusions: Rigid Cylinder

Before continuing with a flexible cylinder, the following observations is done from the rigid
cylinder results.

e For low angles of attack the normal forces depends very much on the initial vortex for-
mation. If this is symmetric, the 2D+t principle seems to give a reasonable description of
the force. If asymmetric, there seems to be a large term which is linear with the angle of
attack.

e Even when the cross flow principle holds, the appropriate drag coefficient depends on the
Reynolds number of the longitudinal flow

e In the case of the oscillating flow, the initial vortices are normally asymmetric and with
increasing speed, the linear drag term becomes important.

e The importance of the KC number decreases when the axial flow component increases.
This is particularly true for the added mass coefficient.



CHAPTER 5

Oscillating Flexible Cylinder

This chapter describes the experiment with forced oscillation of a towed flexible cylinder. The
experiment was carried out in towing tank I+III (see appendix A) in November 2001. This
means that they are performed before the rigid body experiments. The results presented here
deviated so much from the expected theoretical results that further investigation with the rigid
cylinder were initiated.

5.1 Set up and Procedure

For practical reasons similarity in geometry and Reynolds numbers to a full scale streamer are
hard to obtain. In this case it was assumed that a length to diameter ratio above 1 x 10® and a
Reynolds number based on length above 1 x 10° would be sufficient to capture the physics of the
full scale case. The limiting Reynolds number was taken from White (1972), and represents the
lower limit for his approximate formula for drag coefficient for steady axi-symmetric boundary
layers, see chapter 2. For the lowest tow speed this Reynolds number was achieved after about
2 m, or about 15% of the total length. The forward connection assembly of the streamer model
was not entirely smooth, and also considering that oscillation creates pressure gradients in the
transverse direction, it is possible that transition took place even earlier. The limit on length to
diameter ratio is of the same order order as a typical section of a streamer between two birds.
The Reynolds number based on radius ranged from R, = 2.75 x 10® to R, = 13.75 x 103, which
is about 10% of typical values for the full scale streamers. According to the curves for axi-
symmetric boundary layers in chapter 2, the friction coefficient is then higher in the experiment
than in full scale.

Figure 5.1 illustrates the experimental set up. The upstream support provided a forced,
harmonic oscillation, while the downstream end was supported by springs in transverse direc-
tions. The spring condition may be looked upon as a simplification of either a proportional
controller or the towing line of a tail buoy. The forward and aft end of the cable were placed
0.43 m below the surface, giving a depth to diameter ratio of 39. This was assumed to be

69
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Figure 5.1: Ezperimental set up for measuring response of a flexible cylinder. The shown as-
sembly was mounted on the towing carriage in the large towing tank at NTNU/MARINTEK.
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sufficient for avoiding any effects on the cable from the free surface, see the discussion of error
sources for the oscillating rigid cylinder.

Table 5.1: Parameters for the cable used in experiments.

Tow speed: U= 0.5-25ms!
Diameter: d= 0.011m

Length to diameter ratio % = 1180

Reynolds numbers Rer, 0.65-3.25 x107
Distributed structural mass: ¢= 97.5 x1073 kgm™!
Aft tension: To= 196 N

Aft spring stiffness k,= 48.2 Nm™!

Period of oscillation T,= 0.3-30s
Amplitude of oscillation: Ag= 0.05m
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Main parameters for the experiment are listed in table 5.1. The upstream end of the cable
was connected to a foil shaped strut, minimizing the disturbance to the incoming flow. The strut
was mounted on a force sensor (s3 in figure 5.1) measuring forces in all three directions. This in
turn was mounted on beam moving on a rail allowing motion in the vertical direction. A linkage
with pinned ends connected the beam to a disk driven by an electrical motor. The frequency of
the forced motion was controlled by the rpm of the motor, while the amplitude was controlled
by the distance from the center of the disk to the linkage connection point. A position sensor
was used to register the actual vertical motion of the strut.

The downstream end of the cable was held by an assembly of two thin wires connected
to springs and force sensors (sl and s2 in figure 5.1). The V formed by these wires allowed
measurement of position in both vertical and horizontal direction, assuming linear relations
between extension and force in the springs. This was assured by using long and pretensioned
springs. The extension of the cable was guided by pulleys through a vertical pipe and tension
was applied by a known weight.

All force sensors were standard sensors used by MARINTEK. The downstream position
measuring system comprising wires, springs and the force sensors sl and s2 in figure 5.1 was
calibrated as a whole before and after the experiments. The tow point force sensor was calibrated
before the experiment and the factors were found to be in accordance with the data sheet for
this sensor.

In addition to the force sensors two accelerometers were placed inside the cable 10 m
downstream of the tow point (denoted s4 in figure 5.1). The choice of this location was somewhat
arbitrary and mainly based upon practical considerations. Two underwater cameras were pointed
at the same location, one on the left side looking forward, the other directly above the cable.
The cameras are denoted cl and c2 respectively in figure 5.1. Unfortunately the signals from the
accelerometers gave very little useful information. The reason for this is unclear, but it might
be the result of water penetration causing an earth fault in the sensors. The presented results
for this location are therefore the result of a digital image processing of the video signals.

The data were recorded by the standard data acquisition system on the carriage. The
sample frequency was set to 60 Hz and an analog filter with cut-off frequency of 20 Hz was used
before analog to digital conversion of the data. The data were analyzed and plotted on a PC.

The cable was made of a Tygon tube, a commercially available flexible tubing. Delivered
in a roll, the tubing has a tendency to keep this shape. To minimize this, the tubing was filled
with water and placed under tension for a week. In addition some tension was applied in the
tubing during the experiment. Dacron fibers were placed inside the flexible tubing in order to
avoid any extension of the cable. The forward part of the cable was 10 m long and filled with
a mixture of 15% (volume) water and 85% alcohol providing a negative bouyancy of 0.024 N,
or 3 % of the weight. Spacers were placed at 1 meter intervals in order to keep the position
between the fibers and the tubing. The aft part of the cable was 3 m long, and in addition to the
fibers also the signal cables for the accelerometers were led through this part. Small cylinders of
foam, about 25 mm long, were glued to the fiber with about 10 mm between them in order to
provide the necessary buoyancy. The tubing was filled with water, making sure that no pockets
of air were trapped inside. When control weighing the assembled cable in water after the test
were ran, the aft part were found to be slightly positively buoyant. This indicates that some air
may have been trapped after all. The result is that the cable had a slightly different shape than
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intended.
The roughness of the tubing surface was not measured, but it is assumed to be very
smooth. According to equation (2.6) the admissible roughness height for assuming a smooth

surface is: y
Faam <1007 = 4 X 107° m (5.1)

for the highest tow velocity. It is most likely that this kind of roughness would have been
discovered by inspection of the tube.

Figure 5.2 shows the coordinate system used for the results. Origin is in the tow point,
and the positive y-axis is in to the paper plane.
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Figure 5.2: Reference system for the flexible cylinder.

5.2 Tow Point Forces

The main purpose of the force measurement was to establish the force coefficient in the tangential
direction. It is assumed that this is given by the skin friction only, so an averaged skin friction
coefficient is calculated from the measurements. Since the linearized model of a towed cable
assumes time invariant tension, the time variation of the tow point tension is also of interest.

5.2.1 Maeasured friction coefficient
The reduction equation for the averaged friction coefficient CF is

F
Cp=—2"— 5.2
r %pﬁdLU2 (52)

Here F is the time average of the x—direction force in the tow point, corrected for drag from
the foil strut (measured) and the aft appendage drag (estimated), see figure 5.3. The two
dimensional drag coefficients for the wires in the aft support are taken from Blevins (1992) for
appropriate Reynolds numbers.

The procedure for estimating the measurement errors is given in chapter 2, and applied
for a similar problem in chapter 3. The tow force is the mean of all runs on a given velocity,
giving a second order replication level. The variation of force with oscillation frequency were
found to be quite small for the two highest tow speeds and is included in the precision error.
Bias errors for the tow point forces are
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Figure 5.3: Correction on tow force due to fore and aft support, bars represents 95% confidence
interval. Estimation of drag on aft support is indicated in the right figure, the lengths are [y = 534
mm and lo = 465 mm. Diameter for the wires are 0.6 mm and drag coefficients per unit length

are Cy = 1.2, 1.2 and 1.0 for the three velocities respectively.

Forward Strut (By;) Drag force on the forward strut were measured by separate runs. For
the x-direction the bias error is assumed to correspond to the precision error of these
measurements. The value is quite constant and equal to By; = 0.004 N.

Aft support (Bg2) The drag of the aft support is estimated from drag forces in the thin wires
supporting the aft end. The assumed error of this calculation is set to 20% of the estimated

value.
B02 == 02 Daft (53)

Here D,y is the estimated drag of the aft support,see figure 5.3.

Sensor Calibration (By3) The force sensors are of standard MARINTEK design. The uncer-
tainty of calibration is given to Byz = 0.01Fp, where Fj is the measured force.

The sensor is exposed to the free stream airflow when traveling forward. This might cool the
sensor and result in drift. The time series were inspected for drift but no such trends could be
detected. The mean values are based on a full number of periods, and no filtering is done. The
error due to signal processing is therefore neglected.

The uncertainty of the dynamic pressure was discussed in chapter 3. The precision error
includes velocity measurements only. The flow due to generated waves are neglected, since the
diameter to depth ratio of the cylinder this time is 0.026. The residual flow is calculated the
same way as in chapter 3 and the result is given in table 5.2. The waiting time between runs
was at least 4 minutes. The drag coefficient for the test cylinder is a representative estimate
for the friction coefficient at high speeds. But the main contribution to the wake is from the
aft strut indicated in figure 5.1 which is a rectangular hollow section with no streamlining. The
drag coefficient is taken from Blevins (1992) for a square two-dimensional rectangle. The error
is given by the result for the aft strut: By, = 0.06 ms~'. The uncertainty in the density is again
B()5 =0.1 Kgm_?’.

The alignment was done by a meter stick with fixed points at the carriage and the water
surface as references. The uncertainty should be within 6 = 10 mm, giving an angle maximum
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Table 5.2: Estimated Residual velocity uy after 4 minutes

| (G
Test Cylinder | 0.0035 7dl = 0.45 m? 0.002
Aft Strut 2.2 0.05 m 0.06

angle of arctan (%) = 0.044°.

Both length and diameter of the model cable will vary due to the flexibility of the cable
and production errors. The Dacron filaments were made slightly longer than the tubing, giving
some tension in the outer wall. This was mostly done to counteract the tendency of the tubing
to roll up on itself. The result is some uncertainty, particularly in the diameter. Testing gave a
change in diameter of less than 0.5 mm for the relevant tension. Assuming the production error
is of the same magnitude (no specification of this was available from the vendor) gives By = 0.5
mm. The stretching of the cable were found to be less than By; = 0.02 m, taken from video
recordings of the experiment.

The sensitivity coefficients for these parameters are:

1

K01—03 :%(%pgfﬂ) = U2 dL (5.4)
Koa :%(ﬁ) :—2%/;7;% (5.5)

The propagated error is then calculated as in chapter 2. The measured coefficient and the
errors are listed in table 5.3. These numbers are based on the forced motion test, so the errors
covers all variation due to oscillation of the streamer. This is the main error source, almost 30%
for the lowest tow speed.

Table 5.3: Measured Friction Coefficient. The error e represents the 95% confidence interval.
Ums™']| e |

0.5 4.7x107% 1.6x1073

1.5 3.0x107% 0.4x1073

2.5 2.5x107% 0.3x107?
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5.2.2 Models for the friction coefficient

In principle the friction coefficient is a function of the local Reynolds number, and therefore a
function of the position along the cable. Possible expressions for this local coefficient are:

2 0.4 1
Cs(z) = 0.0015+ (0.20+0.016 (g) )Rews (5.9)
Ci(z) = 0.0123Re; %% (5.10)
Ci(z) = 0.027Re; 7 (5.11)

The first of these is a simplified formula suggested by White (1972) based on analysis of the
axi-symmetric boundary layer on a smooth cylinder, see chapter 2. The second is a curve fit of
velocity measurements in the axi-symmetric boundary done by Lueptow and Haritonidis (1987).
The last expression is the expression for a smooth, flat plate. The averaged coefficients are found
by integrating these expressions over the length of the cable and divide by the length:

AL ~
Cr = 0.0015+ (0.30+ 0.015 <7> ) Re;

ol
—~
ot
—t
[\
~

Cr = 0.0134Re; "% (5.13)
_1
Cr = 0.032Re," (5.14)
X 10_3:0.5 ms—?! X 10_;:1.5 ms™! X 10_3:2.5 ms™ !
6f— — — — — — - 6 6

Cr

a) b) c) a) b) c) a) b) c)
Model Model Model

Figure 5.4: Estimated friction coefficient. Cr: a) equation (5.12); b) equation (5.13); ¢) equation
(5.14); —measurement; —-95% confidence interval of measurement.

The results are compared to the measured values in figure 5.4 where the models are
represented by bars and the measurements from table 5.3 are represented by lines. For low
speed all models are within the confidence interval, which should be expected considering the
high measurement error for this case. For the lowest speed the models based on a axi-symmetric
boundary layer are closest to the measured mean, while for higher speed the equation for a flat
plate seems to be the best estimate, and the assumption of a thick axi-symmetric boundary layer
also for the oscillating cable seems questionable.
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In the description of the set up of the experiment is was mentioned that the boundary
layer might be laminar for parts of the model streamer. Since all models assumes a turbulent
boundary layer they might overestimate the measured result. But this should be most profound
at the lowest tow speed, and cannot explain the large over prediction of model a) and b) at the
higher tow speed.

For the comparison of model and experiment in the next chapters, the measured friction
coefficient will be used. For other cases, equation (5.14) will be used, given that Reynolds
number based on radius is above R, = 1 x 10*.

5.2.3 Dynamic Tension

The importance of the dynamic part of the tension is shown in figure 5.5. Here the Root Mean
Square (RMS) values of tension in the tow force is plotted as ratio of the average tow force (the
measured force in tow direction). The tension is calculated in equation (5.15)

T = /F2+ F2 + F? (5.15)

where F'is the measured force in the indicated direction. The vertical force F, is corrected for
the inertia force of the forward strut.

U=0.5 ms™! U=1.5ms™ ! U=2.5 ms™'
1 1 1

0.9 0.9 0.9
0.8 0.8 0.8
0.7 0.7 0.7
0.6

0.6 0.6

) tow
(Trms /T) 1ou
) tow

Trms/T

Trms/T

0.5 0.5 0.5

0.4 0.4 0.4

0.3 0.3 0.3

(
(

0.2 0.2 0.2

0.1 0.1 0.1

10 o 10 o 10

log (w) [s1] log (w) [s] log (w) [s']

Figure 5.5: Tow point tension: RMS to mean ratio.

The dynamic part of the tension is below 10% of the mean for most cases, except at the
lowest velocity and the highest frequencies. For all velocities the inertia forces for a harmonic
motion increases with the square of the frequency, as do the hydrodynamic forces since they
normally are proportional to the velocity squared. The rapid increase for high frequencies are
therefore to be expected. The dynamic part of the tension does not necessarily have the same
dependency on tow velocity as the tow force, so some variation with tow speed is to be expected.

5.3 Dynamic Response at x/L=0.77

The dynamic response of the cable was found at z/L = 0.77 by analyzing the video images of
the cable. In this process each digital video frame were saved as a gray scale still image. In
digital form such an image is a matrix containing the intensities in each pixel of the image. Since
the camera stands still relative to the transverse motion this matrix represent a grid in which
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the cable moves. Such a frame is shown in the left part of figure 5.6. The image from the two
cameras were mixed together when recording. The upper part is cable seen from above (Camera
’c2’ in figure 5.1) and the lower part is the view from the side (’c1’ in figure 5.1). The right part
show the intensity along the white lines in the image. In this analysis the peak of these curves
are assumed to give the current position of the cable. By relating the number of pixels along
the lines and known dimension in the image, here the diameters, the motion of the cable could
be traced.

a) b)

| — Upper part
— Lower part

Intensity

Oo-00:2k-23

0 50 100 150 200 250 300

Nos. Pixels

Figure 5.6: Video Tracking: a) single frame of video recording, b) Intensity along lines indicated
in the image.

The reduction equation is here
Y=k X (5.16)

where Y is the response, k relates position in pixels to e.g position in meters and X is the result
(in pixels) from the image analysis. The 0’th order replication errors are summarized in table

5.4:

Resolution The video image has a resolution of 576 x 720 pixels and are recorded with 25
frames per. second. The resolution error is then By, = 0.5 k.

Scale The scale factor is found from the image, as

d

k:fd

(5.17)

where X, is the number of pixels to cover the cable diameter d. With the ranges as
indicated in figure 5.6 the size of a pixel (k) is 0.5 mm and 1.1 mm for y- direction and z
-direction respectively The resolution error gives a scale error of:

k d
B02:a—AX:

6Xd _X—g SiOl (518)
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Perspective The method described above assumes that the distance from the camera to the
cable is constant. Particularly for vertical camera, where the distance is small and motion
of the cable large (relatively, that is) the effect of perspective on the scaling may be

significant. The error is given by:

_-q

Fo

I

Al

%
lo

Y

Y
lo + Al

W (1+7)
lo

thus By = lA—Ol Xy. Here X is the measured position, /y is the nominal distance between
camera and cable, and Al is taken from the amplitudes of the oscillations in the ’other
direction’ in figure 5.9 and figure 5.8.

Camera motion The method requires that the cameras are not moving, or that other optic
effects disturbs the images. Since no motion or disturbance have been observed in the
videos, these effects are neglected.

Data Analysis Instead of a low pass filter, a running average procedure was used in the data
analysis. Figure 5.7 show the effect of varying the number of points in the averaging. The
number of points is a trade off between avoiding noise and keeping the dynamics. Visual
inspection of the time series indicated that 5 points on each side seemed reasonable. The
numbers in the table is the standard deviation for points corresponding ton =4 and n = 6

in figure 5.7.

a‘)) 1073

12

b)) 1073
2 T

Figure 5.7: Effect of Averaging on amplitude. Each point in the time series for U = 2.5 ms™*
are averaged based on n points on each side, and the resulting peak to peak amplitude values are
compared to a reference value of n = 5. a) y -direction, b) z direction

For the two or three lowest frequencies and tow speeds U = 1.5 ms™! and U = 2.5 ms™!
the time series contains three or less complete oscillations. For these cases the 0’th replication
level error estimates has to be used. For higher frequencies, the peak to peak amplitude is
calculated for each complete oscillation (of the tow point). The deviation of these amplitudes
are then used to calculate a precision error. The 0’th level errors are included as a bias error
in these cases, giving a quite conservative error estimate. The image tracking procedure may
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Table 5.4: Elemental errors for video tracking of response at /L = 0.77

‘ 1 Source ‘ S; y — direction S; z — direction K; ‘
01 Resolution (measurement) 0.5 [pixel] 0.5 [pixel] k
02  Resolution (scale factor) | 1.1x107° [m/pixel] 5.5x107° [m/pixel] X,
03 Perspective 0.037 2o [m] 0.0055 yo [m] 1
04 Data Analysis 1.05x10™* [m] 1.37x10™* [m] 1

miss the cable for some images, which leads to large and faulty peaks in the time series. To
remove such peaks from the results, the Chauvenet criterion for rejecting outliers were applied,
see chapter 2.

5.3.1 Amplitude of motion

A inspection of time series of the forced motion at the tow point revealed that the input was not
quite the pure sine signal aimed for. This was mainly due to the difference in motor load when
lifting the front support from the downward part of the cycle. The response were therefore not
pure sine functions either, and the peak to peak amplitudes are presented rather than oscillation
amplitudes. Power density spectra of the time series confirms that the response is one the same
frequency as the input. The exception is the highest frequencies, where no distinct peak could
be detected in the spectra.

The mean peak to peak amplitudes for all time series are plotted in figure 5.8 and figure
5.9. See appendix B for tabulated results. The argument axis is the base 10 logarithm of the
forced circular frequency, w = 27 f, where f is the frequency in Hz.

The trend for the in-line response is a small peak at w ~ 1 rads™! for all velocities.
Unfortunately data was not obtained for low frequency for U = 0.0 ms™, so it is unknown if
this peak were present in this case also. For frequencies above this peak the amplitude is almost
independent of the tow speed, as expected from the independence principle. For the frequencies
below and around the peak, the forward speed tend to attenuate the response. The transverse
motion follows the same trend, it is speed dependent at low frequencies but not at higher ones.
It is also non-zero for low frequencies so it seems likely that the vortex separation never becomes
symmetric.

The bars in figures 5.8 - 5.9 gives the 95% confidence interval. This interval varies
significantly between frequencies for the same velocity, and between velocities for the same
frequency. The reason for this is unclear, but seems to be physical and is most likely related to
some kind of interference or memory effect.

5.3.2 Traces of in-plane motion

The figures 5.10 - 5.13 show the trace of the y-z motion of the cable. The coordinate system
used here is the same as in figure 5.2, with z as in-line and y as the transverse direction.
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0035 -~

003 -
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App = [m]

0015 - - -~

0.0Lf - - -
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Figure 5.8: In-line peak to peak amplitude of the dynamic response at x/L = 0.77. Peak to
peak amplitude for forced motion at x/L = 0 iss Aoy, = 0.1 m. Frequency scale is logarithmic,
indicated tow speeds U in ms™, and bars represent 95% confidence interval.
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0.025 T T T U T T T | —
002 - - o

0.015

0.0Lf -~

App y [m]

0.005

~0.005 1 1 1 1 1 1 1 1 L1
0

Figure 5.9: Transverse peak to peak amplitude of the dynamic response at x/L = 0.77. Peak to
peak amplitude for forced motion at x/L = 0 is Aoppy = 0.1 m. Frequency scale is logarithmic,
indicated tow speeds U in ms™!, and bars represents 95% confidence interval
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2 2 2
LB oot - LB}t - 15
1 - 1 1f-- e e
05 - OB - OB e
o L w1 om
Rlks) Rlis? Rlas]
-05 - OB - SO f
-1 -1 -1
SLB b . SLE e . -15
-2 -2 -2
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
¥ ¥ ¥
d d d

1

Figure 5.10: Trace of motion in transverse plane at x/L=0.77, tow speed U=0.0 ms~", and forced

motion amplitude in tow point Ay/d = 4.5.



82

CHAPTER 5. OSCILLATING FLEXIBLE CYLINDER
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Figure 5.11: Trace of motion in transverse plane at x/L=0.77, tow speed U=0.5 ms~
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Figure 5.12: Trace of motion in transverse plane at x/L=0.77, tow speed U=1.5 ms~
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Figure 5.13: Trace of motion in transverse plane at x/L=0.77, tow speed U=2.5 ms~", and forced

motion amplitude in tow point Ag/d = 4.5.



CHAPTER 6

Linear model of a flexible cylinder

The linearized equation described in this chapter was developed by Paidoussis (1966) and dis-
cussed among others by Ablow and Schechter (1983), Kennedy (1987), Triantafyllou and Chrys-
sostomidis (1988) and Dowling (1988). The main assumption in this context is that the trans-
verse motions and velocities are small compared to the axial dimension and velocity. Here in-
ternal forces in the cable is limited to the effect of tension, while bending stiffness and material
damping is neglected.

6.1 Equation of motion

The system is a long cylindrical body with length L and diameter d in an infinite fluid with
density p, flowing with uniform velocity U parallel to the x axis. The upstream cylinder end
is assumed fixed or having a described transverse motion. The downstream end is assumed
connected to a transverse spring. The tension is assumed to be larger than zero at all locations,
also at the downstream end. The case of a free end is discussed in length by e.g Dowling (1988)
but will not be considered here. The coordinate system is shown in figure 6.1.

u

VA
o ! L
Tl

L

| |
[ =

Figure 6.1: Coordinate system for linear model of a towed, flexible cylinder.
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Figure 6.2: Cylinder element and forces.

The cylinder is assumed to have uniform cross-section area S and constant mass per unit
length g. A small element of the cylinder with length ds is shown in figure 6.2. The relative
velocity between the element and the surrounding fluid is given by:

V = U%L(%)Q (6.1)

10z
= t —_ - 0 .2
a arctan <U8t>+ (6.2)

Neglecting the effect of bending stiffness of the cable and assuming no elongation the
equation of motion in a fixed coordinate system is:

2

qéngf = —T(s)cos(f) + T(s+ ds)cos(d + 60) + ds (F; cos(f) — F, sin(h)) (6.3)
2

qés% = —T(s)sin(f) + T(s + ds) sin(f + 66)

+0s (Fy cos(f) + Fysin()) + X (6.4)

where all parameters and forces are per unit length. For a towed array that is close to neutral
in water it will be assumed that € is small, so that:

cos(f) ~ 1
sin(f) =~ %
x
0s =~ dx

s ~
Dividing the equation by dx and taking the limit as dz — 0 gives:

0%x 0 0z
A R S
o gz L @)+ B = Fag

0%z 0 0z 0z
- = —_ — 4+ X .
955 9 (T(x) 8x) +F+ Fia (6.6)
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The expressions for the tension terms are found by keeping the first order terms of Taylor
expansions of T'(s 4 ds) and realizing that 6 + 66 is also small.

Here the tension is written as a function of x only, thus any dynamic variation in the
tension is neglected. This seems to be reasonable as long as the transverse motion is not large,
the tow velocity is constant and the oscillation frequencies are not to large, see chapter 5.

6.1.1 External Forces

The hydrodynamic force on the cylinder is a function of the local relative velocity and the local
angle of incidence. In the following it will be assumed that the angle of incidence is small, so

that:
1 62 0z

Ut 83:
Further, the total hydrodynamic force on the cylinder is divided into a tangential component
(F}), and a normal component (F,). The normal component will again be written as a sum of
a potential flow term (F},,) and a term due to viscous effects, denoted F,,,,.
The potential force is given by slender body theory discussed in chapter 2.

(6.7)

0 0
Fop, = — (§+U£> (v a)
0 9\’
= (m+Um)z
0%z 0 0z | 502

Here v = % +U g—; is the relative velocity between the element and the fluid, normal to the
cable axis. The two dimensional added mass a is considered constant along the cable except at
the boundaries.

The viscous effect per unit length of the cylinder is written

1
F, = —%ZzipVZd. (6.9)

The form and value of the coefficient C,, will be discussed in section section 6.3. Following
Paidoussis (1966) it can be written

1 0z 0z
F,, = — 1
Cy pU <6t U8x> d (6.10)

The tangential force is assumed to be a result of skin friction only and is written as
1
F, = wcf§pU2d. (6.11)

In general Cf is a function of location z and possibly time ¢ and is here made non-dimensional
by the vetted area of the cable. For implementation a coefficient averaged over the length of
the cable Will be used: Cp = £ f . Cf dz. In equation (6.11) only first order terms of the time

derivative 2 5; are kept, thus the angle a should be small.
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The body force X is the sum of weight and buoyancy forces on the cylinder. Following
Faltinsen (1990) these are:

0 .
X = —qgds + pgSds + pgSg ((h+ z)sin(#)) (6.12)
The mass per unit length of the cable is denoted ¢ and Js is a small length along the cylinder.
The last term is a correction for not integrating the pressure over a closed surface where A is the
water depth of the coordinate origin. Dividing by ds and taking the limit as s — 0 gives:

komwen (o (22) 013

This assumes small angle approximation and only linear terms in z and it’s derivatives are kept.
W = qg is the dry weight and B = pgS is the buoyancy, both per unit length of the cable. The
last term has a component in the x-direction that is not shown in figure 6.2 or equation (6.3):

0z
X, =B— 6.14
‘ ox ( )
Note that these terms do not disappear for a neutral cable. In the literature on heavy cables
like mooring lines these terms are usually combined with the tension to form a so called effective
tension, see Faltinsen (1990).

6.1.2 Linear equations

Substituting for the force terms in equation (6.5) and equation (6.6) gives a set of coupled
equations:

Pz 0 0z

]' 2
0%z 0 0z 0z , 072 1,0z
1 0z 0z 0%z
et (Zo2) wan(ia(2)) o

Here only first order terms in % and % are kept. with the exception of the quadratic normal

force term. Collecting terms of equal order

0%z 0 0z

0%z 0 0z 0z 0z 10z 0z
g9z _ < 92 _ 22 2 _ s (=Z 22 1
"o T ox (Q(x)ax o )+ft - fl(Uat +8a:) w (6.18)
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Here
m = q+a (619)
Q(z) = T(x)—aU?+ Bh (6.20)
a; = 2aU (6.21)
1
fi = 7rc*p§pclU2 (6.22)
1
fur = CumzpdU® (6.23)
w = W-1B

Equation (6.17) and equation (6.18) are linear and can be written as a sum of a static
and a dynamic part. The solution is then written

z2(z,t) = zs(x)+ zq4(z,t)
(6.24)

Inserting in equation (6.17) gives:

0 02,
0 = —T(x)+fi—B
ox (z) + fi ox
For the assumption of inextensible cable to be valid some oscillation must be allowed in the z
direction. On the other hand these are assumed so small that the inertia terms in this direction
may be neglected, and only the static part of the equation is left.

For the transverse direction equation (6.18) is divided in a static and a dynamic part

(6.25)

9 92, 0z,

0 = £<Q()(;) ft — fui (é)—w (6.26)
622,1 _ 0 aZd aZd 182(1 8zd
Urra a?(Q@)a—x 8t)+ft oz, I 1(65*37) (6.27)

Equation (6.25) and equation (6.26) represents the static problem with T'(z) and z, as
unknowns. The transverse dynamics is given by equation (6.27), with tension known from the
static solution.

6.1.3 Boundary Conditions

In the case of a seismic cable, some sort of support will be present in both ends of the cable in
the form of lead-ins and tail-buoy towing lines. At the upstream end, x = 0, the displacement
is set equal to some prescribed motion

2(0,t) = Zy + A sin(wt) (6.28)

Where z; is the initial position of the tow point and Ay the amplitude of the harmonic motion.
In slender body theory the instantaneous change of diameter of the beginning of the cylinder
should give rise to a infinite force at the upstream end. This is neglected here, mainly on the
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argument that there is a tow cable upstream, thus the transition is smooth. The effect may
have to be addressed more closely if this tow cable is included in the model. With the harmonic
boundary condition in equation (6.28) the problem is avoided since the force at the boundary is
not considered.

At the downstream end, x = L, the boundary is modeled as a transverse spring and a
tension.

074 0724

Qz)5— — En
(

9z U = —kz|,_; (6.29)
T

t z=L

oy =T (6.30)
The spring & on the right of equation (6.29) may be a linearized and simplified expression for
the geometric stiffness of a heavy tow line or drogue, or it may be a simple control device. In all
cases it is assumed to apply a constant tension in the cylinder. The left hand side of equation
(6.29) can be rewritten

0724 074 . 0z 0z 0z 0z
Q(:L‘)% — alﬁ} . = |:Ta8(1; 2(1U <8t + Ua$> + Bha$:|$:L (631)

With the exception of the buoyancy term this is the form discussed by Paidoussis (1966), Tri-
antafyllou and Chryssostomidis (1988) and Dowling (1988). The term 2 aU (% +U %) describes
the change in fluid momentum at the aft end of the cable. In the case of a free end the de-
tails are important, and the factor 2 is replaced by an empirical factor accounting for the three
dimensionality of the flow at the tail end. For the present case the normal component of the
applied aft tension Ta% and the spring (or proportional regulator) on the left hand side will
dominate, thus details of the flow are not further discussed. The form in equation (6.29) gives
a so-called natural boundary condition in numerical methods and are therefore preferable.

6.2 Solutions for the Linear Equation

Analytic solutions of the linear equations unfortunately seem to have limited validity for real
problems. They are on the other hand very useful for verification of numerical tools.

6.2.1 Static shape and tension

The static problem is given by equation (6.25) and equation (6.26) The result is a system of
equations:
0 0z

0

st 8Z3 azs
ox (Q(i)ax) +ft8—x_fn1 (83}) —w =0

Integrating the first equation and applying the downstream boundary condition in equation
(6.30) gives

T(x)=T,+ frl — fix + B(zs — 24|,_;) (6.32)
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and
Q) =T, + fil — frx + B(zs — 25|, + h) — aU? (6.33)
Inserting in the second equation and performing the derivation gives
0%z, 02
(a0 — fi1) o2 Jn1 (8—33) —w =0 (6.34)
ao=T,+ fil —aU? + Bh
(6.35)
assuming z, — %|,_; << h. The solution is
fn
zs = C1 — Cy(ao — fi x)l_le - % (6.36)
nl
The coefficients are given by the system of equations:
1 f1
01 —Cgao o= ZQ
_fma w
~Cy (fi = fu) (a0 — fi L)% — 7 (a0 — fi L)
_fm L
=k (Cl - 02 (0,0 - ft L) ft = 1;—) (637)
nl

This solution of course requires that all parameters are constant along the cable.

6.2.2 Response Amplitude

To find the motion response amplitude along the cable due to a harmonic input at the tow point,

the solution is expressed by .
za(z,t) = n(z)e™" (6.38)

where n(z) may be complex, describing amplitude and phase lag along the cable. Inserting this
in equation (6.27) gives the equation

0 0 iwn  0n

T S (P </ B S ol iwn  OnY _
mwn pe ((ao ftx)ax awwn) ft8x+fn1(U +8x) 0 (6.39)

for the amplitude of oscillation as function of frequency. The coefficients are given in equations
(6.19) - (6.24) and equation (6.35). Performing the derivation and collecting terms:

n . On
(—0,0 + ftx)w + d"% + ]{3777'] =0 (640)
where ag and f; are defined as above, and
dy = fa1+ ariw (6.41)
k, = —mw’+ fm@ (6.42)

U
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A solution of equation (6.40) is

n(xz) = Z"(C1J,(Z) + CoY,(Z)) (6.43)
n = ft_dn
fe
7 = 2\/@ —aof‘t;fﬂ

where J,(z) and Y, (z) are Bessel functions of order n of the first and second kind, respectively.
Note that both order and argument are complex numbers. The boundary conditions for the
dynamic problem with forced oscillation of the tow point are:

24(0,t) = Agsin(wt) (6.44)
0 .
(ap — ftac)a—77 —a zwn} = —kn(L, 1) (6.45)
€T =L
(6.46)
For the tow point
Ay = 5" (Cidn(ZTo) + CoYn(Zo)) (6.47)

|

Fo = 2/ %

1

The derivative of equation (6.43) with respect to x (Spiegel 1968):

dn(z)  dz d  _, - _
v - Lo (@"C1Jp(Z) + 2" Co Yy (7))
- La‘:" (CrJn—1(Z) + CoYo1(T)) (6.48)

V—ay + fiz

The downstream condition from equation (6.45) then is:

\/7\/ —ag + fil (C1Jp-1(Z1) + CoYn_1(Z1))

= (—k + ayiw) (C4 ( L)+ CY,(ZL)) (6.49)
_fij:Q\/E ao—gi;hl’

Unfortunately this solution is not very robust, particularly in solving for the coefficients. There-
fore two approximations were made: The imaginary term in equation (6.41) is neglected, this
corresponds to neglecting a slender body term in the hydrodynamic force. Also, the ratio f;/fn1
is assumed ~ 1, which should be true for unseperated flow.

In the cases where f;l << ag (as in the experiment), the tension may be considered
constant along the cable. Using average tension, equation (6.40) becomes:

I\ p .0
(—ao-l—ft )a 5 +dy an+k,,n—o (6.50)
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This is a damped wave equation. The solution is
n(z) = C1eM® + Chet® (6.51)

where

Ay + /& + ddy(a0 — f,)

A= 1/2
' / ap — ft%
Ay — \J &2 + 4dy (0o - fi)
AQ - ]_/2 I
Ao — ft§

In order to find the coefficients, the boundary conditions in equation (6.44) and equation (6.45)
are written as a system of linear equations:

Ay = C1+GCy
L
(a0 = fi35) (CraeM + CyAeMt) = (—k+aU iw) (CreMt+ Cyet)  (6.52)

Finally there is a low frequency asymptote. Setting w = 0 and assuming linear damping
only, equation (6.40) simplifies to

0%n on
(—ao+ fir) g5 + furg =0 (6.53)
The solution is
1t
) ft
t
The coefficients are given by the system of equations:
t
AQ = 01 - 02 <@>
Jt
,fn_l fnl

1—Inl
(a0 — fiL) C: (1— %) (L— %) S <01+02 (L— %) ft) (6.55)

6.2.3 Results for two model cases

Two model problems are defined as part of the verification process described in chapter 1, and
will form a basis for most of the discussions in this chapter. The low tension case is assumed to
represent a typical section of a seismic streamer between two birds, with boundary conditions
representative of proportional controlled birds. The full streamer is described by Pedersen and
Sgrensen (2001). The high tension case models the dynamic response of the experimental setup
described in chapter 5. Parameters are given in table 6.1.

The results for the amplitude response are shown in figure 6.3. There are very distinct
eigenvalues, the first three are shown. At these frequencies the response is attenuated, for the
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Table 6.1: Parameters for model problems.

‘ ‘ low tension case high tension case

Diameter [m]| d 0.07 0.011
Length [m] L 300 13
Tow depth [m] h 8 0.5
Aft Tension [N] T, 1800 19.6
Aft Spring stiffness [Nm™!] k 24 48
Mass coefficient Cn 1 1
Added mass coeflicient C, 1 1
Friction coefficient Cr 0.0024 .0036
Normal force coefficient Cy, 7 Cy mCy
Tow Speed [ms™] U 2.2 L5
Excitation Amplitude [m] Ay 1.0 .05
Excitation Frequency [rads™!] w 0.01-0.6 0.1-10

high tension case more than three times the input amplitude. This contradicts the results found
in the experiments and the normal assumption that high frequencies are damped out along
a towed array (Triantafyllou and Chryssostomidis 1988). The reason for this discrepancy is
believed to be the modeling of the hydrodynamic force, or damping in this case. This will be
discussed below, after discussing a numerical tool for estimating the transverse response.

Low Tension Case

high tension case

T y E | /O:t‘~ /‘
o2 M A P /:“w ”\\‘ “/“’ y
/ j / “‘ ,',,'; % r ' ‘ '
g v 'w il w’o‘n ;e
’lH\'\’o'o n ‘ «“0 Lo ,' N ‘ ‘A“:A‘ L
0 5 'o'o"' \ ‘“ 0 s 'w,o' w\\n\mﬂ
5 '?"::'::':’ \‘\\\‘\‘\‘ \\\\“““‘:‘\“ " \\‘\‘“‘ ||| 100 ” :‘:"‘:"::"," ”
«L’f‘ \‘:“\“:‘:\\ I||| ‘.‘.‘.‘.‘.‘.‘ulll |I||||||| - mr..‘?lm" ||||

10

8 10

z [m]

Figure 6.3: Response amplitude for model cases. For high tension case constant tension is
assumed and equation (6.51) is used. For streamer section equation (6.43) is used with order
n=20.

6.2.4 Numerical solution for the Response Amplitude

Since all the analytical solutions found requires some approximations, it seems that a numerical
method is necessary. This will also allow nonlinear expressions for the hydrodynamic force.
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For the response amplitude in Equation (6.39) the boundary value problem (BVP) solver found
in MATLAB® (Math Works Inc. 2000) seems suitable. This solves a system of first order
differential equations:

dy
- = 6.56
o=@y (6.56)
on the interval z = [a, b]. The boundary condition is given by:
foe (y(a),y(b)) =0 (6.57)
The second order problem in equation (6.39) must then be rewritten in a system of two first

i ) ) T
order equations with a solution vector y = [g—g, 77]] :

dy y(1)
dz = ! knyEQ)ereta)y(l) (658)
ao— frx

The interval of the domain is of course z = [0, L] and boundary conditions are found by rear-
ranging equations (6.44) - (6.45) .

The solver is a finite difference code that implements the three-stage Lobatto I1la formula.
This is a collocation formula and the collocation polynomial provides a solution that is fourth
order accurate uniformly in the interval. Mesh selection and error control are based on the
residual of the continuous solution (Math Works Inc. 2000). An initial grid and an error
tolerance level are inputs to the solver. In figure 6.4 the error solving for the analytical results
above are shown. A relative error level of le — 4 gives an error in the solution of less than
2 x 1073% and is assumed sufficent.

-4 -4
x 10 a) x 10 b)

- w=05rads”! | Y4 - w =0.075rads™Y
4 - w=25rads™! | . oL 4 —— w=015rads— 1| 7"

B w=5.0rads”' || N - w=030rads" | 1:
—A— , =100 rads™!| - - —&— , =0.60 rads”!| - - -

5
10 10 10 10 10 10 10 10 10 10
Relative Tolerance Relative Tolerance

Figure 6.4: Relative precision error for numerical solution: a) high tension case, the response is
taken at x =10 m, b) low tension case, the response is taken at x = 150 m.

Figure 6.5 illustrates the difference between the approximations made in figure 6.3 and
the keeping all terms in equation (6.39). With the exception of the highest frequency the error
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b
0.2 a) T T 1.2 )
- Approximation
- Full system 1
0.8
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g o
2 2
0.1 I 0.6
8 8
I I
0.4
0.2
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Figure 6.5: Compared response for approzimated analytic solution and the real system: a) high
tension case b) low tension case.

is less than 1% for the high tension case, and less than 4% for the low tension case, but still
noticable.

6.2.5 Sensitivity and modeling errors

The influence coefficient shown in table 6.2 describes the sensitivity of the numerical model to
small changes in input parameters. The influence coefficient is defined in the same way as in 3:

_ 104
T A, OX,

1 lz=10

Ki (6.59)
Here Ajq is the amplitude with parameters from table 6.1 and X; the input parameters. e.; is the
relative error due to a change in X;. The values in table 6.2 are found by changing the input
parameter by 10% in both directions, and then calculate the derivative by central difference.
Note that the influence coefficient do have dimensions.

From table 6.2 and table 6.3 it is clear that the most important parameters are diameter
and hydrodynamic force coefficients. The influence coefficients are for these parameters strong
functions of w, also in sign. The parameter f is a factor on the fluid momentum term in the aft
boundary discussed in section 6.1.3. The effect of small changes in the aft boundary conditions
T,,k and f are small, thus more accurate modeling does not seem necessary. Change in tow
depth (h) is for example found to be more influential than both the downstream boundary
condition and the cable length (L), even for the present case of a neutral cable.

The total modeling error due to uncertainty in input parameters is given by:

(6.60)

€cp =

Here N is the numbers of parameters included. Values of AX; for the high tension case may be
found from chapter 5. The values of f and k are simply set to 100% and 20% respectively, which
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Table 6.2: Influence coefficients for the high tension case. The values refers to the relative change
in amplitude at x = 10 m for a unit change in the listed parameter. The second column indicates
dimension of the influence coefficients.

| Parameter | [k;] |w=05rads™! w=25rads’! w=>50rads™! w=10.0rads’ |

d m~! 15 -47 -98 290
L m™! -0.00066 0.01 0.032 0.014
h m™! 6.5e-006 0.067 0.2 0.15
T, N-! -3.5e-005 0.061 0.13 -0.07
k mN—! -0.002 0.00054 0.0062 -0.024
f 9.4e-006 0.0044 0.015 -0.0064
Cn, 0.033 -0.26 -1.6 0.18
C, 0.034 -0.28 -1.6 0.25
o 1.1 19 52 95
Cn1 2.8 -82 -70 -31
U 0.038 -0.53 -0.34 0.18

Table 6.3: Influence coefficients for the low tension case.

The wvalues refers to the relative

change in amplitude at x = 150 m for a unit change in in the listed parameter. The second
column indicates dimension of the influence coefficients.
| Parameter | [k;] |w=0.075rads? w=.15rads' w=.3rads’ w=.6rads!]

d m™! 8.3 -19 31 120

L m™! 0.0022 -0.0085 0.012 0.022

h m~! -0.001 0.016 -0.0086 -0.12

T, N-! -2.7e-005 0.00042 -0.00022 -0.003

k mN—! -0.0078 0.017 -0.018 -0.024

f 0.0063 0.05 0.071 -0.06

Cn 0.17 -0.24 0.81 3.7

C, 0.18 -0.22 0.86 3.8

Cy -9.2 29 -1 -180

Ch1 -12 -120 -110 -16

U -0.043 -0.32 -0.33 -0.37

should be conservative. The value for Cr is valid for w ~ 2.5 rads ! and tow speed U = 1.5
ms '. This value is assumed representative for all frequencies and velocities. For the mass
coefficient the difference between neutral cable and the result based on actual weight during the
experiment is used.

An estimate of the error due to the linearizion of the hydrodynamic force in equation
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(6.7) is included by setting:

) A A
AC, =Cypy (sm <arctan (%)) — %) (6.61)

6.2.6 Effect of structural terms

The equation of motion in this chapter does not include the effect of bending resistance and
damping due to the cable structure, on the assumption that these effects are small. Using the
maximum values of calculated responses, an estimate of the size of these terms can be made.

The effect of bending resistance and damping in the cable material is modeled by adding
the terms o vy

z z

EI@ + 77[% (6.62)
in equation (6.6) (Bergan, Larsen, and Mollestad 1986). Here I is the moment of inertia of a
section of the cable, E' the modulus of elasticity and 7 the viscous damping of the material. From
data sheets of the Tygon tube, £ = 4.5M Pa. This is a restoring force, and by using numerical
derivatives of the calculated response, the bending resistance is found to be at most 0.5% of the
restoring force due to tension. The effect on the response is then assumed negligible, also in the
error analysis.

The material damping 7 for the Tygon tube is not given in the data sheets, so a system
based approach is used to estimate damping. From very simple experiments in air with parts of
the Tygon tubing it was estimated that the damping is less than 1% of critical damping, which
will be denoted as a damping ratio  ~ 0.01. The damping force is then expressed

2q§wd0% (6.63)
where ¢ is the structural mass of the cable and wyy is the appropriate dry eigenfrequency of
the system. This has the same form as the linear part of the hydrodynamic damping so it
can be treated as an error in the linear coefficient. This force is found to be about 7% of the
linear part of the hydrodynamic force, but possibly as much as 30% for w = 10 rads™' (and
also wgy = 10 rads™!). The error estimates for structural damping in table 6.4 are calculated
by treating the structural damping as and error in the parameter C,;, and the effect on the
response is noticeable.

The modeling errors are summarized in table 6.4. The total error is the quadratic sum
of errors from numeric method, parameter uncertainty, linearizion and structural damping. The
values are strictly speaking valid only for the tow speed of U = 1.5 ms™! but will be assumed
representative also for other velocities. The main uncertainty lies in the material damping, and
since the estimate here is quite rough, this should be further investigated for a real streamer.

6.3 Hydrodynamic forces

From table 6.2 and table 6.3 it was concluded that the model is very sensitive to hydrodynamic
coefficients. This, of course, is the reason for the extensive experimental presented in this work
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Table 6.4: Relative modeling errors for the high tension case.

| Source |w=05rads™’ w=25rads! w=50rads™’ w=10.0rads™!|
Numeric 1x10~* 1x10~* 1x10~* 1x10~*
Parameters 0.016 0.006 0.0093 0.012
Linearizion 0.000 92x10~* 0.0016 0.007
Structural Damping 0.003 0.063 0.108 0.106
Total 0.016 0.063 0.108 0.107

in the first place. In this section the results from the rigid cylinder experiments are applied to
the flexible cylinder.

The linear model in this chapter assumes that the variation in tension along the cable
is linear and constant in time, so the only contribution to the tension is a constant friction
coefficient both in time and space. An averaged friction coefficient was discussed in chapter 5,
and the results from this discussion are used in the model.

The starting point for the following discussion is that the normal forces on the towed
cylinder are mainly a function of the local angle of attack, which is a function of time and
position. Figure 6.6 gives an indication of the span of angles experienced by the flexible cylinder
in the experiment. Here only the part of the angle due to transverse velocity is included, but since
the space derivative is small, the figures should be representative. At the tow point (z/L = 0)
the amplitude of the angle depends very much on the frequency, while at x/L = 0.77 this
dependence is almost negligible, at least for higher tow speeds. The figure indicates that most
of the time the local angle is too low for the cross flow principle to hold.

U=0.5 m/s

U=1.5m/s U=2.5 m/s

30

0 1 10 0 1 10 0 1 10

w [rads™1] w [rads™1] w [rads™1]

Figure 6.6: RMS of angle of attack tan(a) = “%== at two locations: o /L = 0; O z/L = 0.77.

For the rigid cylinder it was found that the normal force depends on the symmetry of
the initial vortexes. For the flexible cylinder it is assumed that the vortex buildup and shedding
is always asymmetric, as was found for the oscillating rigid cylinder. That some motion in the
bi-normal direction takes place is confirmed by the trace plots in chapter 5.
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Table 6.5: Normal force coefficient for low frequencies. «g is the local amplitude of angle of

attack.

Id. Formula Comment

a) Cn, =7mCp Assume friction force parallel with free flow. (Paidoussis
1966)

b) C, = 8Re_d% sin(ap) 2 g‘ziction Coefficient adapted from Taylor (1952) R.s =

c) Cp,=A4r (ﬁ)ésing(ao) Drag coefficient for oscillating cylinder adapted from
Faltinsen (1990, p. 237)

d) C,, = sin(3°) sin(ap) Lift Coefficient from Kennedy (1987)

e) C,, = 0.08 sin(y) Linear model for rigid cylinder, see chapter 4

6.3.1 Normal force at low frequencies

Table 6.5 list suggested expression and values for the normal force coefficient at low frequencies,
or low angles of attack which in this case is more or less synonymous. Models a)-c) assumes
that the flow stay attached to the cylinder and was described in chapter 2. Ttems d) and e)
is believed to be dominated by pressure effects due to their magnitude, and that some form of
separation do occur, although Kennedy (1987) explains the linear term as a skin friction force.

0.06

pp
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o
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w [rads™!]

Figure 6.7: Response amplitude for linear model and flexible cylinder, experiment, tow speed
U = 0.5 m/s : o Ezperiments (Bars represents 95% confidence); Curve a) — e); see table 6.5.

Compared to the experiment as in figures 6.7 - 6.9, the assumption of non-separated
flow seems to hold at low frequencies, with a possible exception of the highest tow speed. The
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Figure 6.8: Response amplitude for linear model and flexible cylinder, experiment, tow speed
U =1.5 m/s : o Ezperiments (Bars represents 95% confidence); Curve a) — e); see table 6.5.
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Figure 6.9: Response amplitude for linear model and flexible cylinder, experiment, tow speed
U =2.5m/s : o Experiments (Bars represents 95% confidence); Curve a) — e); see table 6.5.

difference in models a), b) and c) are on level with the experimental error, so this cannot be
used to distinguish between them. In practice this means that there is no argument for not using
the simplest one, model a). For higher frequencies, where higher angle of attacks occur the high
values in model d) and e) perform better than friction coefficient in @). Still, these linear models
give good results only for a limited range of frequencies. In general, for the lowest frequencies
increasing the coefficient increases the response, so in this frequency range the hydrodynamic
force acts as a driving force rather than a damping force. This is a result of the angle being
dominated by the space derivative term and not the transverse velocity.
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Table 6.6: Coefficients in second order expansion of C,,.

Id. C, C,i C,s Comment
f) 1.0 0.011 0.8 Constant coefficients from chapter 3

g) 08 0.0 1.0 Morison’s equation with coefficients from
chapter 4

h) 0.8 0.08 1.0 Morison’s equation with added linear term

6.3.2 Normal force at medium to high frequencies

For low frequencies, the damping was calculated as a linear function of the transverse velocity.
When the flow separates, the normal force is dominated by pressure forces, which are usually
assumed to be proportional to the square of the normal velocity. This is included in the model
in equation (6.39) by adding a term

twn 01

Here the angle is still assumed small and

wn | On

U o0x

(6.64)

1
fn2 = Cn2d§pU2

: an .
: wi wt
U—
wne™” + E e

. on
2w77+Ua—x‘

This term is readily implemented in the numeric solver described above. To include both linear
and quadratic terms is equivalent to formulate the normal force coefficient in equation (6.9) by
a second order expansion in a:

Cy, = Cpysin(a) + Chosin(a) [sin(a)|| (6.65)

Results for three alternative combinations of coefficients listed in table 6.6 are plotted
in figures 6.10 - 6.12. The first of these (model f))is the constant coefficient model based on
experiments with constant pitch angle in chapter 3, assuming turbulent boundary layer. The
second (model g))is the result from curve fitting Morison’s equation in chapter 3, also changing
the added mass coefficient. The best correspondence between model and experiment at moderate
to high frequencies is obtained by model h) where the linear term from model e) is added to
model g). This simply combines the models valid at different angle of attack regimes, and since
all regimes are present for the flexible cylinder, this seems like a obvious thing to do. In the next
chapter the linear model a) will be combined with this in a time domain simulation that uses the
instantaneous value of the angle of attack. In the current frequency domain calculation, the force
is calculated based on the amplitude of the angle at each position. This tends to overestimate
the force at low to moderate frequencies compared to the result with instantaneous angles.
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Figure 6.10: Response amplitude for non-linear model and flexible cylinder, experiment, tow
speed U = 0.5 m/s : o Ezperiments (Bars represents 95% confidence); Curve f) — h); see table
6.6.
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Figure 6.11: Response amplitude for non-linear model and flexible cylinder, experiment, tow
speed U = 1.5 m/s : o Ezxperiments (Bars represents 95% confidence); Curve f) — h); see table
6.6.

When slender body theory is used for maneuvering of ships, the part of the hull where
separation occurs is not included. For the case of a towed flexible cylinder it will be very difficult
to estimate where the flow is attached and where it is separated, and it could be argued that
only the first term in equation (6.8) should be kept. In the discussion of figure 6.5 it was found
that the difference in the response by dropping the second term are about 4%. The difference in
phase is about the same. Considering the uncertainties in the hydrodynamic forces this is not
very large, so neglecting it does not introduce a large error. But in cases with low tension and
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Figure 6.12: Response amplitude for non-linear model and flexible cylinder, experiment, tow
speed U = 2.5 m/s : o Ezperiments (Bars represents 95% confidence); Curve f) — h); see table
6.6.

in particular for a cable with a free end, the second part of equation (6.8) are critical for the
stability of the cable (Dowling 1988). The best choice therefore seems to be consistent and keep
all potential force terms.

Another argument for neglecting the slender body terms is to facilitate the analytical
solution in equation (6.43). Unfortunately the order and arguments in the Bessel functions
becomes large negative and complex due to the high linear coefficient. This give a very ill-
conditioned system of equation in equation (6.47) and equation (6.49), and cannot be solved
in general. The possibility of using an analytical solution with methods for equivalent linear
expressions similar to Triantafyllou and Chryssostomidis (1988) is therefore not pursued. On
the contrary, the next chapter turns to numerical simulation of the cable in the time domain.

6.4 Conclusions

From experiments and the linear model, some conclusions can now be drawn considering mod-
eling of a flexible cable:

e Although an analytical solution can be found for the response amplitude of a towed array,
the applicability is very limited. This because for realistic cases the solution becomes
highly oscillatory and unstable. It also require a linear damping model.

e From the sensitivity studies and the comparisons between calculations and experiments it
is obvious that a major challenge in modeling towed arrays is the correct estimation of the
hydrodynamic forces. A single model valid at all frequencies was not found.

e At very low frequencies the angle of attack was so low that an assumption of no separation
seems valid. In this case only the skin friction forces are involved.
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e For higher frequencies, the angles of attack increases and the findings for a rigid cylinder
in earlier chapters seems valid for this case too. This is in particular tru for the rather
high linear term associated with asymmetric vortex shedding in chapters 3 and 4.
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CHAPTER 7

Time domain simulation

In this chapter a Finite Element Method (FEM) is developed that can be used for time do-
main simulation of the transverse motion of a towed flexible cylinder. The method solves the
complete solution, so no division into a static and a dynamic part is necessary. The non-linear
formulation of the hydrodynamic force from last chapter is incorporated. The assumption of
small perturbation of transverse position is kept and tension is still assumed constant in time.
As before only the transverse motion in one direction is considered.

7.1 Finite Element Model

The transverse motion is the only dependent variable, and the only non-linear term is the
hydrodynamic force. It is then relatively simple to develop a finite element code for the problem,
including higher order elements. This is in general a robust and accurate way to numerically
solve PDE equations. Alternatives like finite difference schemes and segmented models have
also been proposed, particularly for cables with large deformations (Ablow and Schechter 1983;
Hover 1997; Vaz and Witz 1997).

7.1.1 Variational Formulation of the equation of motion

Inserting for the tension, equation (6.16) is now written

0%z 0 0z 0z 0z
mw = 9 ((ao—ftm)% —ala> +ft£+F(a) —w (7.1)

Here the linearized hydrodynamic force term is replaced by a general nonlinear term F(a) =
Cn(@)3pdV?

107
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Multiplying equation (7.1) by a weight function w(x) and integrating over the length
gives the variational form (see e.g Egeland and Gravdahl (2002)):

dw 0z 0z 0z
m/w—zdx—i—/La ((ao —ftx)a at) dz — /Lw tad(x) =

/L w (F(a) — X) dz — [w ((ao _ mﬁ _ a%)]; (7.2)

The second and last term in 7.2 are obtained by integration by parts. This is also known as
weak formulation. Boundary conditions are either of Neumann type, in which case

0z 0z
_ L a2 ) =a(t 7.3
w (@0 i)~ 5 ) =00 (7.)
where ¢(t) is given for one or both of x = 0 and x = L. Alternatively the solution is known on
the boundary (Dirichlet condition).

An approximation of the solution is

m

z(z,t) ~ Z Q;(x)g;(t) (7.4)

j=1

The functions ®;(x) are usually known as shape functions. Setting w;(z) = ®;(x) and inserting
in equation (7.2) gives, after some rearranging:

M{i+ Dg+ K°q+ K°q = F + Fy, (7.5)

here M, D, K% K® are m x m matrices while g, F, Fy, are m x 1 vectors. Superscripts () and
() denotes first and second time derivatives respectively. The entries of the matrices and vectors
in equation (7.5) are given by

q= q1,q2a"'an (76)
Dij = al/@;@jdx (78)
L
Ki = /L &l (an — ) @de (7.9)
K! = —f, /L B, da (7.10)
P, = / &;(F(a) — X)da (7.11)
L
Fbc = [g:E:OaOa"'aOagw:L]T (712)

Here superscript (') is used to denote the (true) derivative with respect to space variable z.
Several choices are possible for the shape functions, like sets of orthogonal functions that satisfies
the boundary conditions. Here the FEM is chosen, mostly due to its flexibility in the definition
of the system and its natural way of handling moving boundaries.
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7.1.2 Lagrange Interpolation Formulas and Finite Element Method

By placing n points equally spaced along the cable, the approximate solution in equation (7.4)
can be written:

2(z,t) >~ 2(zo + ph,t) ~ Z AL (p)gx (7.13)

where xy is the position of the first point, p is the new parameter for position, A is the dis-
tance between successive points and A} (p) are given by Lagrange interpolation formulas. See
Abramowitz and Stegun (1965, p. 878) for expressions and further definitions. Note that for
p=ki; Al(p) =1 for k = k; and A}(p) = 0 for k£ # k;. Said another way, the values ¢, are the
value of Z in the node points. The matrices in equations (7.7) - (7.11) may now be written

L
Dy = a / AP(ATYdz (7.15)
L
Ky = [0 fio) (4 do (7.16)
Ky = - [ Ay (7.17)
L
F;; = /A?(F(a)—X)dx (7.18)
L

The functions A} are polynomials, thus the derivative, products and integrals may be found
analytically.

Rather than a boundary condition another piece of cable may be attached to one of the
boundaries. Requiring continuity a constraint force is introduced for the node common to both
cable segments. This constraint force may be canceled by adding the rows in the matrices where
it occurs, see Egeland and Gravdahl (2002). Then a new coupled equation system for both cable
segments are formed, with matrices:

ey e
) 0
E = | o @ie® 0 (7.19)
0
! eni e |

where superscripts denote cable segment and E and its entries may be any of the matrices
M, D, K, F in equation (7.5). This of course can be repeated any number of times. In the
literature, such cable segments are known as elements and the described method is a special
case of the finite element method.

Note that neither the order n of the Lagrange polynomial or the parameters of the cable
segment need to be constant for all elements. In fact an element does not need to be a cable
segment at all, but could be an attached mass like a buoy or a tow fish.
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7.1.3 Implementation and Time Integration

The described method was implemented in MATLAB®, using the polynomial functions included
in this package. Derivation and integration of polynomials were done analytically, while the
polynomial products in equations (7.14) - (7.18) were found by convolution of coefficient vectors
(Math Works Inc. 2000). The term (ao — fiz) is also a polynomial and is integrated analytically.

The forces included in the generalized force vector on the right side of equation 7.5 may be
either of distributed or point type. Superscripts are used to distinguish the type, ¢ for continuous
force and p for point forces. The distributed forces are typically hydrodynamic and body forces,
while the most common point force is the Neumann boundary condition, here implemented as
a point force on the boundary node.

For a continuous force the integral

Fe, = / AV F(a)ds (7.20)
L

must be evaluated numerically. One way of doing this is to make the same approximation for
the force as for the solution:

F(z,t) = F(zo + ph,t) = > A (p)Fy (7.21)

where F}, is the force evaluated in the nodes. Then
F¢=LF, (7.22)

where F}, is a vector of forces evaluated in the nodes, while L is an operator matrix with entries
L;; = / AjArdz (7.23)
L

In chapter 6 it was found that the hydrodynamic force depends on the angle between the

cable axis and the incoming flow:
0z 0z
=flU =, 7.24

The time derivative (the velocity of the nodes) is available from the time integration procedure
described below, while the space derivative was found by a central difference approximation.
Point forces can only be located in node points. They can be expressed by the Kronecker

delta function:
F! = FP§(x — ;) (7.25)

where 7 denotes the node index and z; is the position of the node. The variational form is:
P, = / AVEPS(z — ) da = FP (7.26)
L

due to the properties of AT and the Kronecker delta function.
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An explicit variable step procedure was used for time integration, see software documen-
tation entry on ODE45 (Math Works Inc. 2000). Equation (7.5) must the be rewritten to a
first order system:

& =Az+ B (7.27)
where
[ q
r = . 7.28
H (7.28)
0 I
A = i M_lK M_lD :| (729)
B - | 0 (7.30)
o i M ' (LF€+ FP) )

For Dirichlet boundary conditions, the appropriate rows in these matrices are replaced
by known solutions on the boundary.

7.1.4 Convergence and consistency

The implemented code was tested on the sample problems in table 6.1 and compared to the
analytic solutions in section 6.2. Only elements with n = 2 and n = 3 nodes were tested since
higher order polynomials tended to be unstable. The amplitude were found for each period of
the resulting time series and the value used for error calculation was the mean of 6 periods in
the steady state portion of the time series. The mean is used since there is a small variation
from period to period most probably due to sampling. The results for the high tension case
are shown in figure 7.1 and for the low tension case in figure 7.2. The advantage of a higher
order polynomial should be obvious, since the convergence is much faster for the second order
polynomial. Note that particularly for frequencies close to eigenfrequency the error does not
seem to converge exactly to zero. This is believed to be the result of a slight difference in the
application of the aft boundary condition. For the FEM method a point force is applied as
part of the dynamic equation on the last element, while in the analytic solution the condition
is set directly on the dependent variable. Changing the downstream boundary condition to a
fixed position reduces the error by an order of magnitude. The case of w = 0.15 rads™" for the
streamer section was also tested with 601 grid points (second order, 300 elements). The error
was found to (Apgpa — Ag)/Ag = —4.7 x 107*, which is lower than the variation from period to
period, and on level with the time integration tolerances. Here Appgj, is the result from time
domain simulation and A, the analytic solution in the frequency domain.

7.1.5 Non-linear hydrodynamic force

In a time domain simulation any non-linear effect can be incorporated as long as the time inte-
gration routine is stable. In this case it means that all the non-linear terms in the hydrodynamic
force discussed in chapter 2 can be included. The non-linear expressions for the normal part of
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Figure 7.1: Relative error in estimated amplitude and convergence of FEM for high tension cases:
a) first order elements, b) second order elements. The error is given with respect to the analytic
result in chapter 6.

0.02

-0.02 -

Relative Error

-0.04 | -

-0.06 | -

-0.08 -

Nos. Grid points

b
0.02 )
0
-0.02 -
.
2 004}
53]
L -0.06| -
=
2]
g -0.08}-
o~ . . .
-0.1 |- w=0.0155""
-~ w=0.155"1
012} - |- w=0305s""1
—A— , =0.60 s~
: : : : : -0.14 : : : : :
20 40 60 80 100 120 20 40 60 80 100 120

Nos. Grid points

Figure 7.2: Relative error in estimated amplitude and convergence of FEM for low tension case:
a) first order elements, b) second order elements. The error is given with respect to the analytic
result in chapter 6.

hydrodynamic force then are:

FTI.’U

V2

1 2

[ (3))

(102 . 9
arctan U ot Iz

f(a) (Cpy sin(a) + Cpa sin(a) [sin(a)])

(7.31)

(7.32)

(7.33)
(7.34)



7.1. FINITE ELEMENT MODEL 113

Here the true and instantaneous angle of attack and inflow velocity are used for calculation of
the force. The function f(a) is used to reduce the force coefficient for low angle of attack. It is
defined as a scaled inverse tangent function

fla) = % + % arctan (k(a — o)) (7.35)

. 1 1 7TCF
kE = a—otan<7r(§ Cn1>)

An alternative would be to simply change expression for the force at a < ag, but the use of a
smooth function significantly reduces the simulation time. The importance of these corrections
are indicated in figure 7.3. Part a) shows the reduction of force at very low inflow angles, part
b) shows the relation between tow and relative velocity, and ¢) the relation between linearized
and true expression for trigonometric functions. From figure 7.3 it can be concluded that us-
ing tow velocity rather than relative velocity underestimates the force, while the small angle
approximation to the trigonometric function will overestimate it.

15 2l 15 D) 15 ¢
) ) // . _
3 2
< N
0.5 0.5 0.5
— sin(a)/a
— arctan(a)/a
0 0 0
0 1 2 3 4 0 10 20 30 0 10 20 30

o [deg] a [deg] o [deg]

Figure 7.3: Importance of non-linear terms: a) f(c) as in equation (7.35); b) V/U = 1+tan?(a);
¢) Linearizion of trigonometric functions

In chapter 6 the suggested set of parameters was:

C, = 08
Coi = 0.08 (7.36)
Cpy = 1.0

The peak to peak amplitude for all tow speeds are given in figures 7.4 - 7.6, where the results in
chapter 6 are included together with measurements. The improved results in the time simulation
is a result of using the instantaneous angle of attack rather than the amplitude as in chapter 6.
This includes the reduction of force for local angle of attack less than 1°, which results in better
comparison with experiment both for low and high frequencies and in the transition region. As
seen from the figures, the comparison with experimental data is now quite good, a fact that will
be discussed further in the next section.

The dashed line in figure 7.4 is the result when C,5 = 2.0. This is the upper limit for
the oscillating cylinder in chapter 4 at zero forward speed. It is included to illustrate that at
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Figure 7.4: Response amplitude for FEM model, tow speed U = 0.5 m/s : o Experiments (Bars

represents 95% confidence); — FEM model results; —— Low speed modification of hydrodynamic
coefficients; —- — Frequency domain results from chapter 6, models a) and h).
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Figure 7.5: Response amplitude for FEM model, tow speed U = 1.5 m/s : o Experiments (Bars
represents 95% confidence); — FEM model results; — — Frequency domain results from chapter
6, models a) and h).

low forward speed, the KC' number effects known from the pure cross flow case does become
important.
The coefficients in equation (7.36) are based on the results from curve fitting of Morison’s
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Figure 7.6: Response amplitude for FEM model, tow speed U = 2.5 m/s : o Experiments (Bars

represents 95% confidence); — FEM model results; — — Frequency domain results from chapter
6, models a) and h).

equation in chapter 4. It is probable that other combinations of C, and ()3 may be equally
suitable. The current model was tested with C, = 1 and C,5 = 1.3, which gave a comparable
answer, but these coefficient cannot be traced back to the other experiments.

7.1.6 Error estimate for hydrodynamic forces

The uncertainty in the simulation was in chapter 2 denoted e,,,,. Here it includes a conservative
value for the parameter errors and structural damping from table 6.4 (€pyume) and the numeric
uncertainty from figure 7.1 b) with 60 grid points (€pums):

e:Lum = \/ e%uma + 6iumb (737)

where superscript r denotes a relative error. Linear interpolation is used between frequencies
in table 6.4 for e,ume- The modeling error is the root square sum of the difference between
calculated and measured value and the uncertainty in the simulation:

Crmod = \/ (A5, — Ag;,)2 + (e;;mA;,p)2 (7.38)

where superscripts s and m denotes simulated and measured values respectively. The ratio of the
modeling error and the measurement (experimental) error €,,04/€ezp are shown in figure 7.7. As
expected from figure 7.4, the curve for U = 0.5 ms™! is not impressive, and clearly indicates that
improvement of the model is possible. For the high speeds, which is more interesting from the
application to seismic cables, the modeling error is more acceptable. At least for intermediate
frequencies the ratio is less than two. These frequencies corresponds to angles of attack mostly
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below 10°, see figure 6.6. For higher frequencies the estimate error is 2-3 times the measurement
error and still within a reasonable accuracy. For the highest frequency the dynamic part of
the tension becomes significant and the local angles of attack becomes high. In this region the
numerical model is not expected to be valid, even if the error ratio is low. For low frequencies
the modeling error is also larger than optimal. For these cases the measured value is based on
a single oscillation in the time series, and the measurement only includes the bias errors. It is
then a little optimistic to call this a 95% confidence interval, and the error of the estimate may
still be acceptable.

Figure 7.7: Modeling error over measurement errors for peak to peak amplitude at x/L=0.77.

Tow speed U in ms 1.

As a measure of the model error valid for all frequencies, the standard error of estimate
can be found:

N 2
1 Ae — Am
S’m - N_1 Z (( 2 ilm e J) + (eZum ])2> (739)

=1 PP J

SEE" = t S, (7.40)

here j indicates measured frequencies. The variation is taken over low and intermediate fre-
quencies for each tow speed, and the factor ¢ is given by student’s ¢ distribution. The result for
the three velocities are given in table 7.1, indicating an error of less than 10% for the high tow
speeds.

7.2 Results for a streamer section

In the remainder of this chapter, the normal response of a part of a real streamer will be discussed.
Although similar to the low tension case described previously, all parameters are listed again in
table 7.2. Note that the mass coefficient C,, is the structural mass of the cable.
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Table 7.1: 95% Confidence interval for hydrodynamic forces in the simulation of the experiment.

Tow speed (ms™1) 0.5 15 25
Standard error of estimate SEE™ 0.21 0.07 0.09

Table 7.2: Parameters for streamer section.

‘ symbol value ‘
Diameter [m] d 0.07
Length [m] L 300
Aft Tension [N] T, 1800
Aft Spring stiffness [N/m] k, 24
Tow Speed [ms™'] U 2.2
Tow depth [m] h 8
Normal Force equations (7.31) - (7.34)
Mass coefficient Cm 1
Added mass coefficient Ca 0.8
Friction coefficient Cr 0.0024
Normal force coeflicients Cn1 0.08

Cho 1.0

The convergence for forced motion of the tow point are shown in figure 7.8 for second
order elements. Part a) shows the amplitude period by period while part b) is found the same
way as above. The amplitude seems to converge after about 15 periods and 120 grid points
gives an error of about 0.2%. This is taken as an acceptable trade off between accuracy and
simulation time, considering the uncertainty in e.g. the hydrodynamic force.

In figure 7.9 the peak to peak response amplitude for the streamer section is given, for
two input amplitudes. Compared to figure 6.3 b) the amplitude at higher frequencies are almost
completely damped out, but note that for the low amplitude some motion is carried trough to
the downstream end, even for high frequencies.

7.2.1 Adding weight

The streamer section described in table 7.2 is neutral in water. For a real streamer this may be
difficult to achieve due to local variations in density of both the streamer and sea water. Mean
shapes and amplitudes of oscillation for 0, 0.5, and 1% negative bouyancy are shown in figure
7.10. The curves for response amplitude seems to shift toward left, or lower frequencies, for
increased weight. Also, the mean increases with frequency in the order of 20-30%, so decoupling
of static and dynamic motion is questionable even for low frequencies when the tension in the
cable is low. Note that the tension is not changed with added weight in the analysis, so tension
variation due to a sagging cable is not included.
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Figure 7.8: Convergence of FEM for streamer section: a) Time, b) Grid. All results are nor-
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Figure 7.9: Peak to peak response for streamer section. The section is oscillated with amplitude
Ay and frequency w in the tow point.

7.3 Wave induced motion of a streamer section

Any wave induced motion of a towed steamer is usually neglected due to the large distance
between the wave frequency and the eigenfrequency of a typical streamer, e.g Triantafyllou and
Chryssostomidis (1988) and Pedersen (1996). But high damping in the case of forced motion
should correspond to high excitation forces in waves, so it seems worth the effort to do a more
detailed study.

The effect of an incoming wave is included by modifying the velocity in the normal hydro-
dynamic forces. As for the buoyancy, the assumption of time invariant tension is questionable,
since the particle velocity under a wave has a horizontal component which will modify the fric-
tion force along the cable. Also, this component will modify the angle and inflow velocity for
the viscous hydrodynamic force. For the sake of consistency, only the normal, or in this case
vertical, component of the wave motion will be included, both for potential and viscous parts of
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Figure 7.10: Response amplitude at midspan for streamer section with non-zero buoyancy: —
Cn = 1.00;, —— (), = 1.005; - - C},, = 1.01.

the hydrodynamic force. This is similar to using Morison’s equation for a cylinder at rest, where
wave induced velocity along the cylinder axis is neglected.

7.3.1 Regular waves

For a regular sinusoidal wave with period T propagating along an axis with angle § to the x
axis the induced acceleration and velocities are (Faltinsen 1990, table 2.1):

wy = wle ™ cos (wet — k cos(B) z) (7.41)
Wy = —w?Ce M sin (wet — kcos(B) z) (7.42)
(s = Wave amplitude
2
w = Wave frequency: %
we = Encounter frequency: w + kU cos(3)

2
k = Wave number: —

g
h = Tow depth

The effect of forward speed is accounted for in the encounter frequency. The velocities are
calculated at the mean tow depth rather than at instantaneous position. For long waves and
small amplitudes this should be reasonable.

The hydrodynamic forces depends on the relative velocity between the cable and the
surrounding water. Even if the induced velocity under a wave might be of the order of the tow
speed, the cable will normally move with the wave, so that the relative velocity and acceleration
is small. For this reason the inertia part must be included, even if the ratio between cable
diameter and wave length is small. Also, this means that the local angle of attack is small, so
that a cross flow model of the hydrodynamic force would not perform well.
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The viscous hydrodynamic forces are calculated by modifying the normal velocity term
in equations (7.31) - (7.34) .

Vp = Z— Wy (7.43)
Uy 0z

— arctan [ 2} + 9% 7.44

o' arctan (W) + e (7.44)

Vo= U4} (7.45)

For the inertia part of the hydrodynamic force, the slender body force given by equation
(6.8) is modified by the relative velocity:

B 0 0 , ,
an = —(§+Ua—x>a(z+Uz—ww)

= —ai-— a(% (2Uz + U*Y) + atby, + aUw), (7.46)
w, = kwle " sin (wet — kcos(B) z) (7.47)

Here the wave induced velocity normal to the cable is taken as the vertical component, due to
the assumption of small perturbations of the cable position, see chapter 6. The first two terms
in equation (7.46) are the same as in equation (6.8), while the last two are additional loads. In
addition there is the Froude-Kriloff force (Faltinsen 1990):

The sum of the third term in equation (7.46) and equation (7.48) gives the inertia term in
Morison’s equation.

a) Head Sea. 8 = 0° b) Beam Sea = 90° b) Following Sea 8 = 180°
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Figure 7.11: Response of streamer section to regular waves with period T'. Wave height is H,, = 2
m. The streamer is pinned in the tow point and supported by a spring in the aft end.

Amplitudes of the normal response for head, beam and following sea are given in figure
7.11. The maximum value is highest for following sea, and least for head sea. This is expected
since the response is increasing with wave period, and the encounter period is highest for following
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Table 7.3: Influence coefficients k; for streamer in head sea. Results refers to mazr amplitude.
Wave height is 2 m.

‘ Index Wave period: ‘ T,=10s T,=20s ‘
1 Diameter d 2 -0.56
Length L 0 -0.00012
3 Tow depth h -0.035 -0.0075
4 Aft tension T, 0 0
5 Aft spring stiffness ky -0.0021  -0.00023
6 Mass Coefficient Cp, 0.064 -0.034
7 Added mass coefficient C, 0.065 -0.012
8 Friction Coefficient Cr 0.1 2.2
9 Normal Force Coefficients Cn1 -0.99 -1.1
10 Cho -0.095 -0.026
11 Tow Speed U -0.054 -0.032
12 Wave height H, 0.45 0.47

sea. The location of the maximum response is toward the end for head sea and toward the tow
point for following sea. For beam sea the peak is less profound. It is still located at the forward
end, indicating that a fixed end returns more of the wave like motion of the cable than a free
end.

7.3.2 Sensitivity and errors

The influence coefficients in table 7.3 are found the same way as in chapter 6, but refers to the
maximum amplitude along the streamer. The simulations were done in head sea, but the results
are similar for other directions.

As in chapter 6 the diameter is among the most important parameters. More interesting
is the fact that the aft boundary condition has a very small influence, thus active control of the
dynamic response may be hard to obtain. The response seems to be dominated by viscous forces
rather than inertia, and it is the linear coefficients C'r and C,,; that are the most influential. The
maximum response amplitude is higher than the wave amplitude, thus increasing the normal
force coefficient decreases the response.

Error sources and estimated values are listed in table 7.4. The influence coefficient for tow
speed can be used to make an estimate of the error from neglecting the horizontal component
of the wave induced velocity. The amplitude of this velocity is u,=0.9 ms™!, and the value
uy/U = 0.4 is used for precision in table 7.4. Simulations with the horizontal component
included in the viscous force confirmed the small error in the response amplitude, but gave a
significant constant force at low periods. The influence coefficient for tow depth may be used
to estimate the error from using mean position in force calculations. The max amplitude from
figure 7.11 i8 Zmee = 1.2 m, and zpey/h = 0.006 is used for precision. The effect of material
damping is neglected in this analysis.

Force model error is taken from table 7.1 and numerical error from figure 7.2. The
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Table 7.4: Model errors for the streamer section in waves.

‘ ‘ K S ‘ Eri ‘
Horizontal component of velocity | 0.054 1 0.4 | 0.022
Mean position 0.035 1 0.15 | 0.005
Hydrodynamic force from table 7.1 | 0.097
Numeric from figure 7.2 | 0.02

Total (quadratic sum): | 0.102

estimated error is then found to be 10.2% or about 1.5 diameters. This is not impressive but
acceptable.

7.3.3 Irregular waves

To investigate the response of a streamer in a real sea condition, the expressions for velocity
and acceleration in equation (7.41) and equation (7.42) are replaced with realizations of the
Pierson-Moskowitz spectrum (Faltinsen 1990). The velocity and acceleration is calculated from
the sum of 100 harmonic components with random phase. Results for head, beam and following
sea are shown in figure 7.12. The standard deviation of the cable position from simulation of
30 min in two conditions are given in figure 7.12. The error level are assumed to be as for the
regular wave, i.e about 10%.

o7 a) Head Sea. B = 0° 0.7 b) Beam Sea = 90° 07 b) Following Sea 8 = 180°
0.6 0.6 0.6
05 N 0.5 s~ 0.5 \
g - —— _ / ~ - =~ o~ _ _ _
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Figure 7.12: Response of streamer section to irreqular waves. Peak period: — T, = 10 s; ——

T, = 20 s. Significant Wave height is H; = 2 m. The streamer is pinned in the tow point and
supported by a spring in the aft end.

The condition 7, = 10 s and H, roughly corresponds to sea state 4, which according to
data in Faltinsen (1990, p. 30) is very common in both the North Atlantic and North Pacific.
Cumulative probability plots of wave periods in the North Sea gives that the peak period is
equal to or above 10 seconds for about 40% of the time, but very seldom as high as 20 s. It is
therefore likely that the standard deviation of the cable due to wave induced motion is less than
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0.4 m for realistic conditions. This seems to be small enough to accept the assumption that the
streamer is not excited by the waves.

7.4 Depth control

Depth control devices are used to counter the errors in buoyancy of the streamer. The traditional
concept is a wing where the angle of attack is controlled by a local controller, known as birds
(Pedersen 1996). The device will contribute to the tension in the cable, since it will have drag
components both from the device itself and due to lift. As before this will be neglected here and
only the normal force is included.

Since the length of a bird is very small compared to the streamer it might be considered
as a point load. The produced lift force is:

pdCr, 2
L = ——a, A4
2 do (0% Ue Sb (7 9)
where:
dC
—L _ Lift curve slope
da
o o, — arctan 1 0z w effective angle of attack
e — c T A, Wy = Vi
U ot &
Sy — Planform area of the wing

The commanded angle of attack «, is given by a PID controller:

a. = Kp(z— 2zrep) + K; /(z — Zrey) dt + Kd% (7.50)
where:
K, — Proportional gain
K; — Integral gain
K4 — Derivative gain
Zzref — Reference setting

Other effects like dead-band, time lag, and dynamic effects on lift are not included.
Parameters for the bird are from Pedersen (1996) and listed in table 7.5. The model is extended
to L = 600 m with a bird placed at £ = 300 m. The integral error at the bird is found by adding
a term to the state space.

The standard deviation and mean with and without a depth control device in following
irregular waves are given in figure 7.13. Also included is the case of a mounted wing with no
active control, i.e a damping device. The streamer in this case has 0.5% negative bouyancy and
the wave loading is a half hour realization of Pearson -Moskowitz spectrum with 7, = 10 s and
H, = 2 m. The wave train is the same for all three cases.

At the position of the bird, the mean is zero and the motion is reduced compared to
the cases of no and passive bird. But the active control induces motion in it’s vicinity so the
reduction in maximum motion along the streamer is limited. A passive bird at zero angle has
little or no effect on either mean position or motion of the streamer. In this case no optimization
of the bird controller is done, see Tiirkyilmaz (2003) for a discussion on control algorithms.
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Table 7.5: Parameters for a depth control device.

Planform area [m]

Integral gain [deg]

Lift Curve slope [N /rad]
Proportional gain [deg/m|]

Derivative gain [deg s/m]

Sy | 0.09
dc
daL 2.5
K,| 24
K; | 0.09
K;| 0

a) Standard deviation

b) Mean position

0.45 0
04 -02f '\
0.35 \
-0.4
0.3 \\
0.25 -0.6
. = \
0.2 ° -0.8 \
0.15
_l e
0.1 /
-1.2 1
0.05 /
~ _
0 ' ' ' ' ' -14 : : :
0 100 200 300 400 500 600 0 100 200 500 600
@ [m]
Figure 7.13: Effect of bird on a streamer section in following irreqular waves. : — PI controlled

bird; —— Passive bird; — — No bird. The bird is placed at t=300 m.

7.4.1 Quasi-static model of a streamer

If motion due to waves and only low frequency motion is considered, a quasi-static cable model
between the birds may be an option. The idea is based on a suggestion for further work in
Pedersen (1996), an was developed in cooperation with Line Aune, M.Sc. Implementation and
application of the model can be found in Aune (2003).

Consider the bird briefly described above. The forces and coordinates for such a bird are

shown in figure figure 7.14. Her 7 describes the normal direction and & the tangent direction.

Figure 7.14: Forces on a depth control device (bird)
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The normal direction is drawn in the vertical direction, but might just as well been the horizontal.
Assuming low frequencies, the inertia forces are neglected and the equilibrium of the bird gives
(2 DOF and small 22):

0= D-T +T+ (7.51)
_on— +
0= L-T % 4r+on (7.52)
(7.53)
Where m and a are the mass and added mass of the bird. The produced lift force is:
pdCr, 2
L = ——qa.u"A 7.54
2 da cett ( )
d
ﬁ — lift curve slope
do .
e = op+a.— Q, effective angle of attack
U
oy - reference angle
o, - commanded angle (controller angle)
A — planform area of the foil
u — perturbed velocity
This can be linearized to:
P dCL ) 1% dCL .
L~>-—~ JU"— ———AnU 7.55
2 da (20 + ) 2 da g ( )

The appendage drag of the bird consist of induced drag and friction forces on the wing
(and body, in the case of a clamped on device).

D = gAw (Cy + Cpi) 2 (7.56)
A, — vetted area

C; — skin friction coefficient
Cp; — induced drag coefficient

From this and the expressions for tension in chapter 6, the tension at all locations in the streamers
can be calculated. The unknowns in equation (7.52) are then the normal velocity of the bird
and the derivatives of the cable position. Assuming that the position of all birds are known, the
derivatives are found from the equations for static shape in chapter 6. Due to the low velocities,
linear expressions for hydrodynamic forces may be applied.

The transverse velocity of the bird can then be expressed as a function of the current
position of the neighbor birds, current tow speed and current control input to the bird. Finding
this for all birds and then integrate these velocities in time, a new position of the birds are
established, and the procedure can be repeated. Inputs are motion or force at the forward and
aft end of the streamer. Motion in both transverse directions are decoupled, so extension to 3-D
is trivial. It probably also can be extended to cases with large deflections, alternatively with
numerical solution of the static shape of the cable between the birds and the non-linear version
of equation (7.52).
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CHAPTER 8

Conclusion and further work

In the introduction it was stated that an important difficulty in modeling a seismic system is
the uncertainty of the hydrodynamic forces on a cylinder in near axial flow, and in the previous
chapters much effort have been put into improved models for these forces. But also the effective
numeric simulation of the PDE describing the motion of a cable is a challenge, as indicated by
the use of higher order elements in the Finite Element Method.

8.1 Hydrodynamic force model

The hydrodynamic forces in near axial flow are divided in a potential part that is modeled by the
slender body approximation, and a viscous part that is written in a 'Lift Coefficient’ form. The
lift coefficient is expanded in a second order series in the angle of attack «, the angle between
the cylinder axis and the incoming flow.

Experiments in chapter 3 showed the importance of the inflow condition to the normal
forces on a cylinder at stationary angles. In cases where the vortices initially formed at the nose
were symmetric, the results found in literature were more or less recovered. But in cases where
the initial vortex pair were asymmetric, the normal force was found to be linear with the angle
of attack for small angles, and not quadratic as expected. For larger angles it was indicated
that the cross flow principle may be used, but a change from laminar to turbulent flow in the
cylinder boundary layer due to the longitudinal component of the flow does affect the coefficient
to use in the equations.

For an oscillating cylinder or cable the axial flow diminish the memory effect normally
found for cylinders oscillating normal to their axis, i.e in cross flow. The KC number is therefore
not an important parameter when « is less than 10-15°. The second order term in the normal
force coeflicient expansion seems to be a little higher than expected from drag of a cylinder
in cross flow, while the added mass coefficient is a little low. The linear term found in the
stationary case is also found in this case. For angles of attack below 0.5° separation is limited
and the linear term should be replaced by the friction coefficient.
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The improved model of the hydrodynamic force is given in section 7.1.5 where it is
implemented in a time domain solution.

The values of the coefficients are based on experiments, and extensive error analysis
of the experimental results were performed. The analysis includes both precision and bias
uncertainty where bias uncertainty was defined as uncertainties not covered when repeating the
experiment. Even for the case of towing a rigid cylinder, where the experiment was repeated six
times, this bias uncertainty was estimated to contribute 10-15% of the total error. Error and
sensitivity analysis of the numeric models again confirmed that the main problem is modeling
the hydrodynamic force. For the flexible cable in near axial flow the error of the hydrodynamic
force model is estimated to 10% for appropriate angles of attack. This includes realistic tow
speeds and oscillating frequencies from .1 to 10 times the dry eigenfrequency of the cable.

The missing part on this topic is a good explanation for the high linear term. It seems to
be connected to asymmetrical vortex shedding from the cylinder, and might be a 3-D phenomena.
For further investigation the first step should be to try to reproduce the results in chapter 3 in
a CFD calculation. Visualization and flow field velocity measurement around the cylinder with
triggered asymmetric shedding also an interesting approach, either in towing tanks or in water
or wind tunnels.

8.2 Simulation of a towed system

The linear equation of motion of a flexible cylinder has been developed in detail and possible
solution strategies discussed. For realistic cases it seems that a numeric approximation is nec-
essary, preferably in the time domain. A time domain finite element scheme was developed
(chapter 7) valid for small oscillation amplitudes and near neutral buoyancy. Second order finite
elements were found essential in order to obtain convergence of the simulations.

Applying the FEM model to a streamer section in chapter 7 it was found that the bound-
aries had little effect on the dynamic response for large areas of the streamer. Active control like
birds are then effective in reducing the static deviation of cable position, but have little effect
in damping the dynamic motion. For modeling it was found that the most sensitive parameters
are the diameter of the cable and the coefficients in hydrodynamic model, including the friction
coefficient of longitudinal flow.

At the onset of this work the goal was to model the complete system of ship, lead-in
and streamers with control devices. Obviously, this was not achieved and development of such
systems is definitely in the further work category. To simulate maneuvering and special operation
of the full system an effective three dimensional model of a cable that allows high deformation
is necessary. The extension of a FEM model to three dimensions is of course an alternative, but
the resulting system of equations tends to be mathematically stiff resulting in slow integration
in time. A promising alternative is to describe the cable by integration of Euler angles along its
length. When torsion of the cable is neglected and it is assumed inextensible, the cable can in
this way be described by two parameters. This reduces the system of equations to two, rather
than three plus a compatibility relation normally necessary. The simplest way to facilitate this
seems to be by a Lagrangian approach and the use of d’Alemberts principle, an alternative way
to write the equations of motion.
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APPENDIX A

Laboratories at NTNU/MARINTEK

A.1 Towing Tanks

Figure A.1 show the towing tank facilities at NTNU/MARINTEK. The main data are tabulated
in figure A.2. The facilities also includes a wave maker and an optical position measurement
system.

The Towing Tanks
Q Modal stars @ Carpantar workshop
e 1.2} Drawdng office 10 Propeflar model
AR ia“ Reception manufacturing shag
G 7 “1=' il {4) Tank I1 {#) Cendtafion laboratory
11 i) =i ‘}-\' * N 2
= g wa S 16 Ship model manufacturing 3}3 Dok gate
L g %) Wave sbsomher, Tank T+ T
L3 Yrimmiog bk 141 Wavamaknr, Tank T
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Figure A.1: Towing Tanks at NTNU/MARINTEK

A.2 MCLab

Marine Cybernetics Laboratory (MCLab) is an experimental laboratory for testing of ships,
rigs, underwater vehicles and propulsion systems. Main dimensions are given in figure A.3. The
carriage is described in figure A.4.
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LABORATORIES AT NTNU/MARINTEK

Tank I Tamk I Taml 11 Tank I + IIT*
Length: 175 memres. 25 metres 85 metres 260 metres
Width: 10.5 metres 2.8 metres 10.5 memres 10.5 metres
Depth: 56 metres 1.0 metres 10 metres 56/10.0 metres
Totel weight carrage: 20 tons 0.2 ton 4 tona 20/4 tons
Carriage type: Tuobular mermber truss Openbay Closed beam Tubular member truss
Wheelbase: 11.04 metres 3 metres 1104 metres 11,04 metres
Speed range: 0.02-8 wlsec. 0.05-175 mizec. 0-0.9 rdsec: 0.02-8 misec.
Mec)pmurq_acceler_ﬁug_nj 1 misecd 1 rm's_acZ “1.1'0.{5_;_62 1 mfsecd
Diriving motors: 4 DC shumt motors 1 DT induetion motor 2 DC shont mators 4 D shunt motors
in series with gear and remotely
controlled variator.
Wire traction
Power system: Thyristor controlled ‘Thyristor controlled Thyristor controlled ‘Thyristor controlled
Todel size range: # merres 1 merre - Hmerres
Wavernaker Single flap Double flap Double flap
Regular and. Regular and Regular and

irregular waves irregular waves irregular wares
Mdaximrm wave height: 03 metre 0.9 metre 09 metre
Wave period range: 0.25-3 sec 08-5 sec: 0.8-5 sec.
Maximum wave steepness: 18 140 1:10
Wave spectra: Computer generated, hased on 4000 sivie components:

* Tank I and 111 can be sed simultaneously and slso as one long tank [Tank I + [1I) by removing the gate (12) snd wave absurber (15). In tank I + 11 either of the two carriages can be
used.

Figure A.2: Main parameters for the Towing Tanks at NTNU/MARINTEK

Dimensions: L xBxD=40mx845mx15m
Length of Ship Models: 1-2 m
Typical Scale Ratios: 75-1350

Figure A.3: Marine Cybernetics Laboratory at NTNU/MARINTEK
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a Specifications of Main Carriage

| ® - Chrrigge : ronning longimdinally on Y-Carriage, for generation of
sUrge motons

® F-Coviege: ninning sideways on main cardage, for generaton of
sway motons

® Fou-Cerioge: rotating on X-Carriage, for Yaw motions

® Two verticad cylinders on the Yaw-Carnage for generation of
coupled Heswve and PitchBoll motons

o IModes of Operation
® Towing cardage

® Follow free munning models
® Forced oscillanons in 5 DOF (PR + W)

Figure A.4: Main parameters for the MCLab carriage



136 APPENDIX A. LABORATORIES AT NTNU/MARINTEK




APPENDIX B

Tabulated results from experiments

The coordinate systems are given in the chapters describing the experiments. For the constant
yaw angles in table B.1rcCny25 the in-line direction is the y-direction, thus C,, dexibes the
in-line, or normal, force coefficent and C,,3 describes the out of plane, or bi-normal, force. C,;
and C,¢ are pitch and yaw moments, respectively. For rotation in pitch, table B.5rcCnpl5 the
z-direction is inline. This is the case for all the oscillation results too, both rigid and flexible.

Table B.1: Force coefficients for rigid cylinder and constant yaw angle, U=1.0 m/s

‘ o ‘ C,1 e1 ‘ Cn2 € ‘ c,3 e3 ‘ Cc,4 e4 ‘
-2 | -0.0016 0.001 | -0.0023 0.0027 | 0.00072 0.0036 | 0.00011 0.00087
-0.00055 0.00026 | 0.00044 0.0021 | 0.0018  0.0037 | -9.9¢-005 0.00024
0 0 0.0019 0.0022 | 0.0016 0.0038 0 7.9e-005
0.0023  0.00023 | 0.00087 0.0024 | 0.0015  0.004 7e-005 0.0006
0.0034 0.00042 | -0.0017 0.0032 | 0.0013 0.0031 | -0.00015 0.00029
0.0046  0.00053 | -0.0037 0.0033 | 0.0012 0.0024 | -8.6e-005 0.00032
0.0058 0.00096 | -0.0053 0.0036 | 0.0013 0.0025 | -0.00028 0.00073
0.0097  0.0018 | -0.0074 0.0028 | 0.00083 0.0064 | 0.00019 0.00075
8 0.016 0.0015 | -0.0083 0.0029 | 0.00065 0.008 | 0.00086 0.00077
10 0.03 0.004 | -0.0074 0.0035 | -0.00011 0.011 0.0021  0.00095
12| 0.054 0.005 0.0018 0.0027 | 0.0021  0.015 0.0035 0.0023
16 | 0.097 0.0018 | 0.0025 0.0024 | 0.0019 0.0081 | 0.0065 0.0032
20 0.17 0.0049 0.018 0.0021 | 0.0042 0.029 0.0085 0.0074
25 0.25 0.0067 0.013 0.0073 | 0.0069  0.025 0.011 0.012
30 0.32 0.0053 0.016 0.014 | 0.0067  0.037 0.012 0.017

—_

D= W N = O
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APPENDIX B. TABULATED RESULTS FROM EXPERIMENTS

Table B.2: Force coefficients for rigid cylinder and constant yaw angle, U=1.5 m/s

‘ Q ‘ C,1 e ‘ C,2 € ‘ Cn3 e3 ‘ C,4 e4 ‘
-2 | -0.0024 0.00054 | -0.0036 0.0022 | 0.00056 0.0029 | 3.4e-005 0.0011
-1 | -0.00075 0.00021 | 0.00057 0.0021 | 0.00081 0.0033 | -6.2e-005 0.00039
0 0 0 0.0019 0.0022 | 0.00091 0.0034 0 3e-005
1 0.0021  0.00027 | 0.00094 0.0025 | 0.00088 0.0032 | -0.00013 0.00054
2 0.0033 0.00061 | -0.0017 0.0032 | 0.00072 0.0028 | -0.00024 0.00028
3 0.0044 0.00045 | -0.0041 0.0035 | 0.00079 0.0021 | -0.00013 0.00022
4 0.0058  0.00069 | -0.0057 0.0034 | 0.00087 0.0027 | -0.00022 0.00064
6 0.0098 0.0013 | -0.0076 0.0028 | 0.0012 0.0076 | 0.00049 0.00053
8 0.016 0.002 | -0.0089 0.0023 | 0.00036 0.0092 | 0.0007 0.00051
10 0.024 0.0022 | -0.0083 0.0024 | 0.0015 0.013 0.0013  0.00088
12 0.034 0.0039 | -0.0097 0.0022 | 0.0015 0.014 0.002 0.0016
16 0.091 0.0041 | 0.00053 0.0022 | 0.0018 0.011 0.0062 0.0057
20 0.16 0.0035 0.019 0.0051 | 0.0011 0.03 0.0099 0.011
25 0.25 0.0048 | 0.0089 0.0023 | -0.0006 0.028 0.013 0.0095
30 0.31 0.0093 0.011  0.0036 | 0.0022 0.055 0.015 0.011

Table B.3: Force coefficients for rigid cylinder and constant yaw angle, U=2.0 m/s

‘ o} ‘ Cyl €1 ‘ Cn2 €2 ‘ Cn3 €3 ‘ C,4 €4
-2 |1 -0.0025 0.00054 | -0.0044 0.0024 | 2.3e-005 0.0025 | -8.1e-006  0.0011
-1 1 -0.0011 0.00039 | -0.00012 0.0021 | 0.00033 0.0029 | -0.00015 0.00044
0 0 0 0.0017  0.0021 | 0.00058 0.0029 0 1.5e-005
1 | 0.002 0.00033 | 0.00079 0.0024 | 0.0006 0.0028 | -8e-005  0.00047
2 | 0.003 0.00048 | -0.0021 0.0031 | 0.00058 0.0024 | 0.00015 0.00064
3 | 0.0043 0.00043 | -0.0044 0.0037 | 0.00072 0.002 | -0.00021 0.00041
4 1 0.0055 0.00067 | -0.0061 0.0042 | 0.001 0.003 | -0.00031 0.00079
6 | 0.0092 0.0013 | -0.008 0.0033 | 0.0016 0.0081 | 0.00034 0.00071
8 | 0.015 0.0018 | -0.0093 0.0026 | 0.0017 0.0095 | 0.00058  0.00043
10 | 0.024 0.0022 | -0.009 0.0032 | 0.0025  0.013 0.0012 0.001
12| 0.033  0.0033 | -0.0095 0.0025 | 0.0026  0.014 0.002 0.0019
16 | 0.059  0.0093 | -0.0069 0.0039 | 0.00027 0.022 0.0056 0.0083
20| 0.16 0.0025 0.011  0.0077 | -0.00054 0.039 0.0099 0.0086
25| 0.24 0.0045 | 0.00096 0.007 | -0.0011 0.038 0.013 0.0042
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Table B.4: Force coefficients for rigid cylinder and constant yaw angle, U=2.5 m/s

‘ o ‘ c,1 €1 ‘ C,2 €9 ‘ C,3 €3 ‘ C,4 €4 ‘
-2 | -0.0023 0.00041 | -0.0042 0.0025 | -0.00013 0.0022 | -1.4e-005 0.00094
-1 | -0.00098 0.0004 | 7e-005 0.0022 | 0.00023 0.0024 | -0.00011 0.00038
0 0 0 0.0019 0.0021 | 0.00041 0.0024 0 8.2e-006
1 | 0.0019 0.00026 | 0.00081 0.0022 | 0.00043 0.0023 | -5.4e-005  0.0005
2 | 0.0031 0.00039 | -0.002 0.0031 | 0.00036 0.0021 | -0.00013 0.00024
3 | 0.0042 0.00046 | -0.0046 0.0039 | 0.00058 0.0022 | -0.00024 0.00042
4 | 0.0052 0.00054 | -0.0062 0.0044 | 0.00079 0.0034 | -0.00024 0.00068
6 0.009 0.0011 | -0.0089 0.0028 | 0.0011 0.0089 | 0.00037 0.00068
8 0.015 0.0019 | -0.0097 0.003 | 0.0018 0.01 0.00048  0.00052
10 | 0.023 0.0023 | -0.0092 0.0032 | 0.0024  0.014 0.0013  0.00091
12| 0.033 0.0036 -0.01  0.0028 | 0.0026  0.014 0.002 0.0016
16 | 0.055 0.0031 | -0.0092 0.002 | 0.00058 0.023 0.0039 0.0052
20 0.14 0.017 | 0.0088 0.015 | 0.0028 0.036 0.0048 0.0086
25 0.22 0.0058 | -0.0062 0.016 | -0.0015  0.042 0.012 0.0026

Table B.5: Force coefficients for rigid cylinder and constant pitch angle, U=1.0 m/s

« ‘ Cng €. [%] ‘ Cng (2 [%] ‘ Cn5 €. [%] ‘ Cnﬁ €. [%] ‘
0 | -0.000653 -72.5 | -0.000292 -175 | -0.000326  26.2 | -0.000162 -131
1 |-0.000271 -618 | -0.000193 -72.6 | -0.000491 16.3 | -0.000194  13.7
2 | 0.000912 149 0.000445 92.6 | -6.23e-005 -322 | -6.97e-005 -272
3 | 0.00144 5.81 0.00088 39.2 | -2.04e-005 8.97 | 9.06e-005 -3.31
4 0.00266 39.7 0.0013 16 0.000111 -290 0.000272  -12.7
6 | 0.00627 7.28 0.00201 31 5.09e-006  5.18 0.00127 10.8
8 0.0113 3.09 0.00268 51.1 | -0.000199  36.6 0.00161 15.2
10 | 0.0195 9.57 0.00284 43 -0.00091 54.2 0.00196 28.9
12| 0.0314 5.2 0.00216 118 -0.00085  -9.15 0.00215 44.9




140

APPENDIX B. TABULATED RESULTS FROM EXPERIMENTS

Table B.6: Force coefficients for rigid cylinder and constant pitch angle, U=1.5 m/s

‘ (0% ‘ Cng €. [%] ‘ Cng [ [%] ‘ Cn5 [ [%] ‘ Cn(; €Ec [%] ‘
0 | -0.000416 -29.8 9.93e-005 287 | -0.000208 -22.6 | -6.06e-005 -74.3
1 | 5.81e-005 1.16e+003 | -0.000113 -186 | -0.000297  83.1 | -7.56e-005 -13.6
2 | 0.000777 109 4.36e-005 706 | -0.000274 115 | -1.54e-005 594
3 0.0017 51.2 0.000187 372 | -0.000205 170 5.64e-005  -147
4 | 0.00274 10.9 0.000465 179 | -9.77e-005 72.9 0.000178  83.5
6 | 0.00608 9.31 0.000721 170 | -0.000101  62.3 0.00077 58.2
8 0.0104 13.9 0.00161 136 | -0.000147 143 0.00101 66.6
10 | 0.0165 5.21 0.00218 155 -0.00041  -13.6 0.00144 90.3
12 0.023 5.7 0.000977 472 | -0.000677 -14.4 0.0017 123
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Table B.7: Peak to peak force amplitude for oscillating rigid cylinder.

| Tow Speed [m/s] Wy [m/s] | F, [N] e[N] | F, [N]

e |

0.0 0.15 044 032 | 1.00 0.13
0.20 1.56 092 | 2.03 0.33
0.25 284 145 | 3.38 0.82
0.30 3.27 154 | 456 0.71
0.35 5.51 292 | 6.20 0.79
0.40 3.16 339 | 6.87 1.03
0.2 0.05 0.10 0.08 | 0.36 0.07
0.10 0.14 0.17 | 0.62 0.08
0.14 026 0.17 | 095 0.10
0.18 059 034 | 141 0.12
0.22 1.30 032 | 2.02 0.15
0.26 1.92 084 | 2.76 0.29
0.29 1.36 1.03 | 3.52 0.28
0.32 1.12 049 | 427 0.32
0.36 209 1.32 | 5.06 0.39
0.4 0.05 0.15 0.12 | 0.39 0.08
0.10 0.14 0.09 | 0.66 0.09
0.15 034 023 | 0.89 0.09
0.19 039 017 | 145 0.12
0.24 1.09 029 | 215 0.15
0.28 1.86 0.64 | 296 0.16
0.32 1.95 096 | 4.00 0.27
0.36 1.92 079 | 5.04 0.29
0.6 0.05 021  0.10 | 0.72 1.07
0.10 047 033 | 0.8 045
0.15 030 0.18 | 0.98 0.34
0.20 052 0.21 | 1.27 0.30
0.24 1.12 027 | 1.87 0.16
0.29 177 032 | 2.78 0.25
0.33 227 043 | 387 0.24
0.37 233 046 | 5.06 0.35
1.0 0.05 0.40 0.16 | 0.73 1.12
0.10 061 093 | 0.77 0.30
0.15 0.55 041 | 1.04 0.34
0.20 0.67 043 | 1.28 0.19
0.25 0.68 0.40 | 1.63 0.22
0.29 0.77 0.65 | 1.92 0.21
0.34 092 047 | 240 0.20
0.39 1.22 042 | 3.21 0.22
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Table B.8: Peak to peak amplitude for oscillating flexible cylinder at z/L = 0.77. Forced ampli-
tude at /L =0 1is 0.01 m

y-direction z-direction
Tow Speed [m/s| w [rad/s] | App, [m] e [m] | Ay, [m] e [m]
0.0 2.4525 0.0075  0.0042 | 0.0237 0.0036

6.2722 0.0036  0.0030 | 0.0082  0.0018
9.5985 0.0038  0.0032 | 0.0029 0.0019
0.5 0.2109 0.0028  0.0011 | 0.0238  0.0006
0.3187 0.0028  0.0013 | 0.0237  0.0015
0.5841 0.0025 0.0014 | 0.0263 0.0006
0.8402 0.0025  0.0013 | 0.0284  0.0006
1.2122 0.0032  0.0017 | 0.0329  0.0006
2.4505 0.0053  0.0040 | 0.0304 0.0033
6.2768 0.0029  0.0024 | 0.0101  0.0020
9.6008 0.0020  0.0021 | 0.0022  0.0013
18.4638 0.0039  0.0035 | 0.0025 0.0019
1.5 0.2094 0.0040  0.0011 | 0.0249  0.0006
0.2668 0.0060  0.0011 | 0.0278  0.0006
0.5858 0.0051  0.0017 | 0.0312  0.0012
0.8431 0.0042  0.0012 | 0.0324  0.0036
1.2157 0.0052  0.0019 | 0.0352  0.0018
2.4505 0.0044  0.0018 | 0.0290 0.0014
6.2768 0.0016  0.0017 | 0.0097  0.0014
9.6040 0.0010  0.0015 | 0.0029  0.0012
18.4824 0.0028  0.0026 | 0.0017  0.0015
2.5 0.2094 0.0077  0.0011 | 0.0327  0.0006
0.3142 0.0100  0.0011 | 0.0322  0.0006
0.5843 0.0170  0.0011 | 0.0335  0.0006
0.8422 0.0161  0.0022 | 0.0383 0.0014
1.2215 0.0056  0.0024 | 0.0381  0.0026
2.4510 0.0046  0.0027 | 0.0286  0.0013
6.2808 0.0022  0.0021 | 0.0069  0.0037
9.6193 0.0027  0.0023 | 0.0037  0.0013
18.5405 0.0035  0.0022 | 0.0027  0.0021
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