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INTRODUCTION

As we continue to delve deeper into the ocean to explore and utilize its
marine resources, we must develop a greater understanding of the
environment in which we work and how that environment interacts with
man-made structures and systems. One important aspect of the marine
environment's physical dynamic structure is ocean currents which are
responsible for significant loads on marine structures and systems and are an
important factor in the design process. Therefore, to ensure a design that is
safe and reliable, as well as cost effective it is important to thoroughly
understand the dynamic interactions that occur between the flow-field and
the marine system or structure of interest .

This symposium, "Interaction of Flow-Fields with Cables, Flexible Risers and
Tethers” will provide attendees with an opportunity to learn more about
ongoing research in this important field. The MIT Sea Grant Marine Industry
Collegium has joined with the MIT Department of Ocean Engineering to
bring together leading researchers who will present the results of their
current research during this one-and-a-half day meeting. Several presentors
will describe the forces and responses of cylinders in differing flow regimes
while others will address the dynamics of cables in flow-fields.

Through extended question-and-answer sessions and scheduled breaks, the
symposium provide an environment that will be conducive to active
information sharing. Through this symposium we hope to promote a greater
understanding of complex fluid dynamical processes, thus leading to safer
designs for future marine structures and systems.

John Moore Jr.
Manager,
Marine Industry Collegium




SYMPOSIUM AGENDA

Interaction of Flow-Fields With
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APRIL 23
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J. Kim Vandiver, MIT

10:15-10:35 Break

10:35-11:20 Drag Forces and Flow-Induced Vibrations of Long
Vertical Marine Cables
Mark A. Grosenbaugh, WHOI

11:20-12:20 Loading and Response of Flexible Cylinders in
Oscillatory Flow and Waves .
Peter W. Bearman, Imperial College
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Morteza Gharib, University of California, San Diego
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SYNOPSES OF PRESENTATIONS

April 23

9:45
Forces on a Cylinder Oscillating in Steady Cross-Flow
Professor George S. Triantafyllou, The City College of New York

The modeling of vortex-induced forces on oscillating objects is very important for
several engineering applications, and a vast amount of literature exists on the
subject. Traditionally, it has been assumed that the object oscillates harmonically,
and most existing experiments have been performed based on this assumption.
Recently, it has been realized from field experiments that in real conditions
structures perform amplitude modulated oscillations, and presently there is no
information on how the forces can be modeled. I will present a simple way to
model forces on structures that vibrate in an amplitude-modulated motion. The
model is based on numerical experiments conducted through direct numerical
simulation of the Navier-Stokes equations for the flow past a circular cylinder. It
will be shown that the magnitude and frequency content of the vortex-induced
forces is substantially different than those realized if the structure oscillates
harmonically, but that they can be modeled in a relatively simple manner.

9:45
Nondimensional Parameters for Flow-Induced Vibration
Professor ]J. Kim Vandiver, MIT

Case studies drawn from fifteen years of field and laboratory experiments are used to
demonstrate and explain why the flow-induced vibration of long cylinders in ocean
currents varies from single mode lock-in to broad band random vibration. It is
shown that the range of observed behavior is predictable with careful consideration
of a few dimensionless parameters. New interpretations are given to the
significance of familiar parameters such as mass ratio and reduced damping. In
addition, the fractional variation in flow velocity over the length of the cylinder and
the number of natural frequencies within the bandwidth of the vortex shedding
frequencies are shown to be of considerable importance.

When consideration of the above parameters reveals that multiple mode response
without lock-in is likely to occur, hydrodynamic damping is revealed to have a
powerful influence on dynamic response, and the simple product of the total
damping ratio and the mode number allows one to anticipate the whole range of
response behavior, from the wave propagation properties of infinite length cables to
the standing wave features of short cylinders.




10:35
Drag Forces and Flow-Induced Vibrations of Long Vertical Marine Cables
Dr. Mark A. Grosenbaugh, Woods Hole Oceanographic Institution

Presented in this talk are data from full-scale experiments on the quasi-static and
dynamic characteristics of a long vertical tow cable and results from our efforts to
model theoretically the flow-induced vibrations of long marine cables. The overall
motivation for the study was to improve performance in the positioning of towed
vehicles, such as ARGO-the Woods Hole Oceanographic Institution Deep
Submergence Laboratory's search and survey system.

The experimental data was collected during two separate cruises. The first
experiment took place in the Spring of 1987 at the U.5. Navy's Atlantic Underwater
Test and Evaluation Center (AUTEC) in the Bahamas. The second experiment was
carried out in the Summer of 1988 in the Tyrrhenian Sea.

The studies show that the drag coefficient of the cable is lower during unsteady
towing operations (by as much as 40%) than during steady-state operations. We
believe that the reason for this is related to the observed amplitude modulation of
the flow-induced vibrations of the cable that are magnified during unsteady
operations.

When the tow ship changes speeds (e.g. during maneuvering operations), there are
differences in the normal component of the velocity along the cable because of the
presence of a time delay in the response of the bottom of the cable to inputs at the
top. The longer the cable, the greater are the delays. This creates large velocity
gradients (in addition to those that already exist due to the ambient shear currents).

Our theoretical studies have shown that velocity gradients in the oncoming flow are
responsible for the formation of 'beats’ in the flow-induced vibrations of long
marine cables. Because of fluid damping, the cable is infinitely long, and so it does
not have natural transverse frequencies. Instead, the cable vibrates locally at
whatever frequency it is being forced, in this case, the local Strouhal frequency. The
local response creates transverse waves that travel along the cable and interact with
the motion at nearby locations. In a shear flow, the forcing at a nearby location of the
cable will be at a slightly different frequency, and thus the interaction of the
traveling waves produces beats The beats, in turn, propagate along the cable and
modulate the amplitude of the cable response. Modulation of the vibration
amplitude acts to lower the root-mean-square of the motion, an effect that leads to a
lowering of the cable drag coefficient.

Previous experiments have shown that the drag coefficient for towed cables and
cables moored in currents can vary greatly. The results, presented here, help to
explain the large variation in drag coefficients that exists in the literature by
showing just how important the time history of the flow conditions are to the
magnitude of the drag forces.




11:20
Loading and Response of Flexible Cylinders in Oscillatory Flow and Waves
Professor Peter W. Bearman, Imperial College of Science, Technology

and Medicine

The work to be described has been carried out as part of the research program of the
Marine Technology Directorate and has been supported by the United Kingdom
Government and the Offshore Industry.

Risers, tethers, cables and cylindrical members of offshore structures may respond
under the action of wave loading. The level of response depends on component
stiffness, mass and structural damping as well as on the level of excitation generated
by wave action. There will be direct forcing of vertical components in the wave
direction and this may be predicted by assuming that the loading is represented by
the relative motion form of Morison's equation. This assumes, of course, that the
relevant drag and inertia coefficients are known. Components are also observed to
respond in a direction transverse to that of the waves due to a flow instability that
leads to the generation and shedding of vortices. As in the case of a steady current,
motion of the cylinder may lead to a modification of the vortex structure that may
result in enhanced response in both the in-line and transverse directions. The
presentation will report on investigations into the fluid structure interactions that
take place between a large-scale, flexible cylinder and wave flow and between a
small-scale, flexible cylinder and planar oscillatory flow.

Large-scale experiments are required in order to obtain design data for offshore
applications. Experiments on a 0.5m diameter flexible cylinder mounted in the large
Delta flume operated by Delft Hydraulics will be described. This cylinder, known as
the Christchurch Bay Compliant Cylinder, was later tested in the sea off the south
coast of England in 1987. These latter results still remain confidential to the
sponsoring consortium. A unique feature of the cylinder is that its natural
frequency can be varied by locking or unlocking hydraulic jacks at a number of
positions along its length. In its stiffest mode it can be considered as an effectively
rigid cylinder. Results will be described for the cylinder operating at its lowest
frequency of about 0.5Hz. The Delta flume can generate waves up to 2m high with
periods between about 3 and 10 seconds. Over this range of conditions the responses
in the transverse and in-line directions were of comparable magnitude, with
maximum peak to peak amplitudes approaching 1.5 to 2 cylinder diameters.

The results, reported by Bearman (1988), show that in the transverse direction the
response was predominantly at the cylinder natural frequency, whereas in the in-
line direction the cylinder responded at both the wave frequency and the cylinder
natural frequency. When the cylinder responded in the transverse direction the
drag coefficient was observed to increase. It appeared that the level of transverse
response depended on both the Keulegan Carpenter number and the ratio of the
cylinder natural frequency to the wave frequency. As this ratio is increased then the
Keulegan Carpenter number for maximum response increases. However, in wave
tank experiments it is difficult to vary the important parameters independently or




over a very wide range. Hence some experiments have been carried out on a
flexibly mounted circular cylinder in planar oscillatory flow.

A cylinder with a diameter of 50 mm was suspended from a pendulum support
system in a U tube water facility such that the cylinder was free to move in
approximately two-dimensional motion. By adjusting the length of the support
arms the natural frequency of the cylinder could be varied and, if required, the
frequency could be made an exact multiple of the tank frequency. In addition, the
structural damping could be increasing in a controlled way. A description of the
apparatus will be found in Bearman and Mackwood (1991). The results of these
experiments, which revealed a number of interesting nonlinear features, will be
described. First, it was found that at a particular frequency ratio the cylinder
responded in the transverse direction over a wide range of Keulegan Carpenter
numbers. Spectra of the response showed that the energy was concentrated at
frequencies that were multiples of the tank frequency. However, when the cylinder
was tuned such that its natural frequency was matched to a multiple of the tank
frequency, the response was observed to decrease. Surprisingly, under this
condition the response could be increased by increasing the structural damping. The
reason for this unusual behavior is not clear but it is supposed that a complex
fluid /structure interaction takes place whereby the increased damping alters the
phase, during a cylinder oscillation cycle, at which a vortex generated by the cylinder
induces its largest force.

It is interesting to note that although the two experiments described above were
carried out at quite different scales and under different conditions, the response
characteristics appeared to be quite similar.

1:00
Ordered and Chaotic Vortex Streets Behind Vibrating Circular Cylinders
Professor Morteza Gharib, University of California, San Diego

In this presentation, results of some experiments undertaken to investigate the
origin of ordered and chaotic laminar vortex streets behind vibrating circular
cylinders will be reported. We made simultaneous measurements of near- wake
longitudinal-velocity and cylinder lateral vibration amplitude spectra for cylinder
Reynolds numbers in the range from 40 to 160. For a non-vibrating cylinder the
velocity energy spectra contained only a single peak, at the Strouhal frequency.
When the cylinder was observed to vibrate in response to forcing by the vortex
wake, additional dominants observed to vibrate in response to forcing by the vortex
wake and dominants spectral peaks also appeared in the resulting 'ordered’ velocity
spectra. Cylinder vibrations too small to be noticed with the naked eye or from
audible Aeolian tones produced a coupled wake-cylinder response with dramatic
effects in hot-wire and cylinder vibration detector signals. The velocity spectra
associated with these coupled motions had dominant peaks at the Strouhal
frequency fs, at a frequency f, proportional to the fundamental cylinder vibration
frequency, and at sum and difference combinations of multiples of (fs ) and (fe).




In windows of chaos the velocity spectra were broadened by switching between
different competing coupling modes. The velocity spectra were very sensitive to the
nature of the boundary conditions at the ends of the cylinder. Our measurements
strongly suggest that the regions of 'order' and 'chaos' are due to aeroelastic
coupling of the vortex wake with cylinder vibration modes.

1:45
Control of Bluff Body, Wake Instabilities
Donald Rockwell, Lehigh University

From a practical standpoint, an understanding of bluff-body wakes is of central
importance .in controlling flow-induced noise and vibration, mean drag reduction,
and mixing and combustion processes. New experimental approaches to
manipulating this class of wakes involves alteration of the mean boundary
conditions at separation from the bluff body, as well as various types of periodic and
aperiodic excitation of two- and three-dimensional bodies.

Alteration of the mean boundary conditions at separation involves symmetrical
and asyminetrical suction of the boundary layer on either side of a blunt trailing
edge. Even relatively small amounts of suction can have a substantial influence on
the amplitude of the limit cycle oscillations of the globally-unstable wake.
Moreover, the spanwise uniformity of the wake is a function of the relative
thickness of the modified boundary layer at separation. In cases where the near-
wake instability transforms from a globally unstable to a convectively unstable state,
the well-known three-dimensionality in the form of oblique vortex formation and
vortex splitting can be eliminated in favor of spanwise coherent, large-scale vortex
formation.

Controlled periodic excitation of a bluff body at frequencies lying within
synchronization range can lead to abrupt changes in the flow structure,
corresponding to a change in sign of the energy transfer between the body and the
surrounding fluid. The instantaneous topological structure of the near wake shows
a discontinuous behavior when the wake is subjected to suitable forcing. This
change in topological structure alters the phase of the lift actlng on the cylinder
relative to the cylinder displacement.

Control of the near wake using aperiodic excitation, in the form of amplitude and
frequency-modulated perturbations, can give rise to new types of vortex
arrangements in the near-wake region. In turn, this vortex arrangement can
undergo severe distortion as it evolves into the far-wake region. The periodic or
low-order chaotic behavior of the far wake is therefore directly linked to the near-
wake distortion mechanisms. Velocity spectra show a succession of well-defined
states of increasing disorder, corresponding to the onset of chaotic behavior. Period
doubling of the vortex formation process is an essential feature of the
transformation from a phase-locked to a chaotic near-wake structure.




For the case of periodic excitation of bodies having localized nonuniformity along
their span, it is possible to attain several states of response as a function of the
forcing frequency. Proper forcing can generate a globally locked-in wake, where the
structure is phase-locked along the entire span of the cylinder. Another state
involves a region of period-doubled vortex formation embedded within locked-in
vortex formation. Further period doubling, though not as consistent, can also be
observed.

Whereas all the foregoing investigations have focused on the case of single bodies,
periodic excitation of adjacent bodies can give rise to several new types of vortex
patterns. The mechanisms of vortex formation in the gap between the oscillating
cylinders have profound consequences on the downstream vortex pattern of the
system of bodies.

In characterizing these types of wake response, extensive use is made of
visualization-tracking techniques, involving hydrogen bubble timelines and high
resolution particle imaging. New types of particle image velocimetry allow
characterization not only of the instantaneous topology in terms of streamline
patterns, but also instantaneous vorticity fields of the unsteady wake.

2:50

The Lift and Drag Forces on a Circular Cylinder Undergoing Amplitude
Modulated Vibrations in Cross-Flow

Mr. Ram Gopalkrishnan, MIT/{WHOI

It is well known that fluid flow around a bluff body such as a circular cylinder
induces oscillating lift and drag forces on the body due to the formation of a vortex
wake. For the Reynolds numbers of interest in typical mooring- or tow-cable
applications, (typically 10,000 - 30,000) the lift and drag force coefficients and their
relation to the body motion cannot be predicted by computer simulations of the
Navier-Stokes equations. Recourse must be taken to laboratory scale experiments of
fluid-structure interaction, and indeed, a wealth of experimental data on flow-
induced forces and vibration have been accumulated over the years for sinusoidally
oscillating circular cylinders in steady flow.

Recent full-scale observations point to the fact that long marine cables in shear
currents sustain not simple harmonic oscillations, but rather complex motions that
exhibit both spatial and temporal amplitude modulation, or 'beating.’ It has been
shown from low Reynolds number numerical simulations that this beating motion
changes the nature of the oscillating lift and drag forces in a manner that cannot be
predicted by a linear superposition of purely harmonic results. In essence,
laboratory experiments on beating motion must be conducted to predict the forces
on beating cables.

This presentation will describe the results of force measurements on a circular

cylinder undergoing amplitude modulated motion. Experiments were conducted in
the Towing Tank facility of the Department of Ocean Engineering at MIT, involving
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a circular aluminum cylinder towed through still water and forced to oscillate with
dual frequency beating motion transverse to the direction of towing. Lift and drag
forces were measured and were analyzed for mean, root-mean-square, spectral
amplitude and phase information. The results are presented with comparison to
pure sinusoidal excitations using the same apparatus. It is shown that there are
marked differences between these and the newly acquired beating results.
Hypotheses on the origins of this phenomenon are presented.

The work described in this presentation is part of an ongoing effort to
experimentally characterize the fluid forces on cylinders undergoing complex
motions. It is expected that the results of this effort will be very helpful in
predicting the behavior of marine tow cables, as well as other similar structures,

3:20

Identification of Parametric Dynamic Models for Deeply-Towed
Underwater Vehicle Systems

Mr. Franz S. Hover, MIT/WHOI

Tethered underwater vehicles have an important place in ocean work, for
exploration, inspection, manipulation, and other tasks. As the deployment depth
becomes greater, the dynamics of the system become increasingly dependent on the
response of the tether itself, so that understanding the vehicle motions alone is no
longer adequate for characterizing the entire system. In some cases, the heave
dynamics of a high-tension system are influenced only slightly by the length of
tether; in contrast, the horizontal coupling between the tether endpoints always
becomes more sluggish with greater depth. Practically speaking, a clump weight that
is maneuvered by a surface ship may suffer 30-minute time constants in the step
response and tracking a specified trajectory can present similar difficulties. It is
therefore appropriate to study the horizontal dynamics of the system with an eye
toward control and improving on this slow response.

The equations of motion that describe the tether dynamics are partial differential
equations whose structure is often times difficult to work with in controller design.
Our work consists of making low-order finite difference approximations to the
infinite-dimensional system. Approximate systems of order as low as two are
advocated for several reasons. First, because a high-tension system may undergo
relatively small deflections from the static shape, and because spatially localized
motions in the cable are unlikely, only several nodes may be necessary to model the
overall motions. Secondly, a model with only several nodes can be fully
instrumented with a reasonable number of acoustic navigation elements.

Because the model order is very low, identification of the parameters is necessary-
these parameters may be dissimilar to those that would be known in a higher
resolution finite-difference approach. To provide data sets for this identification, we
use a spectral model that was verified against actual sea data in earlier works. This
procedure of low-order identification from a fine-grained model can be carried out
in the laboratory, and for scenarios for which no experimental data exist. As a final
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step, the parametric models are tested with respect to real data, in order to validate
the process.

The best model that emerges from the test group has a single midpoint node, and
one lower endpoint node. No explicit time delay or zeros are included, and the
effects of inertia are neglected, leaving the system order at two. We demonstrate the
usefulness of this model in an open-loop slewing maneuver, which provides a
significant reduction in vehicle settling time from the pure step response.

In conclusion, it is expected that very simple models will be useful for control in
this context, and work underway points to promising advances in regulation and
tracking for tethered ROV systems.

3:50
Numerical Analysis of 2-D Nonlinear Cable Equations with Applications to

Low-Tension Problems
Mr. Christopher T. Howell, MIT/[WHOI

The dynamics of submerged cables has been the subject of substantial research in the
past. The relevant governing equations have been well established for some time,
but their inherent nonlinearities have proven difficult to overcome. Traditional
solution techniques treat the dynamics as perturbations from some known static
configuration. Often the equations are linearized about the static shape and
therefore are not valid for large displacements. For many important problems, such
as the free-fall deployment of an anchor, a meaningful static configuration does not
exist, thereby requiring an alternative solution method. Problems involving low-
tension fall into this category, as the large displacements that can develop render
any static shape useless. Low-tension problems also prove exceedingly difficult as
stability, both physical and numerical, becomes a major issue. For such problems,
bending stiffness, which is typically neglected, becomes important.

Research was aimed at developing a numerical algorithm capable of solving the
fully nonlinear two dimensional equations, independent of any static
configuration. Particular emphasis was placed on low-tension problems, such as
applying a zero-tension boundary condition, and overcoming the instabilities they
generate. The complete formulation also includes the effects of bending stiffness,
nonlinear drag and the cable self weight, however, elasticity has been neglected.

Existing algorithms are limited in their ability to treat low-tension problems because
they become singular when the tension vanishes anywhere along the cable. This
limitation created a need for novel approaches to the low-tension problem. As a
result, two alternative methods were developed. The first method implements an
explicit time integration finite-difference scheme that casts cable tensions as the
only unknowns in a matrix problem. Therefore, the onset of zero tension along the
cable does not present a problem computationally. The method proves stable if
artificial dissipation is added to the scheme. The second method developed
incorporates the effects of bending stiffness in an implicit finite-difference
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formulation. By including bending stiffness, the singularity encountered by other
researchers is removed and the method proves stable, regardless of the cable
tension. These two algorithms provide an efficient means to study a wider class of
initial value problems.

April 24

8:00
Response Prediction of Moorings and Risers
Professor |. Kim Vandiver, MIT

A method for predicting the response of long cylinders in sheared flow is
introduced. This method includes the effects of correlation length, hydrodynamic
damping, higher-order harmonics of lift coefficients, and turbulence. Comparisons
are made between predicted and measured response, for a constant tension cable in a
linear sheared flow. The response is shown to contain significant amounts of
vibration up to the fifth harmonic of the vortex shedding frequency. Hydrodynamic
modal damping is shown to have a dramatic effect on the response and to decrease
with increasing frequency of vibration. Comparisons are made between the
measured response of short cables, which respond in their first few modes, and
cables with infinite-length response characteristics.

The response prediction technique requires the combination of a lift force model
and a structural model. Green's function structural models are used in the cases of
uniform cables and risers with linearly varying tension. The results of a recent
combination of the lift force model with a finite element model of a riser are
presented. The response prediction of an oceanographic mooring with lumped
masses, such as current meters, is also discussed.

9:15
Chaos Hunt in the Motions of a Tethered Sphere
Dr. Robert Cawley, Naval Surface Weapons Center

The problem of the dynamics of the motion of a tethered sphere at low to moderate
Reynolds numbers is being investigated experimentally by NSWC. The effort is to
acquire data on coupled fluid-bluff body motion to determine if evidence exists for
low dimensional dynamics, in particular whether for some parameter regimes,
observed irregular behavior might be chaotic.

The problem of the detection and diagnosis of chaotic behavior becomes
considerably complicated by the presence of background disturbances such as
random noise or possible weak coupling to higher mode dynamics. This kind of
background contamination problem is very widespread, not only in fluid flow and
problems of dynamics of structures, but also in geophysics, meteorology, physiology,
signal processing and even chemistry and physics. Conventional Fourier-based
linear band-passing methods can be problematic for application to this sort of
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problem, where both signal (chaos) and noise (background contamination) are
broad-band.

Accordingly, we have also developed a new geometric projection technique for
noise reduction that is applicable to this case. This nonlinear 'filtering' method is
based on the theory of dynamical systems, but has a wider range of application than
to just those time-series possessing an underlying chaotic signal. The method we
have developed does not require prior knowledge of any assumed underlying
dynamics, and performs well in high noise cases as well as low.

The presentation will describe the tethered-body experiment, and present very
preliminary results from our initial run. I will also describe the noise reduction
method and how it performs in numerical trial cases where the true (chaotic) signal
is known ahead of time and the noise has been produced artificially. If sufficient
data analysis has been completed, I will also present results of application of the
geometric projection method to the tethered sphere motion time-series from the
initial run. This work is a collaboration among myself, Prof. Guan--Hsong Hsu,
Department of Mathematics, University of Missouri, Columbia, and Dr. Steve N.
Rauseo of the Information and Mathematical Sciences Branch, NSWC.

10:15
Numerical Simulation of Flows Past Bluff Bodies
Professor George Em Karniadakis, Princeton University

External flows, such as the flows behind bluff bodies, are unsteady even at very low
Reynolds number and go through a "fast” transition from a laminar two-
dimensional state to a turbulent wake at Reynolds numbers typically less than 1,000.
These classes of flows formed in open domains present a challenge to simulation;
their accurate prediction requires first, the use of high-order discretization
techniques for the governing equations of motion that eliminate numerical artifacts
(e.g. diffusion and dissipation), and second, the ability to handle arbitrary geometric
complexities (e.g. non-smooth surfaces). The issue of efficiency is of great
importance also, as the computational complexity involved and corresponding CPU
requirements are directly related to the discretization technique employed.

In this talk, [ will present a hybrid numerical scheme (spectral element method) that
embodies both high accuracy features and geometric flexibility for numerical
simulation of flows past three-dimensional bodies of arbitrary shape. The method is
based on the common weighted-residual principles of spectral techniques and finite
element methods. The computational domain is subdivided into elements
(quadrilaterials or three-dimensional bricks) that are then mapped isoparametrically
to canonical squares or cubes; spectral expansions are then employed in the mapped
domain to represent dependent variables and data. The geometry is also
represented with high-order expansions so that high accuracy is maintained in
three-dimensional non-planar surfaces. Recent advances include the development
of composite meshes that employ finite-difference "patches” and can be used in
discretizations of flows over randomly rough surfaces. An effective adaptive
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scheme based on the vorticity-evolution equation has also been developed that
monitors the accuracy of the computation. In addition, new outflow boundary
conditions were developed for external flows that utilize 'viscous sponges’ at the
boundaries of the truncated domain and allow for smaller computational domains
and thus more economical computations. The method is naturally suited for
parallel-computing environments; high efficiency is achieved by implementing the
method on the HyperCube iPSC860-32.

Several simulations will be discussed including flows past circular and square
cylinders, spheres in stratified environments, and vehicles. The method is
particularly suited to analyzing the transition process and to quantifying the effect of
the wake dynamics on the transport measures of the bluff body (e.g. lift and drag
forces). We will demonstrate that two-dimensional computations (however
accurate) overestimate the draft and lift coefficients both in its mean and its root-
mean-square values. An interesting result we have obtained in the case of a circular
cylinder is that the wake becomes three-dimensional at Reynolds number 200 and
subsequently becomes chaotic (at Reynolds number around 500) through a series of
well-defined period doubling sequences as the Reynolds number,further increases.
Such simple flow dynamics can be modeled through low-order models that are
based on ordinary differential equations and thus can be used efficiently in flow
control applications. At a high Reynolds number, direct numerical simulation is
not appropriate as the excited number of degrees of freedom (n) in the flow exceeds
by far the resolution capabilities affordable on today's supercomputers. We will
present a subgrid scale model that is based on renormalization group theory of
turbulence (Yakhot and Orszag, 1986) that can be incorporated into the spectral
element formulation for large eddy simulations of flows past bluff bodies.

11:15
Damping of Mooring Lines
Professor Mike S. Triantafyllou, MIT

The drag forces acting on the mooring lines of an anchored vessel are a major part
of the damping force of the overall system, which resonates due to the second-order,
slowly varying wave force excitation. Given that mooring systems are largely
underdamped, it becomes critical to have reliable estimates of the forces contributed
by the mooring lines. These drag forces are caused through a complex interaction of
several physical mechanisms: vortex shedding accompanying the low-frequency,
large-amplitude cable motions caused by the resonant motions of the anchored
structure, and reinforced by local currents, causes the well-known drag
amplification; the wave-induced, high-frequency, small-amplitude motions of the
cable contribute significantly to the drag force, combining in a nonlinear fashion
with the slow motions to increase the value of the effective drag coefficient. In this
talk the state of the art is reviewed and current efforts to improve our modeling
capabilities and understanding of the phenomenon will be outlined.
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