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ABSTRACT 

Vortex-excited oscillations of marine structures result in reduced fatigue life, large hydrodynamic 
forces and induced stresses, and sometimes lead to structural damage and to destructive failures. 
The cold water pipe of an OTEC plant is nominally a bluff, flexible cylinder with a large aspect 
ratio (LID = lengthtdiameter), and is likely to be susceptible to resonant vortex-excited oscilla- 
tions. The.objective of this repoit is to survey recent results pertaining to the vortex-excited 
oscillations of structures in general and to consider the application of these findings to thz design 
of the OTEC cold water pipe. Practical design calculations are given as examples throughout the 
various sections of the report. 

This report is limited in scope to the problems of vortex shedding from bluff, flexible 
structures in steady currents and the resulting vortex-excited oscillations. The effects of flow 
non-uniformities, surface roughness of the cylinder, and inclination to the incident flow are con- 
sidered in addition to the case of a smooth cylinder in a uniform stream. Emphasis is placed 
up011 design procedures, hydrodynamic coefficients applicable in practice, 'and the specification 
of structural response parameters relevant to the OTEC cold water pipe. There are imporiant 
problems associated with, the shedding of vortices from cylinders in waves and from the combined 
action of waves and currents, but these complex flui.d!structure interactions are not considered 
in this report. 
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EXECUTIVE SUMMARY 

,:+. Vortex-excited oscillations of marine structures result in reduced fatigue life, large hydro- 

dy6amic forces and induced stresses, and sometimes lead to structural damage and to destruc- . . 
tiirk failures. The cold water pipe of an ocean thermal energy conversion (OTEC) plant is nom- 

inally a bluff, flexible cylinder with a large aspect ratio (L/D = length/diameter), and is likely 

lu'6e susceptible to resonant vortex-excited oscillations. The objective of this report is to survey . , 
recent results pertaining to the vortex-excited oscillations of structures in general and to con- 

sid& the application of these 'findings to the design of the OTEC cold water pipe. Practical 

design calculations are given as examples throughout the various sections of the report. 

This report is limited in scope to the.problems of vortex shedding from bluff, flexible 

structures in steady currents and the result in^ vortex-excited nscillations. The effects of flow 

non-uniformities, surface' roughness of the cylinder, and inclination to the incident flow are . . 
considered in addition to the case of a smooth cylinder in a ,  uniform stream. Emphasis is 

upon design procedures, hydrodynamic coefficients -applicable in practice, and the 

specification of structural response parameters relevant to the-OTEC cold water pipe. There\are 

important problems associated with the shedding of vortices from cylinders in waves and from 

the combined action of waves and currents, but these complex fluid/structure interactions are 

not considered in this report. 

Sections 3 and 4 OF the report give detailed discussions of the present state-of-the-art con- 

cerning vortex-excited oscillations of cylindrical structures of nominally circular cross-sections. 

Structures with rectangular cross-sections or fixed separation points are not thought to be 



relevant to the OTEC cold water pipe. Particular attention is given to the hydrodynamic loads 

and resonant response characteristics for oscillations both in. line and cross flow. Examples of 

data taken from experiments with full-scale marine structures are given for the few cases that 

are available. For the problem of cross flow oscillations, additional discussion is given to 

roughness and shear (non-uniform flow), yaw or inclination effects, and to the coherence of'the 

shedding that accompanies vortex-excited oscillations. 

In Section 5 a discussiori is glven of predicliun ii~ethods and dosign procedures that are 

available and that have been employed in practice. The parameters that must be considered in 

an assessment of the severity of vortex-excited oscillations are described atld step-by-step pro- 

cedures are given for making such an assessment. Figs. 5.1 and 5.2 give these procedures in a 

block diagram format. Practical design equations for the amplification'of the'steady drag forces 

and the dependence of cross flow displacement amplitude upon the inass and damping parame- 

ters of the pipe are given in Section 5.2 and Table 5.1. 

Several computer codes that have. been developed for predicting the dynamic response 

due to cylindrical structures of vortex shedding are described in Section 6. The VORTOS code 

is based on a finite-element solution for the dyriatnlcs of beams in the frequency 'domain, It 

was developed primarily for the analysis of cylindrical members of marine structures at subcriti- 

cal Reynolds numbers. It has not been applied to problems in the OTEC range of Reynolds 

numbers, i.e. Re - lo6 and greater. DESADE is a code that was developed to analyze struc- 

tural marine cable arrays. The code is directly applicable only to the dynamics of marine cable 

systems but it contains a resonant vibration analysis routine and methodology that has been 

adopted widely both in the Navy and in the private sector. The HULPIPE code is a time- 

domain analysis that has been used extensively in marine studies. In this code the coupled 



motions of the plant hull and the cold water pipe.can be solved, but only constant hydro: 

dynamic force coefficients are .permitted. . Several additional codes that were developed for 

marine riser applications are discussed briefly. 

Devices for the suppression and elimination of vortex-excited oscillations are discussed in 

Section 7. Porous shrouds, helically-wound fins and fairings have been employed successfully in 

marine applications to reduce the resonant oscillations due to vortex shedding, but not at the 

large Reynolds numbers that are characteristic of OTEC applications. Fig. 7.3 gives several 

quantitative examples of the results that have been obtained with various types of vortex 

suppression devices in ocean engineering applications. 

Several OTEC-related example problems are discussed in Section 8 of this report. The 

examples chosen give a step-by-step guide to the designer who wishes to make an assessment 

of a structure's susceptibility to vortex-excited oscillations. The kxamples chosen are particularly 

relevant to the OTEC cold water pipe (CWP). The first two examples consider the calculation of 

the critical relative flow velocities for the onset of crossflow oscillations, one case (Example 8.1) 

for which the natural peripds of the CWP are known and one case (Example 8.219,for which the 

natural periods of the CWP are calculated from simple beam theory. Two additional examples 

are also presented in this section. Examples 8.3 and .8.4 outline the procedure for calculating 

the peakcross flow displacement amplitude LX from a least-squares fit to the weli known 

dependence between FMAX and the reduced structural damping k,. Actual OTEC cold water 

pipe design and structural parameters are employed in these examples. Where possible, recom-. 

mendations are made for appropriate force coefficients that can be employed as practical design 

aids. 

vii 



Section 9 of the report contains a brief summary and several OTEC-related recommenda- 

tions and future needs in terms of problems concerned with vortex-excited oscillations. 

A list of figures and a list of the nomenclature employed in the present report are 

included as appendices. 
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MAGNITUDE OF THE PROBLEM 

Problems that are caused by vortex shedding and the vortex-excited oscillations of marine 

structures bften have been ignored in the past, largely because reliable experimental data and 

design methods have not been available. However, as marine construction has moved into 

deeper water and into harsher operating environments such as the North Sea, the need to 

design slender, flexible structures and structural members against vortex shedding-related prob- 

lems has increased in importance. The steady and unsteady vortex-excited hydrodynamic forces 

and their associated deflections and vibrations cause ainpliiied stress levels and fatigue, and they 

often lead to structural damage and eventually to failure. 

. Many types of marine structures are susceptible .to vortex-excited oscillations.' These 

include the risers and conductor tubes that are employed in oil exploration and production, 

deep water pipelines, and members of jacketed structures. Deep water piling installation and 

driving operations also are hampered sometimes by problems arising from vortex shedding. 

Several case studies have been documented in the literature in recent years. Among these was 

the installation of an offshore oil terminal in the United Kingdom, during the late 1966's. 

Significant vortex-excited motions were encountered during the installation of pilings in a tidal 

flow, and these oscillations caused severe construction difficulties. A wide ranging test program 

wvas conducted both at the field site (16,171' and in the laboratory (18,221.in order to deter- 

mine the causes of the vibrations and to devise means of preventing them. 

Laboratory tests and design studies were conducted in the mid 1970's to develop a riser 

fairing that would allow a semisubmersible drilling vessel to operate off the coast of Brazil in 

'Numbers in ~arentheses denote references.listed at the end of this report. 
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152m (500 ft) of water and in strong surface currents up to 4.1 m/s '(8 kt). These tests 

resulted in the deveropment of an economic and practical fairing device to suppress any 

vortex-excited oscillations (72). 

The recent underwater installation of 187m (610 ft) long foundation piles for the Shell Oil 

production platform in the Cognac field of the Gulf of Mexico was judged to present several 

potential problems due to vortex-excited oscillations (45). Currents of sufficient magnitude to 

cause resonant oscillations of the piles had been measured at the installation site which has a 

water depth' of 350 m (1 150 ft). The anticipated problems included the "stabbing" of oscillation 

piles into sleeves in the platform base section, and oscillations of the stabbed piles during 'the 

subsequent driving operation. A program of laboratory tests was conducted to determine the 

susceptibility of model piles to resonant vortex excitation and suppression devices were 

developed. Estimatesof static and dynamic stress levels during Cognac pile driving operations 

showed that cross flow vortex-excited oscillations would triple the maximum stresses relative to 

the non-vibrating pile (45). Under certain circumstances a fatigue life Of four days was 

predicted for the bare piles when their exposed length of 130m (425 ft) was resowtly excited 

by currents with magnitudes of 0.46 m/s (0.9 kt). , 

The cold water pipe of an OTEC plant is a long, slender marine structure of cylindrical 

cross-section that typically will extend to depths of 1000 m (3280 ft) in the ocean from the plat- 

form of the plant. It is precisely this type of marine structure that is most susceptible to 

resonant excitation by vortex sh~dding due t o  the relative motion between the pipe and the 

water. The cold water pipe is considered by some to be the greatest engineering problem facing 

OTEC, and the reliable design of the pipe to withstand environmental forces over a long (30 
. . 

year) life timk is a principal objective of the on-going OTEC development program. Reliable 



procedures to design marine structures against vortex shedding-related problems are available, 

but none of these have been applied directly to the design of the cold water pipe. It is only 

through laboratory and at-sea tests similar to those summarized above and described in detail 

later in this report that reliable procedures for the design of the OTEC cold water pipe can be 

developed, )calibrated and put into practice. 

xii 



OTEC'COLD WATER PIPE DESIGN FOR PROBLEMS 

CAUSED BY VORTEX-EXCITED OSCILLATIONS 

1. INTRODUCTION 

1.1 Objectives and justiJication. It is often found that unstreamlined, or bluff, structures display 

oscillatory instabilities when exposed to wind or current flow past them. One common mechan- 

ism for generating these resonant, flow-excited oscillations is the organized and periodic shed- 

ding of vortices as the flow separates in an alternating fashion from opposite sides of the body. 

The flow field exhibits a dominant periodicity and the body is acted upon by time-dependent 

pressure loads which result in steady and unsteady drag forces in line with the flow as well as 

unsteady lift or side forces in the cross flow direction. If the struclure is flexible and lightly 

damped, then resonant oscillations can be excited normal or parallel to the incident flow direc- 

tion. For the more common cross flow oscillations, the body and wake have the same fre- 

quency near one of the natural frequencies of the structure, and near the Strouhal frequency at 

which pairs of vortices would be shed'if the structure were stationary. This phenomenon is com- 

monly termed " lock-oti' or " wake capture." 

Vortex-excited oscillations of marine structures and cables result in reduced fatigue life, 

amplified hydrodynamic forces, and sometimes lead to structural damage and to destructive 

failures. Flow-excited oscillations very often are a critical factor in the design of risers and 

offshore platforms, since these complex structures u$ually have bluff cylindrical elements which 

are prone to vortex shedding in an incident current. The cold water pipe of an ocean thermal 

Manuscript submitted November 18, 1979. 



energy conversion (OTEC) plant is typically a bluff, flexible cylinder with a large aspect ratio 

(L/D = length/diamoter), and it is likely to be susceptible to current-induced vortex excita- 

tion. Thus an understanding of the nature of the fluidlstructure interaction and the resultant 

flow-induced hydrodynamic loads is an important consideration in the reliable design of the 

OTEC cold water pipe and its associated mooring and riser cable systems. The cold water pipe 

is often cited as the greatest engineering problem in OTEC development. 

Several recent texts, design manuals and survey articles have considered in various con- 

texts the problems associated with vortex-excited oscillations. These include design manuals on 

the dynamics of marine structures ( I ) ,  books on the general 'field of flow-induced vibrations 

(2), and articles on vortex shedding problems relative to marine structures (31, and a lengthy 

review article on the general topic of vortex-induced oscillations (4). The latter article has a 

listing of one hundred thirty-four references. 

The objective of this report is to survey recent results pertaining to the vortex-excited 

oscillations of bluff structures in steady currents and to consider their application to the design 

of the OTEC cold water pipe. The physical scales of the experiments to be discussed range 

from small-scale laboratory studies to full-scale measurements on actual marine structures. 

These results are considered in the context of design methods which have been developed for 

the dynamic analysis of offshore structures and cable systems. 

1.2 Scope of the Investigation. This report is limited in scope to the problems of vortex shed- 

ding from bluff, flexible structures in steady currents and the resulting vortex-excited oscilla- 

tions. The effects of flow non-uniformities, surface roughness of the cylinder, and ,inclination 

to the incident flow are considered in addition to the case of a smooth cylinder in a uniform 

stream. Emphasis is placed upon the development of design procedures, hydrodynamic 
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coefficients applicable in practice, and the definition of stiuctural response parameters relevant 

to the OTEC cold water pipe. .There are important problems associated with the shedding of 

vortices from cylinders in waves and from the combined action of waves and steady currents, 

but these even more complex fluidlstructure interactions are not considered in this .report. 

These topips are considered to some extent in a recently-published working guide to estimating 

the hydrodynamic loadings on offshore structures due to waves and currents ( 5 ) .  

2. BACKGROUND 

2.1 Historical aspects. The promise of a renewable source. of base-load electric power from 

ocean temperature gradients has led to U.S. government funding of research and development 

.of the Ocean Thermal Energy Conversion (OTEC) process over the past several years. ~ r o m  a 

very modest beginning in 1972 the OTEC program has grown to a 1979 R&D funding level of 

about $40 million. 

An analysis sponsored by the U.S. Congress in 1978 .(6) identified the primary unresolved 

technical problems in the OTEC concept. These included: 
' 

The heat exchangers (evaporators and condensers), including the working fluid, con- 

struction materials, biofouling and corrosion; 

The ocean platform and cold water pipe; 

Open cycle vs. closed cycle processes; 

Underwater electric power transmission lines; 

The constructability and long-term reliability of an entire plant. 
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. . . ., 

A more recent .appraisal of these problems is given in the reports of the various working 

groups from the Sixth. OTEC Conference held in June 1979 (7). These reports indicate that 

significant progress'has been made during .the past several years to justify proceeding with the 

development of a 10140 MW, pilot plant by 1985, 

In 1881 the French physicist d'Arsonva1 apparently made the first serious proposal to 

extract energy from thermal gradients. However, ~t was not unt~l 1926 that the French 

engineers Claude and Boucherot actually began to build an open cycle power plant that would 

utilize flash-evaporated, low pressure steam as the working fluid. A small plant was,constructed 

and operated in 1928 with a temperature difference of only 20°C (36°F). It produced 60KWe, 

and only 25 percent of this total 'power output was needed to run the plant's auxiliary 

machinery (8,9). The input water to the flash evaporator was obtained from the coolant lines 

of a steel mill in Ougree-Marihaye, Belgium and the water for the condenser was pumped from 

the Meuse River. 

Claude's later and more famous attempt (9) in Cuba to generate power at a shore-based 

site used the same basic plant. However, only 22 KW, of power &ere generatidbecause the 

operating temperature difference was only AT = 13°C (24°F) instead of the expected value of 

28°C (50°F). A large cold water pipe, 1.8m (6 ft) in diameter and capable of serving a larger 

plant, was constructed after two unsuccessful attempts, but the pumping power requirements 

were greater than the plant's limited output. However, the plant did operate for eleven days 

before the cold water pipe was destroyed during a storm. 

Claude and Boucherot constructed a floating power plant on-board the 10,000 ton cargo 

ship Tunisie. The basic 'design of the floating plant was the same as for the Cuba-based plant, 
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but the power output was expected to be 800 KW,. The plant's major features are sketched in 

Fig. 2.1 and, with the exception of the open cycle Claude process power modules, the basic 

features of the system are remarkably similar in overall layout to the most recent OTEC plant 

concepts. The power plant ran poorly and Claude scuttled his floating equipment at sea. How- 

ever the khip-mounted plant is similar to many recent proposed OTEC plants, most notably 

OTEC-I (10) which is shown in Fig. 2.2. 

2.2 Ocean engineering programs. As an' essential part of its operation, an OTEC power plant 

withdraws large amounts of cool water 'from the deeper layers of the ocean through a long cold 

water pipe (CWP) suspended from the OTEC platform. For a plant generating 40 MW, of 

electric power, the CWP can be as large as 9.2m (30 ft) in diameter and lOOOm (3,280 ft) long. 

When deployed in the ocean environment the CWP will experience hydrodynamic forces, both 

directly as well as indirectly through forces transmitted by . t h e  . motions of the platform. An 

understanding of and the means of designing for these forces are essential steps toward .ensur- 

ing the successful operation of OTEC plants. 

An ocean engineering . technology . development program has been initiated for the Depart- 

ment of ~ n e r g ~  by the National Oceanic and Atmospheric Administration (NOAA),, Office of 

Ocean Engineering (oOE). The purpose of this program is to develop reliable engineering 

design methodologies for the prediction of the hydroelastic response of.the CWP, the coupled 

platform/CWP, and the platform 'station-keeping and seawater systems throughout their life 

cycles. The 9.2m (30 ft) diameter, lOOOm (3,280 ft) long CWP prototype presently envisioned 

for a 40 MW, plant will operate at cold water flow rates up to 3.44 x lo4 gallons per second (or 

a flow velocity of 13 x lo4 liters per second) and is to have an expected life of 30 years. 
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The critical aspects of the NOAAIDOE cold water pipe technology development'plan. fall 

into the following three areas: 

Characterization of engineering properties of candidate CWP materials, especially in 

regards to strength and long term cyclic fatigue. 

Determination of the response of a CWP during tow-to-site and deployment operations 

Determination of the response of the platform1CWP system to all environmental loads 

during both normal opetations and storm survival. 

An overview of the CWP design and development program is presented in a recent paper (11) 

Preliminary design concepts for the CWP presently under study (12,13) are shown in Fig. 

2.3 to 2.5 and comprise the following categories: 

Rigid-wall pipe with or without articulated joints 

9 Compliant pipe 

Bottom-mounted pipe. 

  ate rials under consideration for CWP construction include steel, concrete, .fiber rein- 

forced plastic (FRP), thermoplastics and elastomers/fabrics. 

, . 
Two preliminary designs for a 10140 MW, pilot plant have been completed recently, one 

- for a grazing plant by the Applied Physics LaboratoryIJohns Hopkins University (APU/JHU) 
* .  

(14) and another for a spar platform by Gibbs & Cox, Inc. (15.). 

3. OSCILLATIONS IN LINE WITH THE FLOW 

3.1 Resonant response characteristics. In the context of vortex-induced oscillations one usually 

thinks of vibrations lateral to the incident flow s.ince the shedding of vortices produces periodic 
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forces.in the cross flow direction at a frequency near the Strouhal value for vortices of the same 

sign. The in line component of the periodic force, which occurs at twice the Strouhal fre- 

quency, is typically an order of magnitude less than the cross flow component and, in wind, 

rarely excites the structure due to the small density of air. With the increased utilization of 

lightlyldamped bluff structures in water, the likelihood of in line oscillations has been increased 

because of the larger fluid density and because of the lower velocities at which the vibrations 
. 3. 

are initiated. 

Investigations of the in .line oscillations of bluff cylinders began as a result of the trouble- 

some and damaging vortex-induced oscillati.ons of pilings during the construction of an oil ter- 

minal in England during the late 1960's. A description of the problems encountered at the con- 

struction site has been given by Sainsbury and King (16) and a discussion of subsequent full- 

scale experiments to ascertain the causes of the  vibrations has been reported bj. Wootton, 

Warner, Sainsbury and Cooper (17) .  

, , . 6 . . 
A cylindrical bluff body is excited into cross flow oscillations when the reduced velocity 

reaches a value of V, = , V/ f n D z  3.5 to 5 .  This critical velocity is the reciprocal of the 

Strouhal number (St,= fsD/ V = 0.20 to 0..29) evaluated at the condition :f, f,,, where.fn is a 

natural frequency of the body. In line oscillations might be expected to occur at V, = 2.5 since 

the periodicity in the drag fluctuations occurs at 2fs,  or twice the Strouhal frequency. However, 

the in line oscillations occur over a range V, = 1.5 to 4.0 and In two distinct resonant instability 

regimes separated'by V, = 2.5. The response in each of the two regions depends strongly on 

the non-dimensional parameter 



0. M. GRIFFIN 

. often called the "reduced damping", which is the product of the logarithmic decrement.$'of'the . . .  

. . structural damping and the ratio of the mass of the structure per unit length to the displaced 

fluid mass per unit length (see. Section 4). Typical laboratory-scale measurements of the deden- 

dence of the in line displacement amplitude upon both V, and'k, are plotted. in Fig. 3 . 1 . * - ~ n  
' 

' 

analog~us~dependence upon k, for the cross flow displacement. amplitude of oscillation in both 

air and water is well known for a wide variety of bluff cylindrical structures. The in line oscilla- 
. 

tions reach displacements of only about 0.25D peak-to-peak even at very low 'damping, whereas 

cross flow amplitudes of oscillation are known to,reach 2 to 3D when the damping is small'('see 

,Fig. 9). Typical calculations of in line displacement amplitudes from the results in Fig. 3.l'are 

given in Example 3.1. The first three successive instability regions for both 'in line and cross 

flow motions are shown schematically in Fig. 3.2. All available evidence suggests that in'line 

oscillations do not ,occur for values of the reduced damping k, > 1.2. Also, a limiting lower 

Reynolds number for the onset .of vortex-excited, in line oscillatiohs in water is about ~k - 

. Example 3.1 Calculation'of the peak in line displacement amplitude EMAX and the magnitude'of 
the corresponding relative flow velocity VITMAX for a cantilevered cylinder in water; from refer- 
ence 19. 

PROBLEM STATEMENT: 

A slender, flexible circular cylinder with a 1 inch outside diameter is cantilevered normal to 
flowing water and is submerged over 73 percent of its length (19). The data plotted in Fig. . 3.1 % 

were taken from experiments conducted with this particular cylinder.' 

RESULTS REQUIRED: 

(a) The magnitude V of the flow velocity that is associated with the peak in line dis- 
placement amplitude shown in Fig. 3.1; 

(b) The peak in line displacement amplitude XMAX at the water surface. 
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Step One: 

" The'required value of V will be. computed from equation (5.,2),." 
. Y , r  

VlZMAX = VnD V, . 

It is necessary to know the agpropriate values of the reduced velocity V,, the cylinder diameter 
D and the cylinder's natural frequency f n .  These data are available in Fig. 3.1 and reference 1.9. 

 h he peak in line displacement amplitude ZMAX was measured (in one case) for a cylinder with 
reduced damping k, -- 0.38 as noted in the figure, so that: 

Reduced velocity V, = 2.2 (at jiMAX/D), 
Peak displacement amplitude ZMAX/D = 0.12. 

In addition, from reference 19: 

Cylinder diameter D = 1 in, 
Natural frequency fn  = 10 Hz (in water), 'for k, = 0.38. 

Step Two: 

The magnitude V of the relative flow velocity at the peak displacement amplitude is 

.'. V = I10 x (1112) x 2.2 ftlsec = 1.8 ftlsec 

V - 1.08 knots. 

Step Three: 

. The peak displacement amplitude ZMAX/D in Fig. 3.1 is 

EMAXID 0.12. . . 

.'. XMAx a 0.12 X (1112) ft - 0.01 ft 

Two distinct flow patterns have been observed for the two resonant regions of the in line 

2 ,  

' 'response. For V, < 2.5 the flow is characterized by the .shedding of two vortices of opposing 

sign from opposite sides of the cylinder during one motion cycle, while for V, > 2.5 a single 

vortex is shed during each motion cycle and a street of alternately rotating vortices is formed 

downstream of the cylinder. Two such flow regimes had been postulated by Wootton et al (9) 

in trying to explain the appearance of two in. line instability regions during the full-scale field 
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experiments at Immingham. The amplitude and frequency regions over which the in line vibra- 

tions control the vortex shedding are plotted in Fig. 3.3, taken from Griffin and Ramberg (20). 

3.2 Hydrodynamic loads. Measurements of the steady and unsteady hydrodynamic loads due to 

in line oscillations have been made primarily by King (3,191. The magnitudes of the fluctuat- 

ing in line force coefficiencts are plotted in Figs. 3.4 and 3.5 for the two instability regions 

shown in Fig. 3.1. The drag coefficient C& increases linearly with the displacement amplitude in 

each of the two instability regions. Measurements of the force coefficients in Figures 3.4 and 

3.5 were made in tests conducted with smooth flexible cylinders vibrating in the fundamental 

and second normal modes. The Reynolds numbers of the experiments, however, are quite 

small, typically in the range of Re == 5(103). 

The steady drag coefficient CD was also measured by King (3,191. At the Reynolds 

numbers just noted, the drag coefficients were obtained for flexible cylinders vibrating in line 

with the steady current. Typical mean values of CD - 1.26 were measured with the vibrating 

cylinder. The oscillatory motion was superimposed upon a steady or quasi-steady deflection of 

the flexible cylinder due to the vortex shedding. Measurements of the in line oscillations and 

the accompanying forces have been made by King and Johns (21) for the case of two flexible 

cylinders, one in the wake of the other a1 vaiious downstream distanoes. These sxperimcnts 

were performed in the same Reynolds number range as had been employed for the single 

cylinder tests. 

3.3 Reynolds number eflects and fill-scale experiments. King obtained excellent agreement 

between measurements on .a 1/27-scale model and a full-scale marine pile 457m l... (18 in) 

diameter which was characterized by a Reynolds number of 6(104). These experiments are 

compared in Fig. 3.6. Both cylinders had very nearly the same combination of mass and damp- 

ing parameters, with k, (model) = 0.30 and k, (full-scale) - 0.32. Some typical calculations of 

10 
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k, for the model are given- in Example 3.2. Hardwick and ~ i o t t o n  (22) also obtained good 

iirekment between &ode1 experiments and the lmmingham 'field test data. An example of 
r 

their comparison is given in Fig. 3.7. The Reynolds number range of the model experiments 

was Re = 6(103 to 20(109 while the full-scale measurements were made at Re = 2(105) to 

6(105). The slightly greater displacement amplitudes of the model are due to its lower struc- 

tural damping. Hardwick and Wootton suggest that the higher reduced velocities of the model 

are due to a slight effect of Reynolds number. 
I 

Example 3.2 ~alculatidn of the reduced damping parameter k, for a 1127-scale model of can- 
tilevered marine piling; fr0.m reference 18. 

PROBLEM. STATEMENT: 

A slender, flexible circular cylinder with a 0.68 inch outside diameter is cantilevered normal to 
flowing water as in Example 3.1. The hollow cylinder is made of PVC and filled with a mixture 
of water and sand to achieve the correct specific gravity (18). This example cylinder is the 
1127-scale model employed to obtain the data plotted in Fig. 3.6. 

RESULTS REQUIRED: 

(a) The effective mass,me of the.cylinder; this is the sum of the structural mass, the 
mass of the fluid-solid mixture inside the 'cylinder, and the added mass of the 
strucuture; 

(b) The reduced damping parameter k, of the flexible, cantilevered cylinder. , 

Step One: 

The effective mass me (per unit length) will be calculated from equation (5.11, which is 

me = m, (structure) + m, (mixture in pipe) + ma (added mass) , 

The required data are.given in Fig. 3.6 and reference 18, and are: 

Structure effective mass m, = 0.11 lb,/ft, 
Enclosed mass of waterlsand in the cylinder, m, .= 0.21 Ib,/ft, 
Diameter D - 0,68 in, 
Log Decrement S *.- 0.067, 

' For this example the log decrement is based upon the  damping a s  measured in still water (18). T o  precisely calculate 
the structural damping the hydrodynamic damping should be subtracted from the listed value, 6 = 0.067. 
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Step Two: 

Assume that the added mass term is given by ma = ( ~ 1 4 )  ~,D*c,, where the water density 
(fresh) p ,  = 62.4 lb,/ft3 and the added mass coefficient Cam = 1. 

The added mass ma and the total effective mass me can now be calculated. 

and 

Step Three: 

The required value of the reduced damping parameter k, is given by equation (3.1), 

2m,6 

From the data listed above, and the value of me just.calculated, k, is calculated as 

It is important from an applications standpoint to note that the vortex-excited instability in 

line with the flow is initiated at a flow speed (V/ f,D = 1.2) that is about one-fourth of the flow 

speed (VI f,,D - 3.5 to 5 )  at which the cross flow instability is initiated. 

4. CROSS FJAOW OSCILLATIONS 

4.1 Resonant response characteristics. Measurements of the frequencies, displacements and 

forces which result from cross flow oscillations have been obtained by many investigators from 

experiments both in air and in water. In this section, the most recent of these experiments are 

summarized. Typical measurements for three spring-mounled cylinders in water are presented 

in Fig. 4.1. The results obtained are generally the same in both air and water; as the incident 

flow speed V, or the reduced velocity V, as in Fig. 4.1, is increased the displacement amplitude 

first builds up to a maximum, after which it begins to decrease as the upper limit of the lock-on 

range between the vortex and vibration frequencies is approached. For the example shown in 
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the figure the limits between which the vibration displacements are above their resonant thres- 

hold amplitude ( y  = 0.05D) are given by V, = 5.5 and 7.5, with the peak displacement occur- 

ing at V, -- 6. Note that the frequency of the oscillation is very nearly constant at a value close 

to the system's natural frequency f,. This constitutes the familiar lock-on behavior that is 

characteristic of vortex-excited oscillations. Dean, Milligan and Wootton (24), while studying . 

experimentally the response of flexible model offshore structures in flowing water, obtained 

limits of V, between 4 and 8, with the maximum crossflow response measured near VrSMAX = 6. 

This overall pattern of behavior is typical of measurements in water and similar fluids at all 

Reynolds numbers where vortex shedding takes place. 

The inverse of the reduced velocity V, or the Strouhal numbtr corresponding to the peak 

vortex-excited displacement is plotted as the solid line in Fig. 4.2, adapted from the results of 

Wootton (25). The Reynolds numbers are typical of the range in which a large OTEC cold 

water pipe might operate. For the results in the figure the shedding frequency fs was locked 

onto the natural frequency f, of the cylinder, and the dashed line in represents the value of St 

corresponding to the initiation of lock-on. The cross flow motions of several full-scale cylinders 

are plotted in Fig. 4.3, from the results of Sainsbury and King (16). The data were taken from 

visual observations at the Immingham site but they clearly show the large displacement ampli- 

tudes that can be expected in water for long, flexible cylinders. The Reynolds numbers for the 

experiments in Fig. 4.3 were somewhat larger than lo6, which approaches the range of OTEC 

applications. Cross flow oscillations greater than TID-O.~ were initiated at V, = 3.5 to 4, 

which agrees with the results in Figure 4.2. These large-amplitude oscillations were found to 

occur even though the incident current varied in magnitude from 2.4 mls  to 0.6 mls  and in 

horizontal direction by as much as 40" over the immersed length of the cylinder (18 to 29m). 

As noted recently by Dean and Wootton (26), full-scale data on the cross flow rcsp,,,lse of 
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cylinders are quite limited because large-amplitude motions lead to failure within a few cycles of 
" 

the oscillations. 

When Reynolds and Froude number effects are minimal, the peak vortex-excited displace- 

ment amplitude in the cross flow direction can be expressed from dimensional analysis as being 

dependent on three quantities, viz. 

Here fs/ fn is the ratio of the Strouhal and structural frequencies fs - St V / D  and f,, respec- 

tively; and ts is the structural damping ratio. The parameter k is a mass ratio, defined by 

p = p ~ ~ 1 8 s ~  s t2  m, which also results from the normalization of the force coefficients in the 

governing equation of structural motion as shown by Griffin and Koopmann (27) and Sarpkaya 

(281, for example. When there is a dependence upon Reynolds number, say between a labora- 

tory model and a full-scale prototype, the "size numbern,or the product of the Strouhal and 

Reynolds numbers should be modeled as closely as possible. This parameter is given by 

(4. la) 

In the preceding section it was noted that the peak in line displacement amplitude is a 

function primarily of a response or reduced damping parameter of the form 

This formulation of the reduced damping can be written in the analogous form 

gs/p = 2n st2k, (4.2) 

when the damping is small and 6, = S/2n. The importance of the reduced damping follows 

directly from resonant force and energy balances on the vibrating structure, as shown by Griffin 

(23) and Sarpkaya (4,28), for example. Moreover, the relation between YMAX and k, or S,/P 
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holds equally well for flexible cylindrical structures with normal mode shapes given by $,(z), 

.for the ith mode. If the cross flow displacement (from equilibrium) of a flexible structure is 

written as (see Appendix 4.1) 

y, -- Y $, (z) sin w t  . . (A201 

at each spanwise location z, then the peak displacement is scaled by the factor (23,29,30) 

where 

and 

which is derived from considerations based on several versions of the 60-called nwake-oooillatorw 

formulation -(29,30). I' 

Example 4.1 Calculation of the effective cross flow displacement amplitude YEmMAX and the 
corresponding reduced damping tS/p as plotted in Fig. 4.4. The example given here is typical 
of one series of steps in the procedure to be employed in calculating the current-excited cross 
flow displacement amplitude of an OTEC cold water pipe. 

PROBLEM STATEMENT: 

Consider the case of a flexible circular cylinder with clamped-clamped end conditions, vibrating 
in the fundamental ( i  = 1) mode. This type of model was employed in a series of experiments 
conducted in ,flowing water by Dean, Milligan and Wootton (24) to study the vortex-excited 
oscillations of cylinders. . 

RESULTS REQUIRED: 

(a) The reduced damping parameter gS/p as given by the horizontal scale in Fig. 4.4; 

(b) The effective cross flow displacement amplitude YEFFSMAX as given by the vertical 
scale in Fig. 4.4. 
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Step One: 

The required value of.t,/p is calculated from equation (4.2), 

CSIp - 2nSt2kS, 

where k, is the reduced damping parameter of the form given in Example 3.2 and St is the 
Strouhal number. The data needed are given by Dean, Milligan and Wootton, so that from 
reference 24: 

2m6 Reduced damping k, - - - 1.27 
pD2 

Displacement amplitude FMAX - 0.94 in I For a cylinder with length/ 
Diameter b - 1 in diameter tatla LID 240. 
Strouhal number St = 0.2 

I 

Step Two: 

The reduced damping g,/p is now calculated from the above equation. 

.'. (,/p = 21). x (0.212 x 1.27 - 0.32 
Step Three: 

The required value of YEFFPMAX is calculated from equations (4.31, 

YEFF,MAX Y / Y / ,  Y YMAXIB 
and 

Here Y is the ratio of the measured cross flow displacement amplitude Fand the.diameter D. 
y ,  is a modal scaling factor given by equation (4.3~). Some required data not listed above now 
can be obtained from Table A1 where values of 1,'12 and the equations for +,(z) are listed, 

From Table A 1: 

For the case of a flexible cylinder with clamped-clamped end conditions, in the Arst bending 
mode ( i  = 1 1, the data are: 

Modal scaling factor 1,'12 = 1.360, 
Characteristic function I +  l(z) 1 M ~ X  = 1.586 (half way along the beam, at T/L = 0.5). 

.'. y ,  = 1.586/1.360 - 1.17 
The scaled displacement amplitude YEFFVMAX is now calculated. 

This point is plotted in Fig. 4.4 and is denoted by the symbol (0). 

16 



NRL MEMORANDUM REPORT 4157 

Experimental data for YEFF as a function of {,/p are plotted in Fig. 4.4. These results 

encompass a wide r a a e  of single cylinders of various configurations and flexure conditions at 

Reynolds numbers from 300 to lo6. The various types of structures represented by the data 
: 

points are given in Table 4.1. As a typical example, King (19,311 measured the deflections of a 

flexible cantilever in the fundamental mode. Peak-to-peak displacements as great as 2 to 4 

diameters were measured for length/diameter ratios up to 20 to 30. The latter are typical of the 

OTEC cold water pipe. All available experiments to date indicate that the limiting unsteady dis- 

placement for a flexible, circular cylindrical structure is about 2 Ym = 2 to 3 at low values of 

reduced damping. Note that for low values of l,/p the vortex-excited response is dominated by 

fluid dynamic forces. For [,/P between 0.03 and 0.5 the reduced damping increases by a factor 

of sixteen while the peak displacement amplitude decreases only by a factor of two. 

Table 4.1. Vortex-excited cross flow displacement amplitude 
response of cylindrical structures. 
Legend for Data Points in Fig. 4.4 

Type of cross-section and mounting; medium Symbol 

Various investigators, from Griffin (23): 
Spring-mounted rigid cylinder; air e 0  4x6) 
Spring-mounted rigid cylinder; water 

Cantilevered flexible circular cylinder; air 
4 
A 

Cantilevered'flexible circular cylinder; water x V 8 

Pivoted rigid circular rod; air OA 

Pivoted rigid circular rod; water • 
From Dean, Milligan and Wootton (24); 

Spring-mounted rigid cylinder; water 

Flexible circular cylinder (LID - 72); water 

These results have been obtained both in air and in water, even though the mass ratios of 

vibrating structures in the two media differ by two orders of magnitude. For typical structures 

2m varies from slightly greater than 2 to about 10; iri air the vibrating in water the mass ratio 7 
PD 



2m mass ratios corresponding to Fig. 4.4 typically vary from - = 30 to 1000. The maximum 
pD2 

unsteady displacement to which a given system can be excited is a function of the reduced 

damping, the product of the mass ratio and the structural log decrement or damping ratio. 

Sarpkaya (32) has demonstrated that an analogous dependence between YEFFBMAX and ks or 

t , /p is obtained for flexible structures vibrating in planar oscillatory flows which approximate 

the ocean wave environment under certain conditions. 

4.2 Hydrodynamic loads. When a cylindrical body resonantly vibrates due to vortex shedding, 

the periodic motion is accomeanied by increased cnherence of the vortex shedding longthwiae 

along the body and an amplification of the unsteady fluid forces. Though a number of meas- 

urenients of the forces have been made, only recently has attention been given to understand- 

ing the mechanisms by which this fluid-structural interaction force is generated (4,33,34) and 

how results may be scaled with confidence to large Reynolds numbers (35). Further insights 

into the behavior of the steady and unsteady fluid loadings due to vortex shedding are impor- 

tant to the designer of offshore structures and cable systems from a purely practical standpoint, 

and from a basic standpoint it is important tn further understand the complex nonlincar interac- 

tions between a vibrating bluff body and its wake. 

The fluid forces which act on a resonantly vibrating, cylindrical structure due to vortex 

shedding have been characterized recently (23,27,36) and the various components of the total 

hydrodynamic force are: 

a The exciting force component, by which energy is transferred to the structure; 

a The reaction, or damping force, which is exactly out-of-phase with the structure's velo- 

city; 
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The "added massn force, which is exactly out-of-phase with the structure's acceleration; 

and 

@ The flow-induced inertial force. 

The various components can be deduced from the total hydrodynamic force as measured, say, 

by Sarpkaya (4,28) or the various components can be measured individually as shown by 

G r i h  and Koopmann (27). This point is discussed at greater length in Appendix 4.1. 

Some practical and useful comparisons can be made between the,fluid forces measured 

when a cylinder is forced to vibrate and the fluid forces measured when the cylinder is 

resonantly excited by vortex shedding. The forced cylinder measurements discussed here were 

made in water by Sarpkaya (4.28) and Mercier (37) and the self-excited cylinder measurements 

were made in air and in water by Griffin and Koopmann, King and others listed in Table 4.3 

(see reference 23). 

Typical measurements reported by Sarpkaya appear in Figs. 4.5 through 4.8. The meas- 

ured values for the inertia coefficient Cmh are shown in Figs. 4.5 and 4.7 as a function of the 

reduced velocity Vr, for displacements from equilibrium of Y = Y / D  0.5 and 0.75. Of particu- 

lar note is the marked variation in Cmh in the vicinity of Vr = 5. This effect corresponds to the 

large. phase shift in the fluid force relative to the vibratory displacement when the characteristic 

frequency of the flow is locked onto the vibration frequency. The fluid force on the cylinder is 

dominated by inertia contributions at the cylinder frequency at low reduced ,<. velocities. Meas- 
.. . 
. , .  

urements by Bearman and Currie (33) of the phase between the pres.&re at 90 degrees from 

the front stagnation point and the cylinder's displacement confirm this large inertia effect at low 

Vr 



. * 

The drag or resistance force Cdh is plotted in Figs. 4.6 and 4.8 as a function of V, at the 

same displacements, .Y - 0.50 and 0.75. This component of the total fluid dynamic force is 

negative and becomes dominant near V, - 5. In effect, Cdh is the negative of the l$ coeficient 

as it is usually characterized, so that the negative value of Cdh near V, - 5 suggests a net transfer 

of energy Ro the cylinder in that region. These forced-cylinder results are comparable to the 

vortex-excited forces which act upon resonantly vibrating cylinders when the reduced damping 

is sufficiently small as in the left-hand portion of Fig. 4.4. 

Example 4.2 Calculation of the excitation force- coefficient CLE (see equation (AlOa)) from 
measurements of the hydrodynamic force coeIficieiitS durlng luck-urr. The force rcgrosonted by 
CLE transfers energy to the structure during vortex-excited oscillations. 

PROBLEM STATEMENT: 

The excitation force, which is in phase with the velocity y of a vibrating structure, is the com- 
ponent of the total fluid dynamic force system that transfers energy to the structure (see 
Appendix 4.1.2). The excitation force coefficient CLE (Equation (AlOa)) can be calculated 
from measured force coefficients such as those represented by the data plotted in Figs. 4.6 and 
4.8. 

RESULTS REQUIRED: 

(a) The phase angle e between the force coefficient Cdh (see Fig. 4.8) and the excita- 
Lion force coefficient CLE; 

(b) The excitation force coefficient CLE for typical conditions of lock-on. 

Step One: 

The required value of the phase angle e is given by equation (A151 of Appendix 4.1, 

c = arc tan Cmh w + Cdh 
ern, - Pv cdh I 

The data for the calculation are obtained from Table 4.4. Choose the case FID = 0.75 and 
v 

V, - - = 5, so that for these conditions: 
f"0 

Inertia coefficient Cmh = 1.0 to 2.6, 
"Drag" coefficient Cdh = -0.6, 
Angle function' W - 0.05. 

Here W is a parameter based upon the srructu~nl parameters of a vibrating system, see equation (A23c) in Appendix 
4.1. 
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Step Two: 
, . 

i .  

The phase angle c is calculated with the above equation, and is 

1.0 x 0.05 + (-0.6) to arc tan c arc tan I I 1.6 X 0.05 +(-0.6) 
1 .O - 0.05 x (-0.6) 2.6 - 0.05 x (-0.6) I -  

Step Three: 

The excitation force coefficient CLE for thexhosen conditions is given by equation (AlOa) of 
Appendix 4.1, 

.'. CLE -(-0.6) cos (-28.1 9 to -(-0.6) cos (-10.1 9 
CLE 0.53 to 0.59 

These points are plotted in Fig. 4.9 and are denoted by the symbol (0). 

It should be noted that Cmh and Cdh are Fourier-averaged coefficients and contain only the 

components of the total fluid force at the vibration frequency f. Considerable power is con- 

tained in the fluid force spectrum at other frequencies (i.e. 2 f, the S t r~uha l f re~uency  f,) for 

reduced velocities outside of the regime of locking-on between the vortex and vibration fre- 

quencies. 

The excitation component of the lift force is defined a s  

CLE = CL sin 4 - -Cdh cos c ' (AlOa) 

and is important from the standpoint of energy transfer to the vibrating structure. The meas- 

urements in Figs. 4.5 through 4.8 are now compared to previous measurements by other inves- 

tigators. The maximum value of the force coefficient -Cdh in Fig. 4.6 occurs at V, = 5, and 

similar results were obtained at the displacements Y = 0.13, 0.25, and 0.75. The several values 

of -Cdh and Cmh SO obtained are listed in Table 4.2 together with the related values of the force 

'For a definition of the notation employed in this discussion see the List of Symbols and Appendix 4.1 



Table 4.2. Hydrodynamic Forces on Circular 
Cylinders; from Sarpkaya (28). 

Reduced Velocity. V, - 5. Fluid Force Components. Equation A 10' 
Inertia Drag Excitation. Damping, Inertia, 

Displaceplent, coefficient,++ Coefficient, Phase Angle, -Cdhcosa -Cmhsinc Cdhsinc 
Y -  YID Cmh cdh 8' - arc tan [Cdh/Cmhl 

0.13 0.4 -0.2 -26.6" 0.18 0.18 0.089 
0.25 0.4 -0.35 -41.2" 0.26 0.26 0.23 
0.50 1.0 to 2.2 -0.9 -42" to -22.3" 0.67 to 0.83 0.67 to 0.83 0.67 to 0.83 
0.75 1.0 to 2.2 -0.6 -28.8' to -1 1.9" 0.48 to 0.54 0.48 to 0.54 0.26 to 0.11 

2 4 s  0 
+t. - 8' + y and y arc tan W, where W - - , a - - . In addition W = 0.05 is assumed (See 

1 - u Z  
Appendix 4.1 ). 

 he inertia coefficient is evaluated here in coordinates appropriate to a cylinder vib'rating in a quiescent 
fluid or, equivalently, a fluid in uniform, steady motion. 

components derived from them. For all of these cases, of forced vibration the condition for 

self-excitation 

is satisfied, thus assuring the possibility of the equivalent vortex-excited oscillation. The results 

for CLE are plotted against the effective displacement in Fig. 4.9 together with a host of similar 

findings. The conditions under which the experiments were performed are described in Table 

4.3. 

The excitation component of the total hydrodynamic force, as just mentioned, is impor- 

tant because it is this component of the fluid force system that transfers energy to the structure 

and drives the vibration. A number of measurements of CLE by various means are plotted in 

Fig. 4.9, and Table 4.3 describes the various conditions under which the experimental results 
j 

were obtained. Several important characteristics of the unsteady lift and pressure forces that 

accompany vortex-excited oscillations are clear from the results. First there is a maximum of 

.. ' the exciting force coefficient at a peak40-peak displacement between 0.6 and 1 diameters for all 

. . 
. .  . 

" 

the cases shown in the figure. Second, the maximum of the force coefficient is approximately 

CLE - 0.5 to 0.6 for all but one case, the sole exception being the result at CLE = 0.75. CLE 
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Table 4.3. The Excitation Force Coefficients on Vibrating Bluff Cylinders; 
Description of the Data in Figure '4l.9 ' 

Symbol Type of cylinder Medium Cylinder material Investigator(s) 

A Flexible Water PVC King (1977) 
cantilever PVC 

Aluminum 
Stainless steel 

Pivoted Water Brass Vickery and 
Watkins (1964) 

rigid cylinder & Air 

+ Spring-mounted Air Aluminum tubing Griffin and - ' 

rigid cylinder Koopmann (1977) 

Rigid cylinder, Water Stainless steel Mercier .(I9731 '. . 

forced 
oscillations 

0 Rigid cylinder, Water Aluminum tubing Sarpkaya (1978) 
forced 
oscillations 

A Flexible Air Aluminum Hartlen, Baines 
cantilever and Currie (1968) - 

then decreases toward zero in all cases and results in a limiting effective displacement of 2 to 3 

diameters (peak-to-peak). This limit is clearly shown by the displacement amplitudes measured 

at low reduced damping in Fig. 4.4. 

The decomposition of the' fluid dynamic forces described here is based upon the supposi- 

tion that both flow-induced lift (excitation) and reaction (damping) forces act on a resonantly 

vibrating tube or cylinder. The "wake-oscillator" models developed by Blevins (3) and others 

are also based upon the hypothesis of a fluid damping or reaction force that is exactly out-of- 

phase with the cylinder's velocity. It is possible to deduce the reaction effect of the fluid from 

the measured force coefficients by means of the equations developed in Appendix 4.1, 

CRE = CR sin$, = -Cmh sin E ,  (AlOc) 
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. .as a further step in comparing;.the two approaches described there. Some typical results' are 

plotted in Fig. 4.10 and they* support the fluid force decomposition described in Appendix 4.1; 

All . of ~ the measurements show the same general pattern of.behavior even though some were 

a made with freely vibrating cylinders in a wind tunnel and so'me were made with cylinders'that 

were forced to vibrate in water. 

The remaining force components, the added mass and. the fluid inertia, can be obtained 

from the equations given in Appendix 4.1 when the force .coefficients and the structural 

parameters of a cylindrical structure and its mountings (i.e., damping, natural frequency) are 

known. A detailed and related discussion of the forces and. displacements that result from 

lock-on is given by Sarpkaya (4). 

Not only are the unsteady forces amplified as shown in the preceding figures but the 

steady drag loads also are increased substantially as a result of vortex-excited oscillations. Sarp- 

kaya (28) has measured steady drag coefficients as high as CD = 3.1 for a cylinder vibrating in 

water at a displacement of 2 YMAX = 1.7. This represents an increase of nearly a factor of three 

from the drag on a stationary cylinder, i.e. CDo = 1.1 in his case. Griffin, Skop and Koopmann 

(38) found that the drag coefficient was increased by as much as a factor of. 1.8 from the sta; 

tionary cylinder case (CDo = 0:9) for their experiments plotied in Figs. 4.4 and 4.9. The steady 

drag amplification 0.n circular cross-section cylinders due to vortex-excited oscillations is plotted 

in Fig. 4.11. The solid line on the figure is a least-squares fit to the data points (see Section 

5.2). 

4.3 Roughness and shear effects. Other factors also influence the hydrodynamic forces that result 

from vortex-excited oscillations, and among these are surface roughness and non-uniform velo- 

cities (shear). Sarpkaya (39) has measured the hydrodynamic forces on sand-roughened, forced 
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,,, , ', 

jibfiting cylinders and has cddpared his measurements to comparable experiments wiQL,8-, 

L i 

''smooth cylinder. Some typical results for the total hydrodynamic force coefficient CTSMAX are 

plotted in Fig. 4.12. Substantial increases are apparent in,,. the total hydrodynamic force 

. ,, 
,.cdefficient for the rough cylinder, .though additional study is "necessary to determine which com- 

ponents of the total force are amplified by the roughness.. Nakamura (40) has measured the 

' 'steady drag forces and Strouhal frequencies on rough circular cylinders at supercritical Reynolds . .  . 

"mmbers, and has observed strong regular vortex shedding at R,e*z  4(106) and above. In this Rey- 

. c 

,&ids number range the vortex-excited cross flow displacement.amplitude of a rough cylinder 

0 3 

' increased substantially from the corresponding smooth cylinder experiment. This finding would 

. . 
tend to confirm Sarpkaya's measurements, of amplified hydrodynamic forces due to surface , % 

roughness in addition to the forceamplification due to lock-on; A comprehensive study of the . . 
effects of surface roughness'on the steady. drag was made .by.Miller (41) for the case of a sta- 

tionary cylinder, and a recelit OTEC program report considc~s'this problem in some det~ i l  (4.2). 

The effects of velocity gradients (shear) are difficult to quantify on the basis of available 

3 

evidence, especially for structures which are vibrating. Howe.ver, the sparse information that is 

' 

available suggests that a full-scale cylindrical structure will vibrate at large displacement ampli- 

tudes even in the presence of non-uniform flow effects if. the. reduced damping is sufficiently 
, . 

small and the criti.cal reduced velocity is exceeded (see Fig:. .4..3). Some detailed experiments 

reported by   wok and Melbourne (43) just recently give strong evidence that a flexible bluff 
, 

structure with a circular cross-section will vibrate resonantly at large displacement amplitudes 

when a turbulent boundary layer type of shear flow is incident upon the cylinder. Kwok and 

Melbourne measured maximum tip displacements comparable to those in Fig. 4.4 for reduced 

dampings in the range k, = 2 to 12 ( [,lw - 0.5 to 3). 
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Stansby (44) investigated the phenomenon of lock-on for the cross flow vibrations of cir- 

cular cylinders in a linear shear flow and has compared the results to comparable experiments in 

uniform flow. From these experiments Stansby developed empirical equations to predict the 

bounds for lock-on in a shear flow, based upon the assumption of universal similarity.in the 

wakes of bluff bodies (34,35). However, these results are limited to qlinders with. small 

length/diameter ratios (LID - 8 to 16), relatively .low Reynolds number (Re - 31)1)? to 

10,000) and small displacement amplitudes (  ID < 0.2). Extrapolation of these results to 

OTEC applications should be approached with caution. 

A recent paper by Fischer, Jones and King .(45) describes some .problems that were antici- 

pated during. the installation of foundation piles for the Shell Oil production platform in the 

Cognac field of the Gulf of Mexico. The problems stemmed largely from the predicted vortex- 

excited oscillations of the piles while they were being lowered from a derrick barge into sleeves 

In the platform base and while the inserted piles'were being hammered into the sea bed. Max- 

imiim tip displacement amplitudes (cross flow) of 3.2 to 3.8 m (10.5 to 12.5 ft) from equili- 

brium were predicted for currents as low as 0.6 m/s. (0.31 kt) at the platform site. These 

large-scale motions 'were expected to created difficulties while "stabbingn the piles .into the 

sleeves, and they could also increase the risk of buckling and fatigue failures during the pile 

driving operations. 

Experiment$ were conducted with model piles in three laboratories (451, for both the pile 

lowering and the pile driving operations. Uniform and non-uniform '(shear) flows were 

modelled in the experiments. The shear parameter that characterizes a non-uniform flow is 

defined as 
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-where V is the magnitude of the incident flow velocity and I (in this case) in the depth of the 

water. .,The rkference value VREF is usually taken as the veolocity magnitude at half the dis- 

Mnce along thenstructure, alhough the maximum value from a velocity profile is sometimes 

"used. For the small-scale experiments reported by Fischer et al (45) the shear parameter was 

=.0.01 while at the actual Cognac site p = 0.01 at depths between 100 m (330 ft) and 250 m 

(820 ft). Typical. OTEC sites (Brazil offshore, Punta Tuna) are characterized by p - 0.01 to 

0.02 for a 9.2 m .( 30 ft) diameter cold water pipe. 

The results from some typical model-scale experiments are plotted in Fig. 4.13. The tests 

were conducted.with a 1:168 scale model of the large marine piles of diameter D.= 2.1 m (6.9 

ft). Both the full-scale and the model piles had specific gravities of 1.5. It is clear form the 

results in Fig. 4.13 that a shear flow with a - 0.01 to 0.015 had virtual1y:no effect on the 

vortex-excited displacement amplitudes in the cross flow direction. The data plotted in the 

figure correspond to a free-cantilever flexible'beam with no tip mass at the free end. This 

configuration matched closely the "stabbed pile before an underwater hammer was attached for 

driving it into ,the sea bed. The structural damping of the' PVC model in Fig. 4.13 was f;, - 
0.063 and for a similar stainless steel model the damping was f;, = 00.15; the two flexible 

cylinders experienced tip displacement amplitudes of 2 y  = 3D and 4D, respectively. These 
L. 

damping and displacement amplitude values would locate data points well toward the left-hand 

portion of Fig. 4.4 where hydrodynamic effects are dominant. 

It was concluded.from .a study of the static and dynamic stress levels within the Cognac 

piles during driving that the large cross flow displacement amplitudes (of the level shown in 
i 

Fig. 4.13) would triple the stresses from a corresponding stationary 130 m (426 ft) long pile 

(45). The apparent steady drag coefficient on the oscillating pile was CD = 2.12; this is an 
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amplification of 230 percent from the drag coefficient CDo = 0.93 when the pile was restrained. 

A fatigue life of four. days was predicted for a stabbed pile (without a hammer attached) when 

it was exposed to a current of magnitude 0.46 mlsec (0.9 kt). Additional details and assump- 

tions pertaining to the study are discussed in reference 45. 

A flag-type or flexible tail fairing type of wake interference device was developed to 

suppress the cross flow oscillations. Such a device was tested successfully on the model piles, 

but the particular configuration was chosen because of the nearly unidirectional currents at the 

Cognac site (45). Few actual problems were encountered during the field installation, but in 

the case of one pile typical peak-to-peak displacement amplitudes of 3 m (9.8 ft) were meas- 

ured. The cause of these cross flow oscillations was attributed to alternate vortex shedding. 

A program of experiments recently was conducted to assess the effects of shear on vortex 

shedding from smooth and rough cylinders at large Reynolds numbers. The results were 

intended to be applicable specifically to the OTEC cold water pipe and have been reported by 

Rooney and Peltzer (46). The experiments were conducted with a cylinder of aspect ratio LID 

16 at Reynolds numbers in the range of 1.5 (10') to 3 (10') in order to assess the minimum 

shear (as denoted by the shear parameter given above) at which the characteristic lengthwise 

cellular vortex shedding pattern was initiated. An incipient cellular pattern of vortex shedding 

was observed at the weakest shear gradient, p = 0.007, and persisted in stronger form over the 

test range to shear levels given by p = 0.04. Most of the test runs, however, were carried out 

at values of the shear parameter, p = 0.007 to 0.02, which are representative of OTEC site 

conditions. The results obtained by Rooney and Peltzer (46) provide a reasonably wide 

OTEC-applicable data base of circumferential mean pressure and vortex shedding frequencies 

for smooth and rough circular cylinders at subcritical, critical and supercritical Reynolds 

numbers. 
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The available evidence through 1978 relevant to shear flow effects on bluff bodies has . < ,  

been gathered in related OTEC cold water pipe report (42). More recent findings are'given in 

the proceedings of the Fifth International Conference on Wind Engineering (see references 35 

and 43) and in several of the references just cited. 

4.4 Yaw or inclination egects. Yawed cylindrical structures are those which are inclined forward 

or backward in the plane of the incident flow. Many practical ocean engineering structures are 

inclined rather than normal to the incident flow; these include raked marine piles (see Fig. 4.3) 

and braced. frame members of jacket structures. Two recent studies (47,48) have considered 

the effects of yaw upon the wakes of stationary and vibrating flexible cylinders. King (47) has 

studied the effects of yaw angle upon the criteria for the onset of vortex-excited oscillations and 

upon the steady drag forces acting on the structure. His study also includes a complete survey 

of previous studies on the subject through 1975. More recently Ramberg (48) has completed a 

detailcd study of the conibined effecrs of inclination and linite length (end conditions) on the 

vortex wakes of stationary and vibrating cylinders. Included in this study were the effects of 

yaw angle on the boundaries of the lock-on range for vibrating cylinders, and ,on the drag and 

pressure forces on stationary cylinders. The experiments of King and Ramberg covered the 

Reynolds number range from Re = 500 to 2(104). 

Several conclusions were drawn from these investigations. Among the most important of 

King's findings was that yawing the structure provides no protection against vortex-excited oscilla- 

tions, and sustained oscillations both in line and cross flow were recorded for yaw angles up to 8 

= 45" both into and away from the incident flow. The cylinder response was virtually the same 

whether the cylinder was inclined into or away from the flow,' and a typical example (for 

inclination into the flow) is given in Fig. 4.14. There the reduced velocity V, is based upon the 

normal component of the incident flow, V cos p, where p is the angle between V and a plane 



that is normal to the axis of the structure.. The lower peak displacement amplitudes again 

correspond to larger Values of the reduced damping k,. The yawed flexible cylinder results are 

plotted in Fig. 4.4 and are indistinguishable from the displacement amplitudes measured at nor- 

mal incidence. .The critical reduced velocities f i r  the onset of in line and cross flow oscillations 

were ,oncefagain found to be V, = 1.2 and V, = 3.5 to 5, with the appropriate velocity term 

being V cos 8.  

King also made a detailed study of yaw angle effects on the drag coefficient of a stationary 

cylinder. This nspect of the investigation demonstrated that if the normal component of velo- 

city, V cos 8 ,  was employed as the velocity 'scale then a consistent value of drag esefficicnt CD 

was obtained, and that CD was equal to the equivalent value for a cylinder. at normal incidence. 

Ramberg's findings suggest that .the drag estimated in this way may be low and somewhat 

dependent on the experimental arrangement (48). 

Ramberg undertook a detailed investigation. of the flow around yawed cylinders with the 

primary objective being an examination of'the Independence Principle and how it may be used 

correctly. ibis' principle, as noted above, states that the proper velocity scale for characterizing 

the flow about and forces on bluff bodies is the component of the incident flow that is normal 

to the body. One conclusion of Ramberg's investigation was that the ~ndependence Principle 

was not generally valid for stationary, yawed cylinders. It was found that the variation of the 

shedding frequency of the vortices deviated substantially from the Independence Principle for 

yaw angles greater than 8 - 25" to 30°, and that the vortex shedding from.stationary cylinders 

was strongly influenced by the end conditions. 

A special case (one of only two) where the Independence Principle was found to apply 

The use of the normal component of velocity is'called the "Independence Principlen and this is discussed in further de- 
tail later in this section. 
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was for the condition of lock-on between the vortex and the vibration frequencies. A typical 

example is shown in Fig. 4.15. ,The bounds for lock-on during cross flow oscillations are plot- 

ted for yaw angles up to 50' from normal incidence. The yawed cylinder results are in excellent 

agreement with comparable experiments performed with a cylinder positioned normal to the 

incident flow. The Reynolds number is low, but the general principle is demonstrated. The 

region inside the 'dashed lines and data points corresponds to the lock-on regime. The findings 

from Ramberg's investigation imply that the various methodglogies for predicting vortex- 

excited oscillations at normal incidence can be applied with reasonable confidence to a cylinder 

at an angle of inclination to the flow. King's findings further suggest that such an extension of 

the results obtained at normal incidence is valid for flexible cylindrical structures in flowing 

water. 

4.5 Vortex coherence due to lock-on. An important consequence of lock-on between the vortex 

and vibration frequencies is the greatly increased coherence or correlation of the vortex shed- 

ding along the length of the structure. Above a threshold cross flow displacement amplitude 

(typically F / D  0.05 to 0.1) the shedding is in phase and the wake is nearly two-dimensional 

even at large Reynolds numbers. Koopmann (49) and Toebes (50) in experiments a t . 1 0 ~  and 

high Reynolds numbers, respectively, were among the first to investigate the increased coher- 

ence of the shedding that accompanies lock-on. Kooprnann's experiments were limited to Rey- 

nolds' numbers below 300 but his flow-visualization photographs clearly showed that the vortex 

shedding was in phase along the vibrating cylinder when the cross flow displacement amplitude 

was' above 2T/D = 0.1. Toebes' experiments were conducted at much larger Reynolds 

numbers (Re -- 68,000), but detailed wake and ~ressure correlation measurements showed 

clearly that lock-on was accompanied by increased coherence of the shedding along the cylinder. 

The magnitude- of the cross correlation function was reduced to values below unity only by the 
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effects of turbulent fluctuations in the wake, and the sign of the cross correlation measured 

along the cylinder indicated that the shedding was in phase for distances up to seven and one- 

half diameters when the displacement amplitude was above ~ F / D  = 0.16. The results of these 

studies were limited by the relatively small lengthldiameter ratios, LID = 7.5 to 12, that were 

possible. Novak and Tanaka (55) and Howell and Novak (56) also have investigated the effects 

of turbulence in the incident stream on the correlation effects that accompany lock-on. Smooth 

flow experiments were conducted by them to provide a btlveline for comparison with the effects 

of various kinds of turbulence introduced into the incident flow. Blevins and Burton (57) have 

developed an empirical model for predicting the vortex-excited resonance, and this model takes 

account of the variation in correlation length at small. displacement amplitudes. 

Detailed investigations of the spanwise coherence that accompanies lock-on were made 

recently by Ramberg and Griffin (51,521. These experiments were conducted to investigate the 

wakes of vibrating cables as part of a overall program to develop a semi-empirical "wake- 

oscillator" model for predicting the cross flow response of structures (53,541. The spanwise 

correlation coefficient p , , ~  measured between two hot-wire probes in the wake of a vibrating 

cable is plotted in Fig. 4.16.. There the normalized cross correlation function (correlation 

coefficient) for two periodic signals, measured at the spatial displacement Az, is given by 

where UA and uB are the fluctuating velocity signals at probes A and B in the near wake of the 

cable (54). The correlation coefficient P A B  can also be defined in terms of the pressure fluctua- 

tions measured at two taps at varying displacements along a cylinder (56). Both probes were 

positioned above the cable so as to measure vortices of like sign and one probe was moved in a 
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direction parallel to the cable, which was vibrated at different displacement amplitudes. The 

,results shown in the .figure correspond to vibration frequencies equal to 90 percent' of the 

Strouhal frequency f,. There are three distinguishing characteristics of the correlation in vortex 

shedding along the cable (53). The shedding is in phase along the cable's half-wavelength as 

shown by the constant sign of the correlation coefficient PAB. If the moveable probe ,was 

traversed past the.node of the cable, a change in sign of PAB was observed. The degree of the 

correlation was determined by the maximum value of PAB (relative to unity) along the cable 

and the w e n t  of the correlation was defined as the length along the cable that PAB was equal to 

its maximum constant value. Typically it was observed that the PAB,MAX = 0.90 to 0.96 for the 

frequencies that correspond to vortex-excited oscillations, fgs as shown in Table 4.4. The 

vortex shedding was fully correlated in degree and extent over most of the half-wavelength of 

the cable ( L  = 12 to 14 D) where the displacement arnpl'itude was greater than a threshold of 
- 
Y - 0.05 to O.lD, 

Table 4.4. The degree of correlation (denoted by the maximum 
value of the correlation coefficient PAB) in the wake of a 

vibrating cable; from reference 53. 
Reynolds number = 1300 

Frequency ratio, f l f ,  Displacement amplitude, 2 y l ~  Degree of correlation, PAB,MAX 

0.9 0.1 0.89 
0.2 0.94 
0.3 0.96 
0.4 0.96 
0.5 0.92 
0.6 0.92 

0.1 0.88 
0.2 , 0.96 
0.3 0.96 
0.4 0.97 
0.5 0.97 
0.6 0.96 

i 



' 
A further study of the coherence of the vortex 'shedding in the wake of a flexible cable 

wLs conducted by Ramberg and Griffin (54). It was found from spectral analysis of the' vortex 

shedding that the component of the fluctuating pressure or velocity at the cable frequency was 

15 to 20 times the component at the Strouhal frequency. The spanwise correlation coefficient 

PAB attainefl values comparable to those shown in Table 4, as sho.wn in Fig. 4.17. Note that 

magnitude of the spectral component C, in Fig. 4.17 follows th'e distribution in displacement 

amplitude along the cable; this and. other similar observations suggest that predictive models for 

vortex-excited oscil~ations can 'be correctly based upon local conditions, i.e. lift and drag forces, 

so long as the vortex and vibration frequencies are locked-on. As a practical matter ,it is reason- 

able to assume that at large displacement amplitudes the vortex shedding is coherent in degree 

and extent between nodal points on a vibrating flexible structure. As a nodal region is traversed 

lengthwise there is a 180 degree phase shift; the vortex shedding.is again coherent in degree 

and extent but is shifted in phase frorii ileighbofing secfions of the srrucrure. The steady and 

unsteady hydrodynamic forces (drag, excitation, damping, etc.) vary with local displacement 

amplitude and are not constant over the length of the structure. 

Similar findings were obtained by Novak and Tanaka (55) and Howell and ~ o v a k . ( 5 6 )  for 

experiments conducted with cylinders vibrating in smooth flow. Results similar to those in Fig. 

4.16 were obtained (55) when the cross correlation p , ~  was measured between the signals from 

. pressure taps at various spacings along a circular cylinder. When the complications of various 

types of turbulence and boundary layer profiles were added to the case of a low-turbulence uni- 

form flow, Howell and Novak found that the displacement response of the cylinder was largely 

independent of the flow characteristics if the structural damping was suficiently small to cause . 

lock-on. 
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As the damping ratio 6, was increased, the displacement response of the flexibly-mounted 

cylinders became sus.ceptible to the characteristics of the incident flow to the cylinder. The 

correlation coefficient at the pressures measured between two taps on the cylinder is plotted in 

Fig. 4.18.. The cylinder employed during the experiments was a'pivoted rigid rod of aspect ratio 

LID = 10 in a deep boundary layer, but the results are very similar to those plotted in Figs. 

4.,16. In addition to the correlation profiles, Howell and Novak measured the cross flow dis- 

placement amplitudes as a function of structural damping (5 ,  =. 0.01 to 0.11) and obtained 

results in various types of boundary layer (shear flow) environments. The measured ampli- 

tudes compare very well with those plotted in Fig. 4.4, and full lock-on was 'observed for the 

cylinder with 5, -- 0.01 and YEFFSmX = 0.5;. .These findings 'further suggest that flexible 

cylindrical structures with small reduced damping [,/p will be susceptible to resonant vortex- 

excited oscillations even if the inddent flow is.non-uniform (as discussed in Section 4.3). 

A number of computer codes, prediction models and design procedures have been 

developed on the basis of the results just discussed. It has been found that local displacement 

amplitudes and forces can be predicted for flexible structures from empirical data that are meas- 

ured in experiments conducted with rigid cylinders,. so long as the condition of lock-on is met 

and that the frequency ratios f /  f, (or reduced velocities V,) and displacement amplitudes are 

comparable in the two cases. 

5. PREDICTION METHODS AND DESIGN PROCEDURES 

5.1 General design procedures. Design procedures and prediction methods for the vortex-excited 

oscillations of structures have been developed only during the past several years. Previously a 

reliable experimental data base and accurate characterization of the phenomenon were unavail- 

able, and it is only since marine construction has moved into deeper water and more harsh 
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operating environments that the need for sophisticated design procedures has arisen. The need 

to design slender, flexible structures against problems due to vortex shedding in the -atmos- 

pheric environment also has spurred renewed efforts to develop new wind engineering design 

procedures. It should be emphasized, however, that reliable data are available only at subcriti- 

cal Reynolds numbers. 

The design procedures that are generallyavailablc have been reported by Blevins (21, Hal- 

lam,. Heaf and Wootton (I), King (3), Skop, and Griffin and Rarnberg (58,591. The following 

discussion will be structured similarly to that of Hallam et al. and King, whose primary applica- 

tions thus far have been to the design of marine structures. The methods developed by Skop, 

Griffin and Ramberg have been applied primarily to the analysis of marine cable systems, 

though many of their basic findings have been incorporated by others. Blevins (2) discusses 

design problems due to flow-induced vibrations in general, including heat exchangers, overhead 

transmission lines and marine structur'es. 

A general flowchart which lays out a calcultllion procedure for assessing the response of a 

structure due to vortex shcdding is given in Fig. 5.1. Both single members and arrays of 

members are considered in the general procedure, but emphasis is placed here on the case of a 

single flexible cylinder. The reader should consult references 1 and 3 for further discussions of 

arrays of structural members. A second flowchart that describes the steps necessary to compute 

the amplified drag forces and steady deflections is given in Fig. 5.2. 

All of the methods developed thus far are in common agreement and point out that the 

following parameters determine whether large-amplitude, vortex-excited oscillations .will occur: 

The logarithmic decrement of structural damping, 6 

The reduced velocity, V/ f, D 
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a .  The mass ratio, melp D ~ .  . , ,I . 

Here me is the efective mass of the structure (see Appendix 4.1 and Example 3.2) which .is 

defined as 

where m (x) is the cylinder mass per unit length including internal water and the added mass, 

joints, sections of different material, etc., 

y ( x )  is the modal shape of the structure along its length, 

L is the overall length of the structure, measured from its termination, 

h is the water depth. 

It should be noted here that these methods were developed originally for. structural members 

that pierced the water surface, hence the length L might be greater than the depth h. The 

effective mass me would then define an equivalent structure whose vibrational kinetic energy 

was equal to that of the real structure. In the context of the OTEC cold water pipe, both limits 

of integration will be equal to L, the lengthLof the pipe, since h > L in all presently conceivable 

OTEC applications. 

As described in the previous sections the mass parameter and the structural damping can 

be combined as 

which are called the red)ced damping. As noted by Hallam, Heaf and Wootton ( I ) ,  the 

reduced damping k, is the ratio of the actual damping force (per unit length) and pfnD2, which 
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may be considered as an inertial force (per unit length). The results in the preceding sections 

also suggest criteria fer determining the critical 'incident flow velocities for the onset of vortex- 

excited motions. They are: 

J'c, rn Cr,D) v,,c, (5.2) 

where Vr,cr,, - 1.2 for in line oscillations and V, , ,  - 3.5 for cross flow oscillations at Reynolds 

numbers greater thm about 5(10S), in the range of OTEC applications, c.f. Fig. 4.2. For Rey- 

nolds numbers below 10' , Vr,c,ii - 5. 

An increase in the reduced damping will result in smaller amplitudes of oscillation and at 

large enough values of f ,/p or kS the vibratory motion becomes negligible. Reference to Fig. 

4.4 suggests that oscillations are effectively suppressed at t S / p  > 4 (or k, > 16), but cylindrical 

structures in water fall well toward the left-hand portion of the figure. The measurements of in 

line oscillations by King (18) have shown that vortex-excited motions in that direction are 

iffectively negligible for ks > 1.2. 'The results obtained by Dean, Milligan and woottdn (24) 

and others shown on Fig. 4.4 indicate that the reduced damping can increase from - 0.03 

to 0.5 (a factor of sixteen) and the peak-to-peak displacement amplitude isdecreased only from 

2 to 3 diameters to 1 diameter (a nominal factor of only huo or three). At the small mass ratios 

and structural damping ratios that are typical of light, flexihle st,rllctures in water the hydro- 

dynamic forces predominate and it is difficult to reduce or suppress the oscillations by means of 

mass and damping control, ' 

Step-by-step procedures for determining the deflections that result from vortex-excited 

oscillations have been developed by Skop, Griffin and Ramberg (58,59), by King (31, by Hal- 

lam, Heaf and Wootton (1) and by Mes (60). The steps to be taken are explained' in detail in 
. . 

these references and generally should follow the sequence: 
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.@ Compute/measure vibration properties of the structure (natural frequencies or periods, 

normal modes, modal scaling factors, etc.) 

@ Compute Strouhal frequencies and test for critical velocities, V,, (in line and cross 

flow), based upon the incident flow environment. 

Test for reduced damping, k,, based upon the structural damping and mass characteris- 

tics of the structure or pipe. 

If the structure is susceptible to vortex-excited oscillations, then 

Determine vortex-excited unsteady displacement amplitudes and corresponding steady- 

state deflections based upon steady' drag augmentatio* according to the methods of 

reference (59), if applicable; see Fig.' 5.2. 
\ 

Determine new stress distributions based upon the new steady-state deflection and:>the 
, . 

superimposed forced mode shape ,caused by the unsteady forces, displacements. and 

accelerations due to vortex shedding. . . 

Assess the severity of the augmented stress levels relative to fatigue life, critical 

stresses, etc. 

These general procedures are discussed in a later section of this report in relation to some 

simple OTEC cold water pipe design problems. 

5.2 Practical design data. Several dynamic models of varying levels of sophistication have been 

developed to predict the displacements due to vortex-excited oscillation. One class of models, 

the so-called nonlinear "wake-oscillator" type have been discussed in detail elsewhere 

(2,4,26,29). In terms of OTEC applications, a discussion of the wake-oscillator formulation is 

39 
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a .  given by Hove, Shih and Albano (42). None of the wake-oscillator formulations proposed thus 

far has been developed to the. stage where they represent a practical design procedure, but 

.based upon a detailed study Dean and Wootton (26) have suggested that the wake-oscillator 

model of Skop and Griffin (see reference 53) is perhaps the most promising for future develop- 

ment. 

Several empirical predictions of the dependence between the peak cross flow displacement 

amplitude and the reduced damping have been developed over the past five years. The three 

most widely used are listed in Table 5.1. The prediction curve developed by Griffin, Skop and 

Ramberg (58) is a least-squares fit to those data points in Fig. 4.4 that were available in 1976 

(about two-thirdspf the points now appearing in the figure). The Iwan and Blevins curve was 

developed during a study of one wake-oscillator formulation (2) and Sarpkaya's result is based 

upon a modeling study (4) similar to the one described in Appendix 4.1. The dimensionless 

mode shape factor y is given by 

, Representative maximum values.of y i  for different end conditions and mode shapes can be cal- 

culated from the results in Table..Al. A sample calculation using one of the equations in Table 

5.1 is given as Example 5.1. 

, All of the ,equations in Table 5.1 correctly model the self-limiting displacement amplitude 

that is shown at, small values of reduced damping in Fig. 4.4. It is also important to note that 

all of these models are based upon the structural damping ratio, typically the still air value, for 

whatever mode of the structure is excited (see Appendix 4.1). The models in Table 5.1 tend to 

overpredict the cross flow displacement amplitude at Y / D  < 0.05 to 0.1 where the vortex shed- 

ding is not fully correlated over the length of the cylinder, but these small-amplitude cross flow 

oscillations are of more concern in gas flows rather than in water. 
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Table 5.1. Predictions of Cross Flow Displacement 
Amplitude -Due to Resonant Vortex-Excited~Oscillations 

as a Function of the Reduced Damping 
Investigator ' Predicted Displacemeht Amplitude 

- 
Griffin, Skop and Ramberg (58) YID = 

1.2% 
[ l  + 0 . 4 3 ( 2 s ~ t ~ k , ) ] ~ ~ ~ ~  ' 

- 
Blevins (2) YID = 

(1.9 + ks)St2 

- 
YID = 

0 . 3 2 ~  
Sarpkaya (4) 

(0.06 + ( 2 s ~ t ~ k , ) ~ ] ~ / ~  
- 

Legend: Y - displacement amplitude .(equation (A16)); D - cylinder diameter; m - mass or 
equivalent mass (equation (5.1)) per unit length; St - Strouhal number; k, - reduced damping 
(equation 3.1)); y -- dimensionless mode shape factor (equation (5.3)), y = 1 for a sprinp- 
mounted rigid cylinder, y = 1.3 for the first mode of a cantilever, and y 1.16 for a sinusoidal 
mode shape (cable). 

' 'c~xample 5.1 Calculation of the.vortex-excited cross flow displacement amplitude from a,.le@st: 
',. 'squares fit to.the data in Fig:.4.4; 'see equation (5.6) and Table 5.1. This is an example of'one 

. < .  

series of steps in the procedure to be employed in a preliminary assessment of an OTEC,cold 
water pipe's susceptibility to vortex-excited oscillations. 

PROBLEM STATEMENT: 

. S he peak cross flow displacement amplitude Y/D due to lock-on can be calculated for a yariety 
. of circular cylindrical beams when the-mass and damping characteristics of the structure are 
known. An estimate of the expected YID is a necessary step in making .an assessment of an 
OTEC cold water pipe's susceptibility to excitation by vortex shedding. Q .  

RESULTS REQUIRED: 

(a) The reduced damping parameters k, and {,/fi for a flexible beam; 

, . (b) The mode shape factor y i  (equation (4.3~)) for a flexible beam; 

(c) The maximum (or peak) cross flow displacement amplitude Y/D.  

Step One: 

Consider the case of a clamped-clamped beam in the first bending mode ( i  - 1). The data 
required to estimate the reduced damping have been given in Example 4.1. They are: 

Modal scaling factor 1:12 = 1.360 

Normal mode IJI,(Z)IMAX = 1.586 

Reduced damping k, = 1.27 or [,Ip = 2sSt2k, - 0.32 



Step Two: 

The mode shape factor y i  for a clamped-clamped beam is given by equation (4.3c), 

IJI  i ( 2 )  1 M A X  
Yl  - l i ' / 2  ' 

For i =  1 the data listed above yield the required value of y i  (wls'in Examplt 4.1). 

Step Three: 

The cross flow displacement amplitude Y/D can be estimated from the least-squares fit, equa- 
tion' (5.6), to a portion of the data in Fig. 4.4. (Only data points available through 1976 were 
employed to develop this equation. Other points have been added to the curve since then.) 
Equation (5.6) gives the required relation between Y/D and (;,/p, 

This calculated value of Y/D - 0.98 compares very well with the measured'value Y/D - 0.94 
at the same reduced damping k, (see Example 4.1). ~he ' recent  measurements of Dean, Milli- 
gan and Wootton (24) were not employed in computing the least-squares fit, equation (5.6). 

The drag coefficient CD for a structure vibrating due to vortex shedding is increased as 

shown in Fig. 4.11. The ratio of CD and CDo (the corresponding drag coefficient for a cylinder 

that is restrained from oscillating) is a function of the displacement amplitude and frequency as 

given by the response parameter (59) 

w, = (1 + ~Y/D)(v ,  st)-'. (5.4) 

Here agiii 2 F  is the double amplitude of the displacement, V, is the reduced velocity and St is 

the Strouhal number. The .ratio of the drag coefficients is given by 

cD/cDo 1 , ' wr < 1 

CD/CDo = 1 + 1 . 1 6 ( ~ ,  -l)0.65, W, 2' 1 

which'is a least-squares fit to the data in Fig. 4.1 1. The equation 



NRL MEMORANDUM REPORT 4157 

can be combined with equations (5.4) and (5.5) to compute the unsteady displacements, the 

drag amplification and the amplified static deflection that is due to the vortex excited oscilla- 

tions. .The local displacement amplitude along a flexible cylindrical structure (in the ith normal 

mode) is given by 

where 

x ( z )  = Ym,,x D 3ri(~j/li"~. . , (A 16a) 

These equations are employed as outlined in Fig. 5.2 to iteratively compute the static deflection 

of a structure due vortex-excited drag amplification (the drag coefficient CDo for the stationary 

cylinder is assumed to be known). Recommended values of CDo for smooth and rough station- 

ary cylinders'are given by Hove, Shih and Albano (42) in a related OTEC report. 

Example 5.2 Calculation of the steady drag amplification 'CD/CDo .due to cross flow oscillations 
of a cylindrical beam. This is. the procedure to be' employed in calculating the drag 
amplification that accompanies vortex-excited oscillations. 

PROBLEM STATEMENT: 

When a cylindrical structure vibrates in an'incident flow due to vortex shedding, the steady drag 
force is increased. For a cylinder of circular cross-section, the amplification in the drag due to 
cross flow lockon is well documented as shown by the'results in Fig. 4.11. A step-by-step pro- 
cedure for calculating the drag is given in Fig. 5.2. 

RESULTS REQUIRED: 

(a) The maximum drag amplification CD/CDo for a flexible beam (CDo . - is the drag on 
the cylinder when it is restrained from oscillating). 

Step One: 

The data required for calculating CD/CDo are given in Example 4.1. When the case of a 
clamped-clamped beam in the first bending ( i  = 1) mode is considered, the data are: 

' 

Displacement amplitude YMAX/o = 0.94, 
Reduced velocity V,/ 7MAx = 5, 
Strouhal number St = 0.2. 



0. M. GRIFFIN 

Step Two: 

The drag amplificatiop CD/CDo is given by equation (5.5b), a least-squares fit to the data in 
Fig. 4.11, 

CD/CDo 1 + 1 . 1 6 ( ~ ,  - l)0.65. 

The parameter w,, the horizontal axis in Fig. 4.1 1, is given by 

The required value of wr is calculated from the data listed above. This specific case refers to 
the peak displacement amplitude of a flexible, clamped-clamped circular cylinder in flowing 
water, so that 

w, = (1 + 2 x 0.94) (5.0 x 0.2)-I = 2.88. 
The amplification of the local'drag coefficient is then 

For this location-on the cylinder the drag due to vortex-excited oscillations is increased by 275% 
from the corresponding case when the cylinder is restrained. The average drag amplification 
over the entire length of the cylinder is calculated with the step-by-step method given in Fig. 
5.2. 

Blevins and Burton (57) have developed an empirical model for predicting the vortex- 

excited cross how displacement amplitudes. Instead of being deterministic, however, the model 

is based upon random vibration theory in order to incorporate the effects of varying correlation 

length on the resonant response of the structure and the flow-induced forces. The details of 

the model are given by Blevins (2), and will not be repeated here since the variable correlation 

length effects are more applicable at cross flow displacements less that Y / D  = 0.2 and reduced 

dampings greater than ( S / p  = 2. This is somewhat beyond the range in Fig. 4.4 that is most 

applicable to marine structures. 

In order to specify the excitation component of the lift forces, Blevins and Burton fitted a 

quadratic curve to the data of Vickery and Watkins (1964) and Hartlen, Baines and Currie 

(1968) that are plotted in Fig. 4.9. The curve is given by 
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with a - 0.35, b - 0.60 and c = - 0.93, and CLE is evaluated from the equation 

which is discussed in Appendix 4.1. Blevins (2) has carried out the necessary integrations for a 

rigid cylinder (JI (2) = I ) ,  a pivoted rod ( ~ l  (z) = z/ L). and a sine (taut cable) mode 

(+i(z) = sin(ilrz/L)). The results are listed in Table 5.2 for the case where the correlation 

length I, is much laiger than thc length L of the cylinder. An additional case has been included 

as part of the present study:. a pinned-free cylinder (the first three modes). This example is 

given in Section 8 and is somewhat representative of a simple OTEC cold water pipe 

configuration. The calculation of additional cases is straightforward. 

The coefficients for a cubic fit to the data in Fig. 4.9 have been computed and are based 

upon a fit to all of the data points shown there. This cubic equation is given by 

CLE = a 1 + b 1 YEFF, MAX + ~1 YE'FF, MAX + dl Y.FF,MAX (5.8) 

These new coefficients are listed as a l ,  bl ,  c l  and d l  in Table 5.3. This fitted curve to the data 

is valid between YEFF,MAX = 0 and YEFF,MAX = 1.25 (2 YEmMAX = -2.5). The results in the table 

can be employed as inputs to a finite-element, elastic beam analysis of the resonant, vortex- 

excited response of a number of flexibly configured cylinders. However, it should be noted that 

the coefficient CLE represents only the excitation force on the structure. For vibrations in water 

it is necessary to have an accurate and precise representation of the coefficients of the added 

mass, hydrodynamic damping and hydrodynamic inertia forces. These coefficients are not as 

well characterized as is CLE, but they can be computed from the total force measurements of 

Sarpkaya (281, for example, as shown in Table 4.2 and 'Appendix 4.1. 



Table 5.2 Excitation Force Coefficient CiE for 
Three Cylindrical Structures; from 

reference 2. 
Structure Mode Shape $I, (2) CLE (1, > L)+ 

Rigid cylinder 1 a + b(T/D) + c ( F / D ) ~  

Pivoted rod ZIL e + ~ ( F I D )  + f (F ID)~  

Sine (taut cable) 

mode, i = 1 sin (.rrF/L) a + 5 ~ ( F I D )  + f c ( ~ / D ) ~  
- 

is the average value calculated from equations (5.7) and (5.8). Y / D  is 
the peak displacement ampliiude for a given mode. a - 0.35, b - 0.60, c 
P - . - 0.93 r 

6. COMPUTER CODES FOR PREDICTING AND MODELLING 

VORTEX-EXCITED OSCILLATIONS 

p-. 

Table 5.3 Excitation Force'Coefficient CLE; 
data from Fig. 4.9 

r 

Force coefficient: CLE - .a I + YEFF.MAX + ~i Y~FF,MAX + dl Y.FF,MAX 
where a1 - 0.12, bl - 2.12, cl = -3.57, dl - 1.45 
and the standard deviation of the curve a = 0.1. 

Effective displacement: 
( TMAX/D) I$I(z) )MAX 

YEFE MAX B Y I  - 
71 4" 

In terms of FMAX/~, 
CLblYMAXII - a1 + (bI/yt) (~MAX/D)  + (cI/Y:) ( F M A ~ / ~ ) 2  + (ddy:) (FM~xID)'' 

where the factor y ,  is evaluated for a given set of ond fixities, i.c. lit;c-pinned, piniled-pinned, 
clamped-clamped, etc. Here yMAX/D is the peak displacement along the beam. 

There are a limited number of operational computer codes'for calculating the the response 

of bluff structures to vortex shedding. Those which are most applicable to the OTEC cold 

. 

water pipe and associated mooring cables are described in this section. 

f Note that this form of the equation is slightly different than than introduced by Blevins (2) as given in equation (5.7a) 

46 
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6.1 The VORTOS Code. VORTOS is a computer code developed by Atkins Research and 

Development in the United Kingdom. The essential features of the code are described in a 

recently published report (61). This program predicts the dynamic response of a flexible 

cylinder to vortex-excited oscillations in steady flow. The vibration amplitude and frequency 

response in a steady flow may be calculated for flexible cylindrical members of a variety of 

marine structures. The calculation is based upon experimental measurements of the cross flow 

response and the excitation forces using spring-mounted rigid cylinders and flexible cylinders 

(24). 

The program is based upon the well-founded assumption that the lift force at each posi- 

tion along the length of a cylinder in steady flow i s 3  sinusoidal function of time and is depen- 

dent upon the local incident flow velbcity and displacement amplitude (19, 23, 24, 33).  The 

cylinder is represented by simple finite elements (at this stage up to eleven in number) and the 

appropriate mass and stiffness matrices. The vortex shedding frequency is determined from the 

reduced velocity V, for each element and is assumed to lock-on close to the natural frequency 

fn of the structure at the critical velocities described in Sections 3, 4 ahd 5 of this report. 

More specifically, lock-on is assumed to occur if the Strouhal frequency is between 0.8 f n  and . 

1.6 fn  (61). The resonant, vortex-excited lift forces as a function of displacement amplitude for 

each vibrating element are derived from experimental data. An iterative procedure is employed 

to calculate the steady-state deflected shape of the cylindrical member and the maximum bend- 

ing stresses are determined from the curvature. A typical comparison between the VORTOS 

prediction and experimental measurements taken with a long, flexible circular beam are plotted 

in Fig. 6.1. The important features of the code are described in more detail in reference 61, 

which also includes a worked example problem with output and a listing of the input data 

required to exercise the code. 
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Several factors that influence the utility of the code for OTEC applications should be men- 

tioned. Shear effects are not taken into account explicitly since the developers of the code do 

not feel that the effects of velocity shear on vortex shedding have been quantified for flexible 

cylinders (62). The experimental data upon which the code is based were obtained at subcriti- 

cal Reynolds numbers so that any extrapolation to high Reynolds numbers would have to be 

approached with caution. Also, no correction is made of the static deflection due to 

ampllflcation of the steady drag on the structure as a result of the vortex-excited oscillations. 

6.2. The DESADE code. The DESADE code was developed at NRL for computing the 

current-induced static deflections of structural cable arrays (63). As dimensioned the code can 

handle arbitrarily configured arrays of up to twenty-two cables. The cable can be elec- 

tromechanical, wire rope or synthetic, and any number of discrete elements can be incorporated 

in the array. An option for parametric studies is included in the program together with an 

option for incorporating arbitrary current distributions over the array. A capability for taking 

account of the amplified deflections of the array due to vortex-excited strumming oscillations 

recently has been added to the DESADE code (59). The capabilities of the method of ima- 

ginary reactions (641, upon which DESADE is based, also have been extended recently to 

guyed tower configurations (65) and the strumming subroutines have been upgraded still 

further (66). The required input to the program is listed in detail in reference 63. 

The strumming correction has been employed successfully in some recent marine applica- 

tions. SEACON I1 (67) was an ocean-based cable array that was used to validate several array 

motion models. The SEACON structure was implanted by the Civil Engineering Laboratory 

(CEL) and consists essentially of three riser cables and a horizontal delta array as shown 

schematically in Fig. 6.2. The cables comprising the delta had uniform currents incident over 



NRL MEMORANDUM REPORT 4157 

their respective lengths and we"re'.found to be subject to cable strumming; These strumming 

vibrations lead to iqcreases in the effect steady drag coefficients and in the lift amplification 

over the cables as discussed earlier in this report. Since the drag coefficient is a basic parameter 

in all array motion computations, an accurate knowledge of its value is required in order to vali- . 

date the various models for the analysis of cable structures. The drag amplification correction 

procedures used in the code are discussed in Section 5. 

The steady drag coefficient was frequently 150 to 230% greater than the value of the nom- 

inal stationary-cable drag coefficient CDo due to strumming of the SEACON I1 array. These 

large increases in the drag loads would be expected to have a significant effect on the magnitude 

of the predicted array motions. In Fig. 6.3 the measured motions of a point near the intersec- 

tion of two cables on the horizontal delta of the SEACON I1 array are compared to the 

predicted motions during a semi-diurnal tidal cycle. The predicted motions were obtained using 

the computer code DESADE. The magnitude and direction (predominantly from the 

southeast) of the current during the cycle can be inferred from the movement of the measure- 

ment point from its zero current location designated by "X". The northern direction is shown 

on the plot as a reference. 

The measured motion of the point is shown in Fig. 6.3 by the solid line, and the predicted 

motion using a constant stationary-cable drag coefficient CD - CDo = 1.55 (measured in water 

[211) is given by the dashed line with circles (---0-1. Finally, the predicted motion using 

CD - (CD/ Cm) Cm, with CD/ Cm calculated from equation (5) and Cm = 1.55, is shown by 

the dashed line (-----). Excellent agreement was obtained between the predicted and measured 

motions when the strumming-amplified steady drag coefficients were employed. It was also 

apparent, for the larger current magnitudes, that the displacement amplitudes predicted using 
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the nominal stationary-cable drag coefficient (CD = CDo = 1.55) were considerably smaller than 

the measured displacements.. 

6.3. The HULPIPE code. The HULPIPE code was developed by TRW and has been used 

extensively in marine studies (68). In terms of OTEC applications, the HULPIPE code solves 

the partial differential equations of the cold water pipe motion coupled with the ordinary 

differential equations of the plant hull motion. All computations are done in the time domain, 

and .for the CWP both in space and in time. The hydrodynamic forces taken into account are 

the drag and inertia forces due to wave action, current-induced drag and lift forces, Coriolis 

forces due to the incident flow, and steady lift or side forces due to non-circular pipe cross- 

sections. 

The code is subject to "small-deflection" .theory limitations, i;e. to angular deflections less 

than 10". Also, the hydrodynamic force inputs to HULYIYE are limitea to canstam values of 

the drag coefficient, the added mass andlor inertia coefficients and the vortex force coefficient. 

And an example of the program's application to an U'I'BC cold water pipe is given in Fig. 5.4. 

6.4 Other related codes. The importance of including dynamic effects in the analysis of marine 

risers has been well established. A recent paper by Young, Fowler, Fisher and Luke (69) 

discusses a number of riser codes which have been developed in recent years and describes a 

computer program for predicting the dynamic response of marine risers to lateral forcing by 

waves (regular and random) and currents (vortex shedding). The program described by Young 

et al. is a frequency domain analysis that contains a "variable-increment" finite difference for- 

mulation that requires no linearization of the Morison equation in defining the hydrodynamic 

forces. Loading conditions on the riser include harmonic cross. flow forcing to simulate vortex 

shedding, though few details were given of how the effects of vortex shedding actually were 

50 
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taken into account. The analysis is based upon the differential equation for a tubular "beam- 

column* and is limited to small deflection theory, as was the HULPIPE code described in the 

preceding section. Either force or displacement boundary conditions at each end allow for ball 

joints, a freely suspended riser etc. Several other recent and noteworthy riser analyses are dis- 

cussed also by Young, Fowler, Fisher and Luke. These include the finite-difference, time 

domain model of Sexton and Agbezuge (70) and the finite-element, time domain MARRS 

computer code of Gardner and Kotch (711, 

7. ELIMINATION/REDUCTION AND AVOIDANCE OF 

VORTEX-EXCITED OSCILLATIONS 

Vortex-excited oscillations sometimes can be reduced or suppressed by the installation of 

external devices that modify the flow field about the structure. Helical fins, porous shrouds and 

streamlined fairings have heen used with some success (72,731, but ia geilarttl it is preferable to 

design the structure itself to avoid the vortex-excited oscillations whenever possible. 

There are three primary methods of preventing the in line and cross flow oscillations, as 

described in detail by Hallam, Heaf and' Wootton (11, Dean and Wootton (261, and King, 

Prosser and Verley (73). These are: 

(a) Control of the structural design so as not to exceed the critical values of reduced 

velocity V, - Vl f, D, 

(b) Structural design for sufficiently large mass and damping; 

(c) Modification of the flow. field around the cylinder eith&r by altering the flow or the 
. . 

structural shape. 
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. . 
The first two methods were described in the preceding sedtions and will. be further discussed 

later with regard to OTEC cold water pipe applications. The remainder of this section will focus 

primarily on the use of various types of spoilers to reduce the oscillations. 

There are generally three methods which -have been employed with success to reduce 

vortex-excited oscillations of flexible structures (except for cables, which will be discussed 

briefly later). These are strakes, or helically-wound fins, porous shrouds which fit over the 

cylindrical structure, and straight fins in various configurations. The three are shown in Fig. 

7.1, from Hallam, Heaf and Wootton (3). 

Strakes: Helical strakes have been widely employed in reducing the wind-excited oscillations of 

large chimneys. Strakes, however, cause difficulties in installation and handling and tend to 

increase the steady drag coefficient. A straked cylinder has a drag coefficient of Cd = 1.3. Hal- 

lam, Heaf and Wootton (3) discuss the optimum strake configuration; this is three helically- 

wound fins of about 10 percent of the cylinder diameter, with a pitch of 5. Semi-rigid strake 

windings have bccn developed specifically for offshore applications (74); an increase of 10 per- 

cent over the steady drag on the bare cylinder value is estimated. 

Shrouds. Perforated shrouds have been employed successfully to eliminate the in line motion 

due to vortex shedding (17.73). The shroud is effective for all approach flow directions. An 

optimum shroud geometry should have a diameter 20 percent greater than the cylinder and an 

open area ratio of 36 percent, and should extend over 20 percent of the wetted length of the 

cylinder (73). Information that is available suggests that marine growth does not reduce the 

shroud's effectiveness. 

Fins and fairings. Radial fins that extend along the length of the cylinder have been tested suc- 

cessfully to suppress vortex-excited oscillations (73) in line with the flow. The fins typically are 
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10 percent of the diameter of the cylinder and are fitted over about 20 percent of the cylinder's 
2. 9 . a  . . 

length at 45" from the front stagnation point. Such a device is effective only for small varia- 

tions in the angle of the approach flow. These radial fins also induce a steady side, or lift, 

force. A streamline fairing that is fitted to the cylinder prevents.the formation of strong vor- 

tices and' has been employed successfully in deep water (72). However the fairing must be free 

to rotate in 'order to acc~mmodate 'chan~es in the direction of the approach flow. Otherwise 

large bending moments will be induced. Grant and' Patterson (72) describe in detail the design, 

testing and installation of a rotatable fairing for a 24 inch diameter drilling riser that was to 

operate in 500 feet of water with surface currents of 8 knots. The fairing section as installed is 

shown in Fig. 7.2. The fairing extended about 2 diameters downstream into the wake of the 

riser. Flag-type tail fairings were developed for use in the pile installation operations at the 

Cognac platform site (45). 

An example of the reduction in displacement aniplitude that can be achieved with radial 

fins and shrouds is shown in Fig. .7.3 from .reference 73.. The in line displacement amplitude of 

a raked (yawed) pile was reduced substantially by the installation of shrouds and radial fins. It 

should be kept in mind, however, that the Reynolds number of the flow was relatively small, 

near Re = lo4. It is also important to remember that most effective solutions to the problem of 

suppressing vortex-excited oscillations are ad hoc' in nature and it is often risky to apply a suc- 

cessful result for one installation to other situations. It is generally more kffective to design the 

structure against problems due to vortex shedding and to attempt to modify the flow is the least 

satisfactory alternative. 

For completeness, the suppression of vortex-excited strumming vibrations of flexible 

cables should be mentioned. This problem generally has been dealt with effectively, though 

with the usual penalties of increased drag, etc. Lengthy and authoritative discussions of strum- 

ming problems and their solution are given in recent reports by Hafen and Meggitt (79, Kline, 

5 3 
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Nelligan and Diggs (761, and Vandiver and Pham (77).  gain, solutions to the strumming 

suppression problem .for marine cables are ad' hoc in nature because the precise operating 

mechanisms of the various devices are 'not well known. 

8. OTEC COLD WATER PIPE APPLICATIONS 

8.1 7)pical CWP examples. Two primary non-dimensional groups of relevant parameters must 

be considered in assessing the potential severity of vortex-excited oscillations. These are: 

the REDUCED VELOCITY, 

2m8 and the REDUCED DAMPING, ks - or t , /p = 2 1 r ~ t ' k ~  . 
pD2 

The latter is a combination of the mass ratio m / p ~ 2  and the structural damping ratio 6, or the 

, log decrement 6. Both the reduced velocity and the reduced damping must.be considered in a 

complete 'assessment. 

It is useful to consider as an application of the methods described in the preceding sec- 

tions the vortex shedding characteristics of a representative OTEC cold water pipe 'design. For 

this first example one TRW fiberglass design is chosen for convenience. The design. parameters 

of the pipe are given in reference.12 and are summarized in Table 8.1. The natural periods of 

the first four bending modes of the fiberglass pipe are listed in the table, and from these the in 

line and cross flow critical velocities can be calculated in a straightforward manner: A typical 

OTEC operating condition employed in recent studies is the offshore Puerto Rico and Brazil 

regions "grazingn mode which yields an incident flow of up to one knot (0.51 m/s) over the 

pipe length neglecting relative currents. This amounts to something of a "worst case" in terms 

of vortex shedding 'since the incident flow is uniform over the length of the pipe. From the 

velocities listed in Table 8.1 it is clear that for these conditions the 9.2m (30 ft) diameter pipe 
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would be in the critical velocity range for in line oscillations in the first two.modes.and for cross 
.s tk  .". .. . . A . . . 

. , 

flow osqillations in the fundamental mode (see Example 8.1 1. 
. . 

Table 8.1 The effects of vortex shedding on an OTEC cold water pipe; 
pipe parameters from reference 12: 

Cylindrical fiberglass pipe, 50 mm (2 in.) wall thickness. 
Diameter D = 9.2m (30 ft) . Length L * 762m (2500 ft) LID = 83 

bending Natural period, Critical velocity, V,,,, Im/s ( k t ) )  
oscillation Tnor (see? ': 

Inline Cross flow 
i= 1 121 - 0.092 (0.'18) 0.26 (0.50) 

----- ----- 
2 43:2 '0.25 (0.48) 0.74 (1.43) 

----- 
3 21.4 0.51 (1.0) 1.49 (2.89). 
4 12.6 . ,  0.85 (1.65) 2.54 (4.92) 

'.K,, = 1.2 (In line) 
Vcrit = K,, (Dl 'kt) K,, =3.5(crOss flow) 

Note: Dashed underline denotes !hat critical velocities..are exceeded by the 
incident flow in the range 0 to 1 knot (0 to 0.5 m/s). ' 

' 

' .  ..!: 

Example 8.1. Calculatio~i uf Lhe critical incident flow velocities of an UTEC cold water pipe 
when the cwp's natural periods are known. 

PROBLEM STATEMENT: 
. . 

The magnitudes Vci, of the critical incident flow velocities are those which correspond to the 
onset, of in line and.cross flow oscillations due to vortex shedding. In this example the pro- 
cedures for calculating V,, are given for the particular case when the natural periods of the 
cold water pipe are specified. A typical fiberglass pipe of the configuration discussed in detail by 
TRW (12) is considered here as the example. . * 

RESULTS REQUIRED: 

(a) The magnitude Vcrjt of the critical incident velocity for the onset of in line oscilla- 
tions due to vortex shedding; 

(b) The .magnitude V,, of the critical incident velocity for the onset of cross flow 
oscillations due to vortex shedding. 

Step One: 

Consider the case of a typical TRW fiberglass cold water pipe (12). The first four natural 
periods of the pipe were calculated and are listed in reference 12 and Table 8.1. The data 
required are: 



Nominal length L = 2500 ft, 
Fundamental period T,,, = 12 1 sec ( i  = I ) ,  
Nominal diameter D = 30 ft. . . 

For the onset of vortex-excited oscillation, the magnitudes of the critical velocities are given by 
equation (5.21, . 

where 

1.2 In line 
3.5 Cross flow ; for .Reynolds numbers greater than 5 ( l d ) .  

Here V,,,, is the reduced velocity V, = V /  f,D. The critical values of V ,  are shown in Figs. 2.6 
and 4.3 respectively for in line'and cross flow oscillations. The Reynolds number of a 30 ft 

. diameter cold water pipe is 3.4(106) in a one knot flow. . . .  

Step Two: 

The magnitude of the in line critical velocity is . . 

V,, = 1.2 x 301 121 ft/sec = 0.30 ft/sec 

= 0.18 knots 

for the first bending ( i  = 1) mode. 

Step 'T'hree: 

The magnitude of the crossj7ow critical velocity is 

V,, = 3.5 x 201121 ft/sec = 0.87 ft/sec 

= 0.52 knots 

for the first bending ( i  = 1) mode. 

. Both critical velocities for the fundamental mode are exceeded when the upper limit of the rela- 
tivk flow is one knot. Note: Additional results relevant to this.example are listed in Table 8.1. 

Only nominal values or the pipe diameter D and the length L'were chosen todemonstrate the 
procedures for calculaling V,,, .  In the case of an incident flow with shear V,,, is the maximum 
value in the nonuniform velocity profile. 

The critical, or onset, velocity is given by the entry V,, = 0.26 1x11s (0.5 kt) in Table 8.1. 

If the peak displacement amplitude occurs at a reduced velocity in the range V,  = 6 to 7 . 5 ,  then 

the actual velocity range over which the maximum cross flow displacements are excited will be 

V - 0.45 to 0.57 mls (0.88 to 1 . 1  knots). A grazing mode of operation near one knot is clearly 
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?is;" " 

in. the range of a first mode.krbss flow resonance if the reducedklamping of the pipe is 
pD2 

I ~ufX&iently small [$$ < l O l  16 . In addition both the hnt  and ndwond bendkg modes, of 

'thk'llexible pipe will be susckptible to in line oscillations when the damping is s@l 

. . 
'Example 8.2.. Calculation of'ihe'effective mass ratio m e / p ~ 2  for a hypothetical thin-walled, 
water-filled cylindrical steel OTEC cold water pipe that is oscillating in sea water. . . . . .  

> % 

PROBLEM STATEMENT: 

. . . .    he effective' mass me of a cylihdrical structure in water (or. any fluid) consists of'the m q s  of 
. . . , .. 

' 'the structure ihelf, the mass of,any fluid or other material contained within the structure,, and 

. , 
the added maks due to unsteady'motion through the surrounding fluid. In this example a '&m 

' 
ple calculation of the effective.'mass of a steel cold water pipe is presented. Representative 

' values of the pipe dimensions anii properties are taken from recent OTEC cold water. pipe sys- 
tem study (13). 

RESULTS REQUIRED: 

" 
(a) 'The added mass '& .of a hypothetical cold water pipe due to its oscillatory motion; 

(b) The effective niass ratio me/p D2 of a hypothetical cold water pipe. 

Step One: 

. ' .  The data reqil'iied to calculite the equivalent mass me (per unit length) are given in reference 
13: 

Nominal diameter D = 30 ft 
Pipe mass ms = 3500 IbJft 
Sea water density p = 64 1bJft3. 

The added mass of the pipe (pPer unit length) due to its oscillatory motion is 
. . 

ma = ( ~ 1 4 )  P ,  D2 Cams 

where Cam is the added mass coefficient. If a value of Cam = 1 is .assumed, then 

ma = ( ~ 1 4 )  x64 x (3012 x 1 = 45200 IbJft. 

Step Two: 

The total effective mass me is given by the equation 

me = ms + m,(water in pipe) + ma (added mass) 
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:. me = 3500 1bJft + (n/4) x 64 x (30)~ lb,,,/ft + 45200 1bJft 

= 93900 lb,,,/ft 

The mass ratio melpD2 is given by the equation 

This value (melpD2 = 1.63) is typical of thin-walled, water-filled cylindrical beams; see refer- 
ences 1 and 24. The mass of the pipe in water is dominated by hydrodynamic effects since only 
4% of the total mass per unit length is due to the steel shell. 

Note: 

It is not the purpose of this brief example to specify the detail design of a prototype OTEC cold 
water pipe. Nominal dimensions such as the diameter D and length L are employed to demon- 
strate the step-by-step calculations that should be followed. Design complexities such as ribs, 
longitudinal stiffeners etc; are not considered in this preliminary assessment, but these factors 
would be important considerations in a complete detail design study. 

An additional example now is considered in more.detai1. A steel cold water pipe has been 

proposed as a prime CWP baseline design candidate (12, 13, 78, 791, and the structural proper- 

ties of steel are better known relative to offshore applications than are those of fiber-reinforced 

plastic, polyethylene and elastomers. The first. three natural bending periods of a flexible steel 

pipe are listed in Table 8.3 (also see Example 8.2). For simplicity it is assumed that the pipe is 

a pinned-free flexible beam, so that the natural frequencies are given by (80,811 

Here again m,, the equivalent mass, is the sum of the (uniform) pipe mass, the mass of the 

water inside the pipe and the added mass of the water. The characteristic function and the 

coefficients for a pinned-free flexible beam are listed in Table 8.3. 

If the incident flow environment is again considered to be that of the "grazing" mode near 

one knot, then Table 8.2 shows that the pipe again is' susceptible to in line oscillations in the 



NRL MEMORANDUM REPORT 4157 

Table 8.2 The effects of vortex shedding on an OTEC cold water pipe; cylindrical steel 
pipe paranleters from ieferences 13, 78 and.79. 

Pipe parameters: 

Nominal diameter D = 9.2m (30 ft) Length L = lOOOm (3280 ft) LID = 109 

.Mode of bending Natural period, Critical velocity, V,, (m/s ( k t ) )  
oscillation T& T (sec 1 

In line Cross. flow 
i= 1 121 0.092 (0.18) 0.26 (0.50) 

----- ----- 
2 37.3 0.30 (0.58) 0.86 (1.67) 

----- 
3 17.9, 0.62 (1.20) 1.80 (3.49) 

+It is assumed that the pipe is a pinned-free flexible beam; see equation (8.1). 

V,cri, = 1.2 (In line) 
Vcrit = V,M (Dl TNAT) , v r,cri, , 3.5 (cross flow) 1. 

Note: Dashed underline denotes that critical velocities are exceeded by the 
relative currents 'in the range 0 to 1 knot (0 to 0.5 rn/s). 

Table 8.3 Characteristic functions for the natural 
modes of a flexible, free-pinned beam (80). - 

~,(z , t )  = FMx +,(z)eJoit 
Characteristic function 

ith mode; ~+$~(z) = cosMi(~/L)~+ 'cos  hj(?/L) - ai[sinh hi(?/L) + sin hi(?/L)l 

- 
- 

z = 0 free 
z = L pinned 

Natural frequencies and periods 

1 (hi)2 J -  A ith mode: f,.= - , 'I;=- 
2lr 

i A ; .  ai li' I+i(z) IMAX y j  

1 3.927 1.007 1.310 2 1.527 
2 7.068 1 1.267 2 1.578 
3 10.210 1 1.254 2 1.594 i 
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first two bending modes and to cross flow oscillations in the first bending mode. As in the case 

of the fiberglass pipe .of the previous example, the maximum cross flow oscillations would be 

likely to occur in the range of relative velocities very close to the nominal grazing condition 

(V - 0.45 to 0.57 m/s or V = 0.88 to 1.1 knots). 

The reduced damping ks or (,/p of the structure also must be estimated in order to fully 

assess the potential severity of the vortex-excited oscillatipns. A thin-walled, water filled steel 

cylinder wlth a large slenderness ratio (LID = 8U to 100) will typically have an equivalent mass 

ratio of about m e / p ~ 2  = 1.5 to 3 (see Example 8.2). Typical values of the structural damping 

log decrement for such a configuration are in the range 6 = 0.1 to 0.2 (1). These values of me 

and 6 combine to yield a range of estimated reduced damping of ks = 0.33 to 0:66. This 

results in estimated cross flow peak displacement amplitudes between FMAx/~ = 1.33 to 1.60 as 

given by equation (5.61, a least-squares fit to the data in.Fig. 4.4.. The steady drag coefficient 

will be amplified by the oscillations by as much as CD/DDo = 2.8, according to equation (5.5b). 

These values of ks also suggest that the pipe will be susceptible to in'line oscillations, which can 

be analyzed by step-by-step methods similar to those given in the examples. The step-by-step 

calculations which lead to these estimated displacement amplitudes are given in Example 8.4 

and the results are summarized in Table 8.4. 

r 
Table 8.4 'Vortex-excited bending oscillations of a hypothetical thin-walled, 

' water-filled steel OTEC cold water pipe. 

Pipe parameters: 

Nominal diameter D = 9.2 m (30 ft) Nominal length L = 1000 m (3280 ft) 
Natural period T,,, = 121 sec (first bending mode) Effective mass ratio m;lpD2 = 1.63 

Reduced damping, Displacement - amplitude, Relative flow velocity at YMAx 
ks YMAX/D Y M A X ( ~ ( ~ ~ ) )  V ( ~ / S  (kt)) 

0.33 1.60 14.6 (48) 0.46 to 1.1 (0.88 to 1.1) 
0.66 1.33 12.2 (40) 0.46 to 0.57 (0.88 to 1.1). 

Note: It is assumed that the pipe acts as a free-pinned flexible beam. In the first bending mode the 
peak displacement amplitude occurs at the free end of the pipe. 
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These estimated displacement amplitudes are large enough to be potentially catastrophic 

and destructive, based on available offshore experience with flexible cylinders in steady currents 

(16,17,45,82). This example, though it represents only a simplified analysis, strongly suggest 

that the OTEC cold water pipe design process should include a careful and detailed study of the 

effects of vortex shedding. A detailed analysis might include a finite-element modelling of the 

slender beam configuration of the OTEC cold water pipe. Drag amplification and unsteady 

force amplification due to lock-on should be included in the analysis by means of an iterative 

process in order to determine the static'deflection and forced mode shape of the pipe. 

8.2 Recommended vortex-excited force and response coeflcients. Experimental data for steady and 

unsteady force coefficients and vortex-excited displacements are available for application at sub- 

critical Reynolds numbers: (Re < 2 (1 09). This range of Reynolds numbers corresponds to 

model-scale and small test-scale OTEC cold water pipes. Relatively few data are available for 

applications in the higher Reynolds number ranges (Re > 2 (lo6)), and prudent extrapolation 

of the results available at subcritical Reynolds numbers is the only near-term alternative. It is 

well established that strong periodic vortex shedding takes place from smooth and rough circu- 

lar cylinders at Reynolds numbers in the range of full-scale OTEC cold water pipe applications 

(17, 35, 40, 41). 

In terms of in line oscillations, both force coefficients and displacement responses are well 

documented at both the .model scale and full scale. These results are summarized in Section 3 

of this report; examples 3.1 and 3.2 give step-by-step applications of the results. However, in 

line oscillations due to vortex shedding reach displacement amplitudes of only about one-tenth 

of the more destructive cross flow oscillations in water. For this reason a primary concern 

should be cold water pipe design for oscillations in the cross flow direction, since it is generally 
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accepted in offshore design that unsteady deflections of the order of three diameters are catas- 

trophic for most structural members (16,17,45,60,82). 

Experimental data and design procedures derived from them are quite extensive for the 

case of cross flow oscillations. The most recent of these results that are directly relevant to the 

OTEC cold water pipe, at least for models and small test-scale CWP's, are summarized in Sec- 

tion 4 of this report; Examples 4.1 and 4.2 give applications of the basic data for cross flow 

deflections and forces. Specific OTEC-related problems are discussed in Examples 5.1 and 5.2, 

and Examples 8.1 to 8.4. Section 5 of this report is concerned with step-by-step design pro- 

cedures; these are summarized in Figs. 5.1 and 5.2 for the two cases of unsteady deflections a6d 

static deflections, respectively. In terms of appropriate coefficients for use in the CWP design 

process, the following recommendations are made: 

Example 8.3 Calculation of the critical fundamental mode velocities and the natural period of a 
steel cold water pipe (modelled as a free-pinned flexible beam). 

PROBLEM STATEMENT: 

A preliminary estimate of the magnitude VCrll of the incident flow velocities at which vortex- 
excited oscillations are initiated can be obtained for an OTEC cold water pipe by modelling the 
pipe as a free-pinned ilexible beam. This configuration is a reasonable representation of a verti- 
cal cold water pipe attached by a universal joint to a floating OTEC plant. For this example the 
plant is assumed to be motionless and in a uniform current or, conversely, "gazing" at a uni- 
form velocity through still water. The cold water pipe is assumed to be a uniform flexible beam 
of steel construction. The mass of the cold water pipe and its cross-section rigidity are taken 
from a recent OTEC cwp systems study (1 3). 

RESULTS REQUIRED: 

(a) The first bending.;mode natural frequency f, and period T, of a hypothetical OTEC 
cold water pipe; 

(b) The magnitude Vcr,l of the critical velocity for the onset of vortex-excited in line 
oscillations; 

(c) The magnitude V,, of the critical velocity for the onset of vortex-excited cross 
flow oscillations. 
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Step One: . ' r '  

The data required for the calculations are taken from reference 13, Table '8.3, and Example 8.2. 

Cross-section rigidity EI = 3.82(1012) lbfft2, 
Nominal diameter D = 30 ft, 
Pipe structural mass m, = 35001b,Jft, 
Norninal'length L = 3280 ft, 
Flexible beam parameter hi  = 3.927 ( i  = 1). 

To calculate the natural frequency fn of the cold water pipe, the standard formula for a free- 
pinned flexible beam is employed. As given in Table 8.3, this is 

All quantities required are given above except for the effective mass 'me, which was calculated 
in Example 8.2. 

Step TWO: i 

From Example 8.2, me = 93900 1bJft: 

Step Three: 

The natural frequency f, for the first'bending mode ( i  = 1) is given by 

lbmft 
Here, for dimensional consistency, g, = 32.2 - 

l q  sec2 ' 

T n = - -  - 121 sec 
fn 

Step Four: 

For the onset of vortex-excited oscillations, the magnitudes of the critical velocities are given 
by equation (5.2), as discussedlin Example 8.1, where 

v,, = v,, (Dl T") 

1.2 In line 

The magnitude of the in line critical velocity is 

Vcrlt = l.2(DITnl 
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:. V,, - 1.2 x 301121 ftlsec - 0.3fVsec - 0.'18knots 

for the first bending mode of the cwp ( i  - 1). The magnitude of the crossJIow critical velocity 
is 

V,, - 3.5 (DIT,). 

.'. V,, - 3.5 x 301121 - 0.87'fVsec 

- 0.52 knots 

for the first bending mode of the cwp (i - 1). These results are listed in Table 8.4. 

Note: 

It is not the purpose of this brief exampl'e to specify the detail design of a prototype OTEC cold 
water pipe. Nominal dimensions and quantities such as the diameter D, the length L, the struc- 
tural mass m, and the cross section rigidity EI are employed to demonstrate the 'step-by-step 
calculations that should be followed. Design complexities such as  ribs, longitudinal stiffeners, 
etc. are not considered in this preliminary assessment, but these factors would be important. 
considerations in a complete detail design study. 

Steady drag amplification due to vortex-excited oscillations. ' Equations (5.41, (5.5) and 

(5.6) for the wake response parameter, the drag coefficient amplification and the cross 

flow displacement amplitude. Note that the actual total drag coefficient is calculated by 

applying an appropriate drag coefficient for the type of cylinder used in the pipe wn- 

struction, i.e. smooth or rough at the correct Reynolds number, to the drag 

amplification CD/Ck.. See Section 5.2, Fig. 5.2, and Example 5.2. 

Excitation force due toivortex-excited oscillations. Equations (5.7b) and (5.8) for the max- 

imum excitation force coefficient CLE 'and the average CLE over the length of a flexible 

cylinder. The maximdm and local displacement amplitudes should be calculated from 

equations (5.6) and (A16a), respectively. All available measurements of CLE to date 

have been made at subcritical Reynolds numbers in air and ,in water on smooth rigid and ' 

flexible cylinders. Extrapolation to supercritical Reynolds numbers and rough cylinders .. 

should be done with caution. 
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Added mass and damping force coefl'cients. It is recommended that an added mass 

coefficient Cab = 1 be employed in calculating the vortex-excited response and natural 

periods of an OTEC cold water pipe. Other unsteady force coefficients can be derived 

from the hydrodynamic coefficients Cmh and 'cdh given in Section 4. It is important to 

note that these coefficients contain the added mass .component, among others. When 

total hydrodynamic force coefficients such as Cdh and C,,,,, plotted in Figures 4.5 to 4.8 

are employed in the equations of oscillatory motion for a flexible beam, care must be 

taken to insure that such fluid forces as added mass and damping are not duplicated in 

the formulation. .Many standard formulae include these latter forces in the &eleration 
. , 

and damping terms on the left hand side of-equation ( ~ l ) ,  but they are also included, 

in the force coefficients. Only structural mass, damping and stiffness terms should 

appear on the left-hand side of equation (Al) given in Appendix 4.1. Examples 3.2, 

8.2 and 8.3 discuss' the calculation of the added mass term in the equation of oscillatory 

motion. 

Example 8.4 ' Calculation of the peak cross flow displacement amplitude for a hypothetical steel 
OTEC cold water pipe. 

PROBLEM STATEMENT:. . . 

It is possible to estimate the cross flow displacement amplitude of the steel OTEC cold water 
pipe discussed in Examples 8.2 and 8.3. The assumption of lock-on due to vortex shedding is 
made and the same general pipe configuration and assumptions of Example 8.3 are considered 

. to apply again to the problem stated below. 

RESULTS REQUIRED: 

(a) The reduced damping k, and ( , /p  of a hypothetical steel cold water pipe; 

(b) ' The peak cross flow displacement amplitude 

(c) The magnitude V of the incident current velocity at which FMAX is excited. 



Step One: 

The .data required for the calculations are taken from Examples 8.2 and 8.3, references 1 and 
24, and Table 8.3: 

Mective mass ratio melp D2 = 1.63, 
Nominal pipe length L - 3280 ft, 
Nominal. pipe diameter .D  = 30 ft, 
Natural period Tn - 121 sec (i - 11, 
.Estimated structural damping S = 0.1 to 0.2; from reference 1, 
Strouhal number .St - 0.27, 
Mode shape factory, - 1.527 (i = 1); from Table 8.3, for% free-pinned beam. 

The displacement amplitude Tux is estimated from equation (5.61, 

where {,Ilc. - 2 n st2ks. 

Step Two: 

The reduced damping is calculated from the latter equation, so that as the next step 

It is straightforward as the next step to calculate [,/I, so that 

[,/p - 21r x ,  (0:17)~ x 0.33 to2n x .(0.17)~ x 0.66 

[s /p  = 0.15 to0.30 

This range of reduced damping {,/p falls well toward the left hand portion of Fig. 4.4 which is 
denoted as being representative of marine structures. 

Step Three: 

The displacement amplitude TmX is now estimated from equation (5.6). 

When D - 30 ft is assumed, 'F- - 40 to 48 .ft (from equilibrium) at a period of Tn - 121 
sec. For a'free-pinned beam as assumed. here, the peak displacement is obtained at the free 
end for the first two bending modes. 
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Step Four: 

The magnitude V of the .flow velocity at which this displacement amplitude is 'excited can be 
estimated from the results in Figs. 4.2, 4.3 and 4.13. Id those experiments the peak displace- 
ment amplitudes were excited in flowing water at 

V, = Vl fnD = VTnID== 6 to 7.5. 

= 1.49 to 1.86 ft/sec or 0.88 to 1.1 knots 

It should be noted that these results were obtained both inaunifoim and ?on-uniform, (sheqbd) 
incident flows (see Fig. 4.13). 

These results are listed in Table 8..4. 

9. SUMMARY 

9. I Conclusions. Problems associated with the shedding of vortices often have been overlooked 

in the past in relation to the design of offshore structures, largely because reliable experimental 

data and design methods have been unavailable. However, the dynamic analysis of mafine 

structures has become increasingly important and sophisticated in' order to predict stress distri- 

butions and fatigue life in the ocean environment. These factors are particularly relevant to the 

OTEC cold water pipe, which must be designed to survive and operate in the ocean environ- 

ment over a long (20 to 30 years approx.) time period. 

. . 
This report has summarized the present state of the art concerning the vortex-excited 

oscillations of marine structures, relative to OTEC cold water pipe applications. Reliable exper- 

imental data now are in hand for the dynamic response of and flow-induced forces on model- 

scale structures at subcritical Reynolds numbers, and- based upon these experimenl empirical 

and semi-empirical prediction models have been developed and tested. Many of these existing 

results and design methods are also directly applicable in the Reynolds number range that 

characterizes the OTEC cold water pipe. 
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- "  . 
Prototype and fu l l -dk '  test data are essential for the effects of vortex shedding'hd 

vortex-excited oscillations to be confidently included in the design of long, flexible ocean struc- 

tures such as the OTEC cold water pipe and other deep water structures such as steel jacketed 

platforms and marine risers. 

9.2 Recommendations. The previous sections of this report have summarized the state of the art 

for the vortex-excited oscillations of flexible marine structures. Detailed information is avail- 

able .for the resonant response of cylindrical structures oscillating in both the in line and cross 

flow directions to the relative incident flow at subcritical Reynolds numbers, Re < 2(16), as 

shown in Sections 3 and 4. Limited information on full-scale. marine structures is available at 

Reynolds numbers up to Re - lo6. There is reasonably detailed knowledge of the steady drag 

amplification that accompanies cross flow oscillations and practical design methods. have been 

developed to predict the steady drag forces that accompany vortex-excited oscillations. 

Unsteady hydrodynamic force coefficients have been measured a't moderate Reynolds numbers, 

i.e. Re 1@ to lo4. and these coefficients have been employed in practical design procedures 

as described in Sections 4 and 5. However, virtually all reliable measurements have been made 

at Reynolds numbers below the range of OTEC cold water pipe applications (except for small 

models and prototypes of the CWP). 

,On the basis of these results it is recommended that an experimental program be designed 

and conducted to provide a rgliable data base for steady and unsteady hydrodynamic force 

coefficients in the range of OTEC applications. Both smooth and rough. circular cylindrical 

cross-section models should be employed for completeness. Roughness scaling for the simula- 

tion of large Reynolds numbers as discussed by Sarpkaya (391, Hove, Shih and Albano (421, 

and Szechenyi (83) should be employed to as large an extent as is possible. These hydro- 

dynamic force coefficients can be employed iri Anite-element computer codes that treat the 
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OTEC cold water pipe as a flexible beam. One such code, VORTOS, is described in Section 6, 
, , . 

. but this code has beerr calibraled only at moderate Reynolds numbers below the range of OTEC 

,applications (62). However, until an OTEC-specific data base is assembled, available 

coefficients as given in this report and the earlier report of ~ o v e  et al (42) may have to be 

extrapolated with care for use in OTEC cold water pipe design in the diameter range D = 9.2m 

(30 ft) to 30.5m (100 ft). These diameters correspond to a range of nominal Reynolds 

numbers between 3(106) and ll.(Io6) for a one knot relative flow velocity. It has been shown 

that extrapolations to high ~ e ~ n c k l s  number can be suitably carried out when they are based on 

proper considerations of fluid dynamic similitude (35, 42, 83). 

In terms . of . OTEC cold water pipe design it would seem prudent to place the major 

emphasis near-term on the development and/or adaptation of flexible beam computer codes for 
. . 

analysis of vortex-excited oscillations of the CWP. Evidence obtained from recent experiments 

conducted by Paidoussis and Helleur (84) strongly indicates that ovalling oscillations of thin- 

shelled cylinders in a'current of air are not caused by the regular vortex shedding. The oscilla- 

tions are a complex multi-modal response at one or more of the cylindrical shell's natural fre- 

quencies, but no lock-on is found between the vortex shedding and the vibration. This finding 

suggests that the development of a shell-type analysis of the OTEC cold water pipe should be 

postponed until this question, i.e. the origin of the ovalling oscillations, is answered. 
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11. APPENDICES 

Appendix 4.1. THE PREDICTION OF CROSS FLOW-INDUCED FORCES 

AND DISPLACEMENTS 

4.1.1 Equations of Motion. The equation for the resonant cross flow vibration of an elasticalljl- 

mounted, rigid cylindrical structure, with the vortex and vibration frequencies locked on, can be . . 

written in general as 

. Here y = J/D, T = o n  r, the mass ratio p = where (.) = - D2 and 5. is the slruc- 
d~ 8a2  St2 m 

tural.damping ratio. The fluid force coefficients are 

- 
Lift: cL = 

FL W 

1/2p D 
= CL sin (a7 + 4 ) ,  a = -, 

"J n - 
FR W Reaction: eR = 

1 1 2 ~  V2 D 
= CR sin '(a7 + a = -, 

a n  

as suggested by ~ r i f h a n d  Koopmann (27) and Griffin (231, where 9 and 4, are the phase 

angles between the lift and the displacement and between the reaction and'the acceleration, 

respectively. The two forces represented by EL. and cR are orthogonal, as will be shown later. 



If the cross flow tube displacement y is written as 

0 y - Ysin ar, a. - - 
o n  

with Y - F/D, then the equation of motion separates into 

sinar: -a2 y + y - p  [ ~ ~ ] 2 [ ~ L c o s ~ - ~ R ~ s ~ l ~ ~ ~  - 

cos ar: 24 ,  Y - p [ I 2  - [cL sin4 - C.  sin+^ - o 

when the coefficients of sin a t  and w s  a t  are grouped appropriately. The various force wm- 

ponents are identified as follows: 

STRUCTURAL FLUID 

INERTIA STIFFNESS INERTIA ADDED MASS 

STRUCTURAL 

DAMPING 

FXUID 

EXCITATION DAMPING 

[CL sin 4 - CR sin 

A decomposition of the system such as this allows the fluid and structural forces to be 

separated completely. The various fluid forces then can be measured individually or deduced 

from the total measured force. 

Using a different approach Sarpkaya (4, 28) has expressed the measured t o y  fluid force 

on a resonantly vibrating cylinder as the sum of two components 
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- 
F 

CTOTAL = 
IAP VD 

= Cmh sin a7 - Cm, cos a t  , (AS) 

where Cmh is an "inertia" force and Cdh is a "dragn force. These components are related to 

Sarpkaya's "generalized force coefficients" Cdl ahd C,,,, (28) by 

and 

2m V V where V, is the "reduced velocity Y,  = - or - 
onD fnD' 

In this case the equation of motion for the cylinder becomes . a 

2 

j + 2 ( , j + y = = p [ ~ I  an . (Cmh sin a7 - Cdh cos 47) . 

The force component Cdh is negative when energy is transferred to. the cylinder, as is the case 

for resonant, vortex-excited oscillations. If a steady-state response is assumed, .then 

y  = Y sin (a7 -e l ,  

where r is an undefined phase angle. This form of the equation of motion separates into 
. . 

sinq7:-a2y cose + 2 3 ,  Y sine + Y c o s ~  - p  [$I2 ern, a 0 

and 

c o s a 7 : a 2 ~  sine + 2 5 ,  Y cose - Y sine + p  $ 1  cdh= o 

when the coefficients of sin a7 and cos a? are again grouped appropriately. 
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Upon rearranging, these equations reduce to 

STRUCTURAL FLUID 

INERTIA STIFFNESS FORCE . TERMS 

STRUCTURAL 

DAMPING 

2 

Y wp[%] [Gh sin c - Cmh cos €1 
(" n 

FLUID 

FORCE TERMS 

which are of .the same form as those derived above. The two approaches are in fact identical 

when 

& sin 9 - - Cdh cos e, EXClTATlON ' i ~ l  Oal 

CL COB + a Cdh sine, FLUID INERTIA (AlOb) 

CR sin = -Cmh sin c ,  FLUID REACTION (DAMPING) (A~OC) 

CR cos = Cmh cos 4,  ADDED MASS ( ~ 1  Od) 

These relations can be used to compare recent measurements of the various force components. 

A similar decomposition of the fluid forces has been suggested recently by Chen (36) in a 

recent study of heat exchanger tube vibrations. Blevins (2) also has proposed the use of a force 

decomposition such as that given by equations (A4b) and (A9b). 

These equations are discussed further in a Section. 4.1.2 'of the appendix. 

8 2 
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From the above system of equations it follows that tan Q1 = tan r and 

(Recall that E and Q are measured from y, whereas Q1 is measured from y )  It also follows 

from these equations that 

and that 

Ci-  c2h, or IcRI = Icmhl . 
An expression that relates the displacement amplitude Y and the total fluid force can be 

obtained by squaring and adding equations (A3a) and (A3b) to yield 

. The phase angles Q and Ql can be retrieved from upon applying the result tan Q = - - 
tan 41 

equations (A3a) and (A3b), and after some manipulations the results are 

and 

The parameter W is related to the structural parameters of the resonantly vibrating system by 

Similar results are obtained from the notation adopted by Sarpkaya (28). The equations 

(A91 reduce to 

2 

CT sin (E - P')  



. . 

where 

If W - tan y as before, then 

or, in an analogous form, 

These solutions are based upon the assumption that the fluid forces are independent of the 

resonant motion of the cylinder. In reality, there is a complex nonlinear dependence between 

the fluid forces and the displacement, c.f., Fig. 4.9. Also, the maximum displacement is depen- 

dent upon the mass ratio and structural damping of the cylinder and its mountings. When the 

force coefficients are assumed 'to be known, as from experiments, these analytical models can 

be used to predict the cylinder displacement and vice versa. 

4.1.2 Work and Energy Considerations It is useful 10 consider the work and the energy dissipa- 

tion over each cycle of the cylinder's oscillation. The work done and energy dissipated by the 

various forces in equations (All and (A7) are found by evaluating the integral 

Employing the nomenclature introduced earlier, and evaluating this integral for the structural 

and fluid dynamic forces in equation (All, one obtains 

%,rnT ) d [ ] [ J ~ ~  CL sin ( a i +  +) i d i  . (A161 

- JOwnT cR sin CT + 4,) i dr . I 
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The structural inertia and stiffness terms . ,. are conservative and do no net work over a cycle of 

the oscillation. The structural velocity is 

y = a Y cos (a?) .  

so that equation (A161 reduces to , 

2 

2  6s $:nT (vI2 d i  = p  [?I . (n 4 Y sin 4 - n CR Y sin 4) ) 

When equation (A7) is evaluated in the same manner, one obtains 

2  6 )  d = [ (n cmh Y sine - n c Y cose ) . (A181 

'A straightforward comparison of equation (A171 with equation (A181 shows that 

cL sin 4 = - cdh cos e . EXCITATION (A 1 Oa) 

CR sin 4, = - Cmh sin e FLUID REACTION (DAMPING) ( ~ 1 0 ~ )  

as had been obtained previously. The "generalized force coefficient" Cmh from Sarpkaya's for- 

mulation (28) has a component -Cmh sin e which acts to oppose the. velocity y of the structure 

(since l typically is negative for vortex-excited, resonant oscillations) and acts effectively as a 

fluid reaction force. Likewise, the force coefficient Cdh, which is negative during vortex-excited 

oscillations as shown in Figs. 4.6 and 4.8, is 'in effect an exciting force which transfers energy to 

the vibrating cylinder through the component - Cdh cos e. This latter force is in phase with the 

velocity term y and drives the resonant vibration. The reaction or damping effect of the fluid 

' . can be measured in terms of an effective fluid damping factor ( F  as shown in references 23 and 

27. 

A necessary prerequisite for resonant, self-excited oscillations is a positive values of the 

excitation term in equation (A181, or 
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Since Cdh is negative this implies that cos r >0, and leads to the condition 

. , 
cmh - w cdh > 0 

for self-excited oscillations since 

COS E - Gh - w Cdh 
J(c, - w Cdh) + (Cdh + W Ch)' ' 

In the notation adopted by Griffin and Koopmann, energy is transferred to 4 vibrating cylinder 

when 

a CL Ysinc#~ > 0 .  

Since CL is pbsitive, the app&priate condition for self-excited oscillations in sin 4>0. This 

lead6 6 0  the condition 

cR '+ w cL > 0 

since. 

, cR+wcL 
sin 4 = 

This is analogous to the condition relating to Cmh and Cdh. A somewhat similar and related 

development of the relationships between the 'hydrodynamic forces and the resonant vibrations 

during lock-on is given by Sarpkaya (4). 

4i1.3 Flexible cylinders. It is relatively simple matter to extend the analysis to the case of .flexi- 

ble cylinder with a normal mode shape Jl i ( z ) ,  following the "wake-oscillatorn formulations of 
4 

Skop. and Griffin (29). Iwan (30) and Blevins (2). If a pure mode response is assumed, then 

the displacement of the flexible cylinder is 

Y, = Y $,(z)  s inar  (A201 

at each spanwise point z - Z/L, and the maximum displacement is scaled by the factor 
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where . . .:, . 

for a cylinder of length L. For the special case of a circular cylinder Ii = I+i(z) = 1, and 

other values of Ii and G i  for a variety of flexible cylindrical cross-sections are tabulated in Table 
. . 

Al. The parameter y can be calculated directly from the &tries in Table ~ 1 .  

The model just discussed also can be extended to the case of a flexible cylinder by means 

of a normal mode approach. The cross flow displacement of the cylinder is assumed to take, the 

form 

which is a standard expansion of the normal modes (2). When equation (A231 is substituted 

into equation (All, the result is a generalized form-for the equation of motion given by 

where, in.genera1 cL and cR are assumed to be functions of both z and t, and the mass per 

unit length m is a function of z. If this.equation is multiplied through by Jli(z) and integrated 

over the length L (z = T / L )  of the cylinder, then the balance of forces for the ith mode is 

when the normal modes of the structure satisfy the orthogonality condition 



Table A1 . Normal Modes +, (z) and Corresponding 
Values of IrV2  for Various Structural Forms 

I. Pivoted Rigid Rod 
- 

Normal modes: + = z /  L, + ii. =. 0 
li- 11 2 : (5/3)$ = 1.2910 

11. Taut String 

Normal modes: qi  = sini?rF/L 

1,- 112 : (4131% = 1.M47 

111. Pinned-Pinned Beam 

Normal modes: G i  = siniaZ/'ll 

1 : (4/3)" - 1.1547 
IV'. Cantilevered Beam 

Normal modes; Ji , - cosh A ,F/ L - cos A iF/ L - a, (sinh A $1 L . - .sin A ,F/ L ) 

V. Clamped-Clamped Beam 

Normal modes: Ji - cosh A ,F/ L - cos X ,Z/ L - a (sinh A ,Z/ L -' sin A ,F/ L)  

i Ai f f ~  4-112 

VI. . Clamped-Pinned Beam 

Normal modes: Ji , - cosh A ,T/L - cos A L - a ,(sinh A ,F/L - sin A ,T/L) 

i A i ai 1,- 112 

VII. Free-Pinned Beam 

Normal modes: +, - cosh Ai(F/L) + cos x,(T/L) - a,[sinh A,(F/L) +sin A , ( ~ L ) ]  

i h i  f f i  1,-112 
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I* terms of the variables the first paragraph of Section 4.1.1, Equation (A241 re$ucp- 

to 

~ h & e  Y, is the generalized displakment and the integra1r:dq:the right-hand side are gen~ral- 

" i d - f o r c e  coefficients.' When "equivalent1' force ,coefficients-.and the "equivalent" mT, .a re  

introduced by . . . , 

aad 

the equation of motion reduces to 

. . . . .  
The subscript i is dropped since,a single mode response is understood in this equation. .In the 

.'&e of the flexible cylindrical"~t~ucture, a work and energy balance similar to equation (A161 

leads to the result 

So1+ (2 m 
2g ,$,'" T( h2dr = wp [:I '(CLE Y sin 4 - CRr Y sinml) 

$,'+2(z)rn 

where CLE and CRE are "equivalent" force coefficients similar in form to those given by equa- 

tions (A27a) and (A27b). 
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An approach such as this can be adapted readily to finite-element matrix methods of 

structural analysis (81)., as shown by Evers and Dean (61) and by Hove, Shih and Albano (421, 

respectively, for an empirical formulation and a "wake-osciUatof formulation of the vortex- 

excited oscillation problem. 
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Appendix A.l NOMENCLATURE AND LIST OF SYMBOLS (other symbols not listed here 
are defined in Appendix 4.1). 

Coefficients defined in Table 5.2 . a, b, c  . & '  

al,  b l ,  cl, dl Coefficients defined in Table 5.3. ' 

c& Unsteady drag coefficient on a cflinder vibrating in the in line 
direction. 

cdh Unsteady force coefficient on a cylinder vibrating in the cross 
flow direction; see equation (A5). 

c m h  Unsteady force coefficient on a cylinder vibrating in the cross 
flow direction; see equation (AS). 

CD, CDO Steady drag coefficient on a vibrating (stationary) cylinder. 

CL Lift coefficient; see equation (A2a). 

CLE Excitation force coefficient; see equation (AlOa). 

CR Reaction force coefficient; see equation (A2b). 

CRE Fluid reaction (damping) force coefficient; see equation (A1 Oc) . 

D Cylinder diameter (m or ft). 

EZ Cross section rigidity; see equation (8.1). 

f n  Natural frequency (Hz). 

f, Strouhal frequency (Ha). 

4 Modal scaling factor; see equation (4.36). 

k~ Reduced damping; see equation (3.1). 

L Cylinder length (m or ft). 

m Cylinder mass per unit length (kglm or lbm/ft). 

me ~ffective mass per unit length (kglm or lb,/ft); see equation 
(5.1) and example 8.3. 

Re Reynolds number, VD/v. 
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v, 
V,, crir 

Strouhal number, f, D/V. 

Temperature ("C or OF). 

Natural period of vibration in the i th normal mode (sec). 

Wake velocity fluctuation (m/s or ft/sec); see equation (4.4). 

Incident flow velocity (m/s or ftlsec or knots). 

Reduced velocity, V/Jn D; see equation (3.2). 

Critical reduced velocity; see equation (5.2) and examples 8.1 
and 8.2. 

Response parameter, (1 + 2?/D) (V,  st)-'; see equation 
(5.4). 

Phase angle function; see equation (A13c). 

In line displacement amplitude (m or ft). 

Cross flow displacement (m or ft). 

Cross flow displacement amplitude (m or ft). 

Normalized displacement amplitude, ?/ D. 

Normalized displacement amplitude; see equation (4.3a). 

Coordinate measurement along the cylinder or CWP (m or ft) 

Yaw angle (deg or rad). 

Phase angle (deg or rad); see Table 4.2 and example 4.2. 

Shear flow parameter; see equation (4.4) 

Log decrement of structural damping. 

Phase angle (deg or rad); see equation (A1 5). 

Normalizing factor; see equation (5.3). 

Phase angle (deg or rad); see equation (A13a). 

Phase angle (deg or rad); see equation ( ~ 1 3 b ) .  

Flexible beam parameter; see equation (8.1) and Table 8.3. 
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Mass ratio, see equation (Al). 

Kinematic fluid viscosity (m2/sec or ft2/sec). 

Fluid density (kg/m3 or 1b,/ft3). 

Correlation coefficient; see equation (4.44). 

Mode shape for i th flexible .beam mode; see Table Al.  

Structural damping ratio;. see equation (All.  



Appendix A.2 LIST OF FIGURES 

Figure 2.1 A schematic of Georges Claude's 800 KW, open-cycle OTEC plant on-board the: 
10,000 ton cargo ship Tunisie. 

Figure 2.2 A diagram of OTEC-I. 

Figure 2.3. Typical rigid-wall OTEC cold water pipe conce6t. 
. , 

Figure 2.4. Typical compliant-wall OTEC cold water pipe concept. 

,Figure 2.5. Overall layout of a bottom-mounted OTEC cold water pipe. 

figure 3.1. Vortex-excited displace men^ of. r flexible cantilever (Trom rquilibriu~~r) Llie in 
line direction. 

Figure 3.2. Composite stability diagram for the first three normal modes of a flexible can- 
tilevered circular cylinder. 

Figure 3.3. Displacement amplitude and frequency ranges over which the in line vibrations of ,a 
cylinder control the vortex shedding (lock-on boundaries). 

Figure 3.4. Fluctuating. drag coefficient C b  (Force& VDL)  plotted against in line displace- 
ment amplitude. 

Figure 3.5. Fluctuating drag coefficient Ci (Force1112 p V? DL) plotted against the in line dis- 
placement amplitude. 

Figure 3.6. A comparison of the full scale and ,1127-scale model results for vortex-excited in 
line oscillations. 

figure 3.7. A comparison of full scale and 1124-scale model results for vortex-excited in line 
oscillations. 

Figure 4.1. Cross flow-induced displacement amplitude Y / D  and frequency f of circular 
cylinders in water. 

Figure 4.2. Inverse reduced velocity Y,-I for maximum displacement amplitudes. 

Figure 4.3. observed cross flow displacement amplitude Y / D  for full-scale marine piles. 

Figure 4.4. Maximum vortex-excited cross flow displacement amplitude 2 YEFEMAX of circular 
cylinders.. 

Figure 4.5. The inertia coefficient Cmh at the locked-on vibration frequency, for Y / D  = 0.5. 
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Figure 4.6. The "drag" coefficient Cdh at the locked-on vibration frequency, for F / D  -- 0.5. 

Figure 4.7. The inertia coefficient Cmh at the locked-on vibration frequency, for F/D = 0.75. 

Figure 4.8; The "drag" coefficient Cdh at the locked-on vibration frequency, for TID - 0.75. 

Figure 4.9. The excitation component CLE of the lift force. ' . 

Figure 4.10. The fluid reaction force coefficient CRE. 

Figure 4.1 1. The steady drag coefficient CD due to vortex-excited cross flow oscillations. 

Figure 4.12. Total hydrodynamic force coefficient CrMAX, (Forcel'hp ~ D L ) ,  measured on vi- 
brating smooth and rough circular cylinders. . . 

Figure 4.13. Measured cross flow displacement amplitude F/ D plotted against the reduced 
velocity Y , ,  for a cantilevered flexible cylinder in uniform and shear flows. 

Figure 4.14. The cross flow displacement amplitude F / D  for flexible, yawed cylinders. 

F ipre  4.15. Cross flow lock-on boundaries (in terms of the cross flow displacement amplitude 
2 YID)  plotted against the ratio of vibration and Strouhal frequencies. 

Figure 4.16. spanwise correlation coefficients for the velocity in the wake of a vibrating ca- 
ble. 

Figure 4.17. Distribution of displacement amplitude  ID, magnitude of the spanwise correla- 
tion coefficient PAD, and the spectral content of the vortex .shedding in the wake of a cable. 

Figure 4.18. Spanwise correlation coefficient R, between the fluctuating pressures measured on 
a vibrating pivoted rigid cylinder. 

Figure 5.1; Flow diagram of the steps required for the calculation of the response of a structure 
due to vortex shedding. . , 

Figure 5.2.' Flow diagram of the steps required for the calculation of the steady drag 
amplification due to vortex-excited oscillations. 

Figure 6.1. A comparison of the measured cross flow oscillations. of a flexible cylinder with 
the predicted response from VORTOS. 

Figure 6.2. A schematic drawing of the SEACON 11' cable structure. 

Figure 6.3.. A comp~ison of the measured and predicted motions of a point on the SEACON 
I1 delta. 

Figure 6.4. A comparison of TRW HULPIPE and NOANDOE model predicted bending 
stresses. 



Fiw 7.1. Photolgaphs of the three common types of vortex suppression devices. 

F i  7.2. A photograph of a fairing (section) constructed for a 24 inch diameter riser; 

Figure 7.3. A comparison of the response of flexible cylinders with and without vortex spoilers. 
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$7. WARM-WATER INTAKE - - - 
L WARM-WATER PURIFIER 
9. K E  MACHINERY - - - -  - - - -  

- - - - -  

Fiure 2.1 A schematic of George~ Claude's 800 KW, open cycle OTEC 
plant on-board the 10,000 ton cargo ship Tunisie (From Engineers' Dreams 
by Willy Ley. @ 1954 by WiUy Ley and reprinted by permission of Olga 
Ley). 



- . -- 
/HELICOPTER DECK 

I- CONDENSER \ - - 
WARM-WATER 

COLD-WATER PIPE INTAKE 

ltomemc Cutsway of Chepwel Outfitted as OTEC-1 Test Platform 

F i  2.2 A line Qawicls of the Navy tadrer which is bein# COBWIW to an OTEC test 
platform, called m - I .  
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RIGID WALL WlTH FLEXIBLE JOINTS 

WALL 
SUPPORTED 

CENTER 
SUPPORTED 

Figure 2.3. Typical rigid-wall OTEC cold water pipe concept 
(no articulated joints) for a101 40 MW, plant. 



ELASTOMER CWP 

SPHEBICAL 
SEAT 

UNIVERSAL 

HULUCWP TRANSITION 

CIRCUMFERENTIAL 
STIFFENER RING 

SCREEN STRUCTURE 

Fiure 2.4. Typical compliant-wall OTEC cold water pipe concept (steel 
cable - reinforced elastomeric construction) for a 10/40 MW, plant. 
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b '  WATER INTAKE 
ti 
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TENSION LEG SLEEVES 

BOTTOM MOUNTED CWP 
Figure 2.5. Overall layout of a bottom-mounted O W  cold water pipe and 10140 MW, plant. 



REDUCED VELOCITY, V, =V/f,D 
1 . ~ U I  !. 5 1 1 !,rr*-.r-curi'rfi 4 .  .I.--cmm of a floxible cantilever (from equilibrium) in the in line dbection, plotted 
a-1 the reduced velocity V, - V/ f,,D. The reduced damping of the structure is denoted by k,, the d i e t e r  of the 
cylinder is denoted by D and the cylinder's natural frequency by fn; from King (18). 



FLOW VELOCITY ,V 
F i e  3.2. Composite stability d i m  for the first itbree normal modes of a flexible cantilevered circular cylinder as a 
function of the incident water velocity. Both in line (small dbkement) and cross flow (lame displwmnent) iastnbili- 
tics are s b w q  from King (19). 



FREQUENCY RATIO, f/fs 

Figure 3.3. Disptacernent amplitude and frequency ranges over which the in line vibrations of a cylinder 
control the vortex shedding (lock-on boundaries). The measurements at frequencies near twice the 
Strouhal frequency correspond to V/ f,D - 2 to 4.4; from W i n  and Ramberg (20). 
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. . ,  
FLUCTUATING FORCE COEFFICIENT, C b  

. s .  . . .Figure 3.4. Fluauating drag cdeffiicient C'd  (Ford'/rp PDL) plotted against in line displacement amplitude.T[D. 
'.' . (from equilibrium), for the fundairlentel and. second,normal modes of a flexible, c&tilevered circular cylinder. 

. . The circles denote the maxima of: C'd for e given run; from King (19). 
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FLUCTUATING FORCE COEFFICIENT, C' 
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SECOND INSTABILITY REGION IN-LINE 

NOTE: ONLY THE MAXIMA 
ARE SHOWN , . : . -  / 

- /" 
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F i v e  3.5. Fluctuating drq d c i e i t  C; .(Force/l/Z p Y? DL) plotted against the in line displacemeni amplitude, for 
the fundamentel and second normal modes of ,a flexible, cantilevered circular cylinder. Only the maxima for a given 
run are shown on the ligure; from King (19). 
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REDUCED VELOCITY,  V, = V/f, D 

Fipre 3.6. A comparison of the full-scale and 1/27-scale model results for vortex- 
'.excited in line osciIlations.of a flexible, qntilevered circular cylinder. The full-scale Rey- 

. . noids number was about 6(16) and k, - 0.3'for'both cases; from King (18): . ,  , . .  
, . 



0. M. GRIFFIN 

REDUCED V-ELOCITY, Vr = V/fn D 
Fiure 3.7. A comparison of full-scale and 1/24-scale model results for vortex-excited in line 
oscillations of a flexible cantilevered circular cylinder. The full scale Reynolds number was 
about lo6; from Hardwick and Wootton (22). 
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v 
REDUCED VELOCITY, V, = fD 

n 
Figure 4.1. Cross flow-induced displacement amplitude Y/D and frequency / (scaled by the natural 
frequency /,,I of three circular cylinders in water, plotted against the reduced velocity V,; data 
taken by Glass (19701, from Griffin (23). 

Leeend for Data Points -. 

LID /, (Hz) 2mlpD2 

0 8.5 2.4 7.6 
+ 11.8 1.8 7.6 
A 15.4 1.3 7.6 
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VD REYNOLDS NUMBER, Re = 7 
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F i e  4.2. Inverse reduced velocity V;I for maximum displacement amplitudes plotted against the Reynolds 
number for roughened cylinders: The inverse gf  V, is the Strouhal number based on f,,. Maximum peak displace- 
ment -; onset of vortex-excited oscillations - - -; from wootton (2s). 
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X CANTILEVER RAKE PILE' 610 mm DIA 
- 0 CANTILEVER PLUMB' PILE 610mm DIA (IN THE 

WAKE OF MANY OTHER PILES) + CANTILEVER PLUMB PlLE 610 mm DIA 
a CANTILEVER MODE PLUMB PILES 762 mm DIA 

A Y CANTILEVER MODE RAKE PILES Y 
' . 762 mm DIA 

I.. fi h e n 0 1  I I 
0 1 2 3 4 5 6 7 

, ' t  

REDUCED,. VELOCITY. v,= vli, D 

~ i u r e  4.3. Observed cross flow diiplacem~nt amplitude  ID (from equilibrium) plotted 
.against reduced yelocity V, for full-scale marir)e piles; from Sainsbury and King (16). 



0. M. GRIFFIN 

10.0 MARINE STRUCTURES 

4.0 MARINE CABLES 

RANGE OF 

0.4 

Figure 4.4. Maximum vortex-excited cross flow displacement amplitude 2 YEF~MAX of cir~wLBt ~Unders, seal* 
as in equation (4a), plotted against the reduced damping i,/g - 2nSt2 (2m8/pD2). The legend for the data 
points is given in Table 4.1; from GriflGn (231. 
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CROSS FLOW OSCILLATIONS 

I ! .  , . 

Figure 4.5. The inertia coefficient Cmh at the vibration frequency plotted against the reduced 
velocity V, for J / D  - 0.5. The data are from Sarpkaya (28) and were measured in water with 
uniform, steady fluid motion past a cylinder oscillating normal to the flow. The coefficient 
Cmh was derived from the total unsteady transverse force. Lock-on occurs near V, = 5. 



C CROSS FLOW OSCILLATIONS 
1 .o 

Figure 4.6. The "drag" ~ f f i ~ i e n t  Cdh at the vlbratlon frequency plotted U n s t  the reduced velocity V, 
for J / D  - 0.5. The data are from Sarpkaya (28) and were measured in water with uniform, steady 
fluid motion past a cylinder oscillating normal to the flow. The coefficient Cdh was derived from the 
total unsteady transverse force. hck-on occurs near V, - 5. 
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b. 
'9 CROSS FLOW OSCILLATIONS 
. . - - - . . ... 

9 

I :REDUCED VELOCITY, V, = V I  

Figure 4.7. The inertia coefficient Cmh at the vibration frequency plotted against the reduced velocity v, 
for y / D  - 0.75. The data are from Sarpkaya (28) and were measured in water with uniform, steady fluid 
motion past a cylinder oscillating normal to the flow. The coefficient Cd was derived from the total 
unsteady transverse force. Lock-on occurs near V, - 5. 



' * O r  

CROSS FLOW OSCILLATIONS 

rg3, 
a.m.#** . . 

0.5 - ? i i  . 0. 0.. -0.. 

' 1 .  ***0* . . . *.. . 
, - i . 

'EP* . * . 
: e' 

0 .  I 1 : 1,: I I I 
2 3 4 0 5:; 6 7 8 

@ . . :REDUCED VELOCITY, V, =VIf,D . . . . 
0.5 - ": - ...' 0 

o Y ID = 0.75 

Figure 4.8. The "drag" coefficient Cdh at the vibration frequency plotted against the reduced velocity V, 'for 
jj/D - 0.75. The data are from Sarpkaya (28) and were measured in water with uniform, steady fluid motion 
past a cylinder oscillating normal to the flow. The coefficient C,,,, was derivcd from the total unsteady 
transverse force. Lock-on occurs nwr V, - 5.  
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1.1 

CROSS FLOW OSCILLATIONS 
1 . o  

0 . 9  

0 . 8  

0.7 

0 . 6  

0 . 5  

0 .4  

0 . 3  

0 .2  

0.1 

0 
0.1 0.2 0 .3  0.5 I .O 2 . 0  3 . 0  5.0 

CROSS FLOW DISPLACEMENT AMPLITUDE, 2 Y  EFF, MAX 

Figure 4.9. The excitation component CLE of the lift force, equation (AlOa), plotted against the 
vortex-excited cross flow displacement 2 YEFF,MAX (peak-lo-peak), as in equation (4a). The legend 
for the data points is given in Table 4.2; from Griffin (23). 



'CROSS FLOW DISPLACEMENT AMPLITUDE, 2YMAX 

m u r e  4.10. The fluid reaction coemcient CRE, equation (AlOc), plotted against the 
maximum aose flow displacement 2YMX for a circular cylinder vibrating in uniform 
flow. Legend for data points: -, Griffin and Koopmam (27); - -, Mercier 
(37); - - - Sarpkaya (28). 
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CROSS FLOW OSCILLATIONS + 
- 

- 

- 

- 

WAKE RESPONSE PARAMETER, w, = (1 + ~ V / D )  (V, st)'' 

FigGe 4.11. The ratio of the steady drag coefficient CD due to vortexexcited cross flow oscil- 
lations and the steady drag coefficient CDo on a stationary circular cylinder plotted against the 
wake response parameter w,. Here 2 Y / D  is the peak-to-peak displacement amplitude ( D  is the 
diameter of the cylinder), V,  is the reduced velocity and St is the Strouhal number. A 
detailed legend for the data points is given in reference 59. 



0. M. GRIFFIN 

CROSS FLOW OSCILLATIONS 

* 0 . 5 '  SAND-ROUGHENEDIK/D=l/ lOO 
x 0.5. SMOOTH 
0 0.25 SMOOTH 
+ .o.:s .SMOOTH 
A 0:25 SMOOTH 
0 O.:13 -SMOOTH 

REDUCED VELOCITY V, = 
f "D  

Figure 4.12. Total unsteady transverse force 'coefficient at the locked-on vibration frequency (Forcel'hp PDL),' 
CT,MAY, measured on smooth and rough circular cylinders vibrating in the' cross flow direction, plotted against the 
reduced velocity V,; from Sarpkaya (39). The measurements were made under the same conditions as in Figures 4.5 
through 4.8, and lock-on occurs n&r V, - 5. 

\ 
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Figure 4.13. Measured peak cross flow displacement amplitude T / D  plotted as a function of the re- 
duced velocity v,. A slender, fully submerged and cantilevered circular cylinder was employed as 
the model (LID - 52, D - 12.7 mm (0.5 in)) for experiments conducted in uniform (B = 0) and 
shear (B = 0.01 to 0.015) flows of water. The cylinder was a 1:168 scale model of a full-scale ma- 
rine pile with the same specific gravity (SG, = 1.5); from experiments reported by Fischer, Jones 
and King (45). In the case of the shear flow Vis the maximum value in the nonuniform incident 
velocity profile. The figure was provided by the Shell Development Company. 



Figure 4.14. The cross flow induced displacement 
amplitude Y / D  for flexible, yawed cylinders in uni- 
form flow plotted against the reduced velocity V,; 
from King (47). The reduced velocity is based upon 
the component of the incident flow normal to the 
cylinder, V cos 8 ,  where fl is the yaw angle. The Rey- 
nolds number of the experiments was Re = lo4. 

REDUCED VELOCITY, Vr = VcosB/f,D 
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YAW ANGLE fi 

. \ O A  v "LOCK-IN' '  .., 
\ REGION 

. . * .  VIBRATION / STROUHAL FREQUENCY RATIO, f / f  

' . - : . .  'SFiure 4.15. Lockon boundaries (in terms of the cross flow displa~ement~amplitude ~ Y / D )  plotted aginst the,ratb of . - , .  
a . , .  vibration and Strouhal frequencies; .from*Ramberg ($8). .The Strouhal frequency f, was estimated from the cgslne ,law : . , .  . 

';"relation f, - 0.21 . V cos BID. Loek-qn occurs inside. the area bounded by the data points and dashed lines, and the ,, . 

latter correspond to the case of flow .normal to the vibrating cylinder. 



Figure 4.16 Spanwise correlation coefficients p,:g for the velocity signals measured in the 
wake o f  a vibrating cable at a Reynolds number of 1300 from reference 53. The spanwise 
separation betwwo the two measuring pro he^ is given by A z / D  and the vibrotion displaccn~ent 
amplitude by y M A x / ~ .  Vibration frequency equal to 90.pe.rcent of the Stroubal frequency f,. 
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0 . 5 ~  

, . 
Fiura 4.17 Distribution of displacement amplitude T / D ,  magnitude of. the spnwise correlation coefficient PAD,  and 
the spectral content of the, vortex shedding at the vibration frequency f (C,,) and at the Stroubal frequency f,(C,); 
from reference 54. The_spanwise,separation between the measuring probes is given by AZ/D and the vibration a- 
placement amplitude by YID. Vibration frequency equal to 86 percent of the Stroubal frequency f,, Reynolds number - 610. 

' 1.0- 
. . . . . . r 

I I I I 
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PROBE 'SEPARATION . 
LENGTH, AF/D 



DEEP BOUNDARY LAYER 

- PRESSURE - - VELOCITY IN WAKE 

I 

SEPARATION LENGTH, Q/D 

Figure 4.18 Spanwise carrelation weficient it,, between the fluctuating pressures measured on a vibrat- 
ing pivoted rigid cylinder in a deep boundary layer flow; from reference 56. The peak-to-peak tip dis- 
placement amplitude of the.cylinder is given by ZT/D and the spanwise separation between the pressure 
taps is given by ATID. Reynolds number - 75,000. 
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Problem 

l ~ a l c u l a t e  VlND and ( - I Re to determine i f  I 
in.line or crosr-flow 
oscillation is possible 
(5.3.1. and 5.3.2.) I 

oscillation I 

Calculate VlND and Re for eech 
pile o i  member twdetermine 
i f  in-line or cross flow oscillation 
is possible (5.3.1. and 5.3.2.) 
N should relate to both individual 

For members inclined to the ' 
members and overall structure. 

flow see 5.4 I 
L 

pbssible Circular 
oscillation I sections 

I ~ I v  I Unlinked I 

I As described in 5.5.4: 
In-line motion i f  

~f Iiiib < I .X :  

(See 5.3.1. and 
5.5.1. for 
unlirrked 

Less certain criterion for 
cr~sr.flow motion if  w249 
interaction, but no motion 

if ZEi >30 
P D2 

Cross.stream motion w 
Isolated piles: 
motion i f  

2 f i  6 
pT < I0  

5.3.2 n Upstream cylinder as 
isolated cylinder. 
downstream cylinder 
motion if 

Layout for the calculation of the response due to vortex shedding 

Figure 5.1. Flow diagram of the steps required for the calculation of the response of 
a structure due to vortex shedding; adapted from Hallam, Heaf and Wootton (1). 
Numbers in the boxes refer to relevant sections of reference 1.  



CALCULATE THE REDUCED DAMPING k ,, 
FOR THE i th MODE 

6, i =LOG DECREMENT OF STRUCTURAL 

A. INSITU NATURAL FREQUENCIES f, 
B. NORMAL MODES # i (S) 
C. MODAL SCALING FACTORS 

IS THE NORMAL COMPONENT 
OF V, THE INCIDENT VELOCITY, 
GREATER THAN VWh? 

A. w,(s) = [I + P T ~ ~ ( s ) I D I  ( fn/fs .) 

B. Cg(s)lCo0= 1 .O, w,(s)' < 1 
Cob) 1 Coo = 1 .O + 1.1 G[w,(s) - 1 IO"6, 
w,(s) 2 1 (LOCAL) 

Fiure 5.2. Flow diagram of the steps required for the calculation of the steady drag amplification due 10 
resonant vortex-excited oscillations; adapted from Skop, Griffin and Ramberg (59). 

% .  
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PREDICTION BY 

PROGRAMME 

EXPERIMENTAL RESULTS 
FROM LONG FLEXIBLE 

CYLINDER IN STEADY FLOW 

REDUCED VELOCIN, V,=Vlf,D 

Fiure 6.1. A comparison of the measured cross flow oscillations (from equilibrium) of a flexible cylinder with 
the predicted response from the VORTOS code; from Dean and Wootton (15). 



FWm 6.2. A schematic drawing of the SEACON II cable sttwture. The army war hpbted in 885 m (2900 n) d 
water la the Ssnta Monica Basin off Southern California during the summer of 1974. The horizontal uolm of t h ~ ~  army 
was approximately 137 m (450 ft) below the sufm (67). F i i  cowmy of the Civil bbomtory. 
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e----. - MEASURED --- PREDICTEO, CD = - 1.66 (No CABLE STRUmYlNa) ----- PREMlXED, CD = (WCw) C, C, - 1.66 WRUMMlNa EFFECTS INCUIDED) 
-13 

F&ure 6.3. A cornperison of the measured and predicted moti0118 of a point near the intermdons of 
c a w  1 awJ 3 on the SEACON U delta 459). The tlme period covered is a semidiwnai tidal cyclt from 
2120, 12/11/75 to 0920, 12/12/75. The drag cocfBcient Cm was measured in water on a short ssg- 
meat of the SEACON delta cable, D - 18.5 mm (0.75 in). 
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COMPARISON Of TRW AND NQAAlPOE CWP MODEL RESULTS 2 IN.-THICK STEEL PIPE 

ENVELOPE OF MAXIMUM BENDING STRESS (KSI) 

20 10 10 
t 

TRW (BRAZIL, EXTREMI 
CURRENT) 

HEIGHT: 20 FT 

F i e  6.4. Comparison of TRW HULPIPE and NOAA/DOE predicted bending strmm on a 
2 inch thick steel CWP configuration; from reference 12. 
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(d Stmke 

(b) Porous shroud 

{c) Radial fin 

Figure 7.1. Photographs of the three common types of vortex 
suppression devices; from Hallam, Heaf and Wootton (1). 
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REDUCED VELOCITY, V, = V/f,D 

Figure 7.3. A comparison of the in line displacement amplitude response of a tripod of raked (yawed) flex~ble 
cylinders with and without vortex spoilers. The Reynolds number of the experiments was about lo4; from K~ng, 
Prosser and Verley (73). 
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