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ABSTRACT

Fixed or floating column-supported platforms in the ocean experience
direct and reverse wave drag caused by the oscillating water particle
velocity. The drag coefficient for the direct flow can be different
from that for the reverse flow if the cross-sectional area of the sup-
porting column is not symmetric about the column axis. Therefore, a net
wave drag force theoretically can be produced. The purpose of this
study was to determine whether this concept can be utilized to reduce
the power requirements for positioning large floating platforms such as

the proposed Mobile Ocean Basing System (MOBS).

Two support column cross sections were chosen for evaluation; a

semi-circle and a crescent shape which is formed by two intersecting
circles (the larger circle having a radius 1-1/2 times that of the smal-

ler circle) . A circular cross section was included to provide a refer-
ence. Free drift velocity tests of three small scale tri-column plat-

forms with the three different cross sections were made in a small wave
tank as a preliminary experiment. Based on the results of this drift
experiment wave drag measurements were made with larger single column
models of 4 inch diameter and 8 foot length in a large wave tank. Free
drift velocity tests were also conducted with a 14 inch by 17 inch rec-
tangular model floating platform with 36 supporting columns to aid in

evaluating the concept for MOBS use.

The results of the tests show that there is a net wave force oppo-
site to the direction of wave travel on the column with the crescent
cross section. However, an analytical study based on the test data

shows the rate of energy extraction from waves by crescent shaped columns
for sea state 5 to be about 67„ of the energy required for station keeping

of a large floating platform. Hence, the concept does not seem applica-
ble to large floating ocean platforms.
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FORWORD

This Technical Note is concerned with the extraction of energy

from ocean waves by vertical columns which have a cross section of

crescent shape (which have been termed hydrodynamic forms in this

report). It consists of two parts: Part I in which is reported
the results of a hydraulic scale model test and Part II in which
the practicability of using such columns for partial station
keeping of large floating ocean platforms is investigated.



PART I. HYDRAULIC SCALE MODEL STUDY

by

C. L. Liu, Ph.D.

INTRODUCTION

There has been an increasing need for locating tactical and strate-

gic bases in various parts of the world. A potential solution to this

problem is huge ocean-borne platforms which could provide the area for

such bases. One concept for a large platform is the Mobile Ocean Basing

System (MOBS) which consists of floating platform modules connected to-

gether. This concept is similar to the concept of the FLoating AIRport

(FLAIR) recently developed by Mr. Paul Weid linger .
'- MOBS, however will

be positioned in much deeper water and farther from shore than FLAIR.

One of the necessary requirements for MOBS is the capability to

maintain position within a selected region of the ocean. Conventional

spread moorings, deep taut line moorings, and dynamic positioning are

examples of methods for controlling surface position of platforms. The

large size of the proposed ocean-based structures requires large mooring

lines, huge anchors and/or large propulsion power. All of these are

difficult to realize. However, if the wave drag can be reduced or even

utilized to provide resistance to wind and current drag, the mooring re-

quirements will be reduced, hopefully, eliminating the need for special

mooring gears and expensive propulsion power.

This report presents and evaluates a hypothesis which states that

wave energy can be extracted by properly orienting vertical non-symmetric

cylinders in regular waves. Net wave forces along and against the dir-

ection of wave propagation may be produced due to the difference in drag

coefficients at the front and the rear of a non-symmetric cylinder. The

report contains the results of a free drift experiment and a wave force

model study for the verification of the hypothesis.

BACKGROUND

Hydrodynamic drag force on an object is generally expressed in terms

of fluid kinetic pressure, cross-sectional area normal to the flow, and

a drag coefficient. The drag formula can be written as'^

F = Cp
P\P_ (1)
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where, F = total drag force on object, lb

Cq = drag coefficient
A = cross-sectional area of object, ft^

p = fluid mass density, slug/ft-^

U = flow velocity, ft/sec

The drag coefficient depends on the shape and surface roughness of the
object, the angle of attack of the flow and the Reynolds number R = DU/v,
where D is the characteristic length of the object in ft. and v the
kinematic viscosity of the fluid in ft^/sec. The value of Cq can be
obtained analytically only when in the region of low Reynolds number i.e.
when the flow is laminar. For large objects and/or high flow velocities,
the flow becomes turbulent and values of Cq are best obtained by conducting
scale model tests in Laboratory flumes or wind tunnels. Many such tests
have been made in the past and curves of C^ vs R have been established
from the test data for many basic geometric shapes in the Reynolds number
range from near zero to 10 .

Therefore, Equation (1) has been used widely to estimate drag forces
with empirical values of Cq. Drag forces caused by surface wind or

underwater currents can be calculated from Equation (1) using a mean wind
or current velocity.

This classical drag formula is useful but is limited to constant
velocity flow only. For oscillatory flow or flow in the surface wave zone,
the Morison equation for piles is widely used.-^ It has an additional term
to account for the inertia component of the total wave induced drag

P = Cd D -y- + Cx -^ pa ^^^

where, P = local wave force per unit length, lb/ft

D = diameter of pile, ft.

V = horizontal component of water particle velocity, ft/sec

a = horizontal component of water particle acceleration, ft/sec
Cj = inertia coefficient

The second term at the righthand side of Equation (2) is the inertia force
which is directly proportional to the local particle acceleration and to

the square of the pile diameter. The inertia coefficient, C j , is not as

well-established as the drag coefficient, Cq, and it is also more difficult
to measure than the drag coefficient. Since the velocity and the acceleration
are 90° out of phase in sinusoidal flow, the drag term and the inertia
term are also 90° out of phase. The total wave force is really a vectorial
sum of the two components. Therefore, the magnitude of the total force

will be approximately equal to the larger component when the larger component
is about 2.5 times the smaller component-^. In cases where the drag force

dominates the wave force. Equation (1) is valid.



The peak force per unit pile length at any point along the pile is

P = C^ D p ^

where, V = peak local velocity, ft/sec

Therefore, the total peak wave force on the pile is

F =
f^ pdi = cn P ? r^ v^di

F = Cd P ^ V2 (3)

where, V^ = mean square of peak velocity over the pile length

This peak force occurs when the horizontal components of the water particle
velocities reach the peak. This corresponds to a crest or trough at the

test section. Assuming the mean peak velocity square does not change as

flow reverses direction, the direct wave force on the pile is

DLc -9

Ff =CDfP— V2

where, Cq£ = drag coefficient at front of pile

Lc = submerged length of pile at wave crest, ft

and the reversed wave force is

DLt

^DrF^ = Cn. P ^^ V^

where, Cq = drag coefficient at rear of pile

Lt = submerged length of pile at wave trough, ft

The net peak force on the pile is

AF = Ff F^ = (Cof L^ - C^^ L,) -^ (^)

Now, if the pile is very long compared to the wave height, the submerged
pile length at crest may be considered equal to the length at trough and

Equation (4) is reduced to

AF - (Cjj^ - Cjj^) —2—



where, L = average submerged pile length, ft

For a symmetric pile such as a circular cylinder, Cp£ = Cj-

is no net wave force. But a net force will be produced by a non-symmetric
pile in waves. Its magnitude and direction depends upon its orientation
with respect to the direction of wave propagation. For a semi-circular
pile, C^iT ~ 1.16 and Ct^ ~ 1-5, when it is positioned with the curved wall
facing the waves. For this case, a net force will be produced opposite
to the wave direction. A similar condition results for a crescent shaped
pile which will have C^^ Si 1.20 and Cp ss 2.3 when the convex side faces

the waves. If these piles are rotated 180°, net forces in the direction
of wave travel would be generated.

PRELIMINARY TESTS - DRIFT OBSERVATIONS

The objective of the preliminary test was to determine whether a

quantitative model test with more elaborate measurements was necessary to

verify or to contradict the hypothesis of producing net wave forces by

non-symmetric cylinders.
The preliminary model test contained a series of drift speed observations

of small scale model platforms in waves of various heights and frequencies.

Circular and non-symmetric leg cross-sections were tested. By observing
the speed and direction of the drift of these models, the relative magnitude
of net wave forces and their direction could be determined quantitatively.

Three models were built. Each consisted of three vertical cylinders
8 inches long connected by metal bars forming an equilateral triangle

with 6 inch sides. The cross-sections of the three models were circular,

semicircular and crescent in shape (Figures 1, 2, and 3). Each leg was
carved out of a 1-inch diameter wood dowel. The legs were ballasted to

give about 2 inches of free board (Figure 4). The wave tank was 18 inches

wide, 36 inches deep, and about 100 feet long. A wave generator was located
at one end of the tank and created waves of small amplitude and low frequency.

A solid beach, about 70 feet from the wave generator, absorbed the waves.

Wave profile observation was possible through a glass wall near the middle
of the wave tank. A point gauge was used to measure the wave amplitude.
The drifting velocity of the platform was calculated from the time recorded
for the platform to traverse a prescribed distance in the tank. Five geome-

tries were tested for each wave as shown in Figure 5. The test wave
properties and measured drift velocities were tabulated in Table 1.

Since the floating model is in a dynamic flow condition, the test

results can be presented in the form of dynamic response curves. The wave
frequency, f, is non-dimensionalized by the natural pitching frequency of

the model, f^^. The drift velocity, V(j, is divided by the maximum peak

particle velocity, V^, to form another non-dimensional quantity.
The natural pitching frequencies of the three platform models were

measured in still water by inducing free pitching oscillations. The measured
values are approximately 0.8 Hz for the circular legged model with least

damping, 0.83 Hz for the semicircular model and 0.62 Hz for the crescent
shaped model with heaviest fluid damping.
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The response curves of the circular, semi-circular, and crescent
shaped models are shown in Figures 6, 7, and 8, respectively. One would
expect a peak response when the wave frequency matched the platform's
natural pitch frequency. But the responses of all three platform models
peaked at wave frequencies higher than the natural frequencies. The

circular cylinder platform has a wide spread of data points (Figure 6)

.

Unfortunately, the peak of the response curve cannot be defined because
of the lack of data points near f/f^ - !• However, the peak responses
of the non-symmetric legged platforms fall definitely beyond f/fn = 1-

This indicates that the model resonance frequencies are different from

the natural pitch frequencies of models measured in still water.

All five response curves were replotted on Figure 9 for comparison.
In general, all tests resulted in "downstream" drifts. However, there is

a trend that indicates "upstream" platform motion can be achieved in low

frequency waves. The velocity of such drift, however, is not significant.
Upstream drift was observed in very long waves for several unrecorded
tests in which the drift velocities were too small to be recorded.

The dimensionless drift velocity, Vj/V^^, measures the efficiency of

each test geometry in converting wave energy into propulsion force. The

ranking with respect to peak values of drift velocity are; test geometry
4 the highest, geometry 1 the second, and geometry 2, 3, and 5 the third,

fourth and fifth, respectively. Based on the hypothesis discussed in the

background section, the drift velocities for geometry 2 and 4 were expected
to be high and drifts against wave direction were predicted for geometries
3 and 5. The circular model was expected to be stationary. The high
velocity of geometry 4 and some upstream drift in geometry 5 have somewhat
confirmed the theory. The high velocity drift of the circular model and
the failure of upstream drift by geometry 3 indicate that some force other

than the hydrodynamic drag force possibly the inertia force predominated
the wave force

.

These results have indicated that non-symmetric platform legs may
provide definite advantages over the conventional circular legs. Further
investigation was therefore justified. The next step was to conduct a

more elaborate model test to measure the peak wave forces on larger models
for more effective evaluation of non-symmetric leg geometries,

PRINCIPAL TESTS - WAVE FORCE MEASUREMENTS

Three different models of a MOBS platform leg, 1 to 60 scale in length
were fabricated from 4-inch and 6-inch PVC pipes. The length of each model
was 8 feet long. Again, a circular, a semi-circular, and a crescent shaped
cross-section were selected for these models. The dimensions of model
sections are shown in Figure 10. A base plate and stiffening collar were
attached at the upper end of each model for easier and faster mounting and
removal from the support.

The model tests were conducted in the Ocean Laboratory of the Offshore
Technology Corporation, Escondido, California. The test tank resembled a

deep swimming pool 50 feet wide, 150 feet long, and 15 feet deep (Figure 11)
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At one end of the tank, there was a hinged wave generator powered by two
hydraulic cylinders. Wave form, height, length, period can be readily
varied. Maximum wave height is approximately 12 inches. At the other
end of the tank were three layers of wave absorbers to minimize wave
reflection. An observation window is installed at the side wall at the
test section near the middle of the tank. At this same location, a

portable truss was positioned across the tank. The truss provided a

mounting support for the models and wave gauges. The models were fastened
to aluminum plates suspended from the bottom members of the truss by
four steel rods. These rods are notched to provide the models with freedom
of horizontal movement. Three models were mounted near the center of the
tank along the testing section about three feet apart (Figure 12). Wave
forces on each model at directions parallel and normal to the waves were
measured by two sets of springs instrumented with two strain gauges.
These springs were supported by four rods fixed rigidly to the truss
(Figures 13 and 14) . A wave staff was mounted at the test section in
line with the models. The wave gauge output together with six strain
gauge outputs were conditioned and displayed on a multi-channel oscillogram.
These signals were also recorded on a magnetic tape recorder.

Wave force measurements were obtained for waves having a wide range
of wave height, wave length, and the height to length ratio. Table 2 is

a summary of designed testing waves.
A trial and error technique was necessary to adjust the wave properties

closer to values in Table 2. However, it is almost impossible to adjust
the wave height to a preset value. The actual wave measurements are listed
together with the test results in Table 3.

Models were tested in three different orientations. They were first
mounted so that the flat side of the semi-circular model and the concave
side of the crescent shaped model were facing the impinging waves. The
second mounting orientation was 90° from the first orientation and the

third was 180° from the first. About twenty wave trains were tested in

each model orientation.
Wave staff and wave force gauges were carefully calibrated before the

test started and the calibrations were checked after each series of tests
were completed. To calibrate force gauges, weights of one pound increment
were attached through a pulley system to the model mounting plates. Negative
wave forces were simulated by hanging weights at the upstream side of the

mounting

.

Oscillogram records were reduced by measuring the positive and the

negative peak forces averaged over five or six waves. No attempt was made
to analyze the wave forms.

A samples of the oscillogram recordings is shown in Figure 15. Higher
frequency vibration noises are visible in the traces of wave forces. As

the lowest vibration frequency (crescent model) is about ten times higher
than the wave frequency, the effects of the noise signals can be eliminated
easily. In most records the noise level was relatively small.

12



Table 2. Design Waves for Wave Force Measurement Tests

Run
No.

Wave Height Wave Length
Height
Length

Model Prototype Model Prototype

in ft ft ft

1 2 10 4 240 0.042

2 6 360 0.028
3 8 480 0.021
4 12 720 0.014

5 4 20 6 360 0.056
6 8 480 0.042
7 12 720 0.028
8 15 900 0.022

9 6 30 8 480 0.063
10 12 720 0.042
11 15 900 0.033
12 20 1200 0.025

13 8 40 12 720 0.056
14 15 900 0.045
15 20 1200 0.033
16 30 1800 0.022

17 12 60 15 900 0.067
18 20 1200 0.050
19 30 1800 0.033
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RESULTS

The results of the wave force measurements are tabulated in Table 3.

The difference among 100, 200, and 300 series data is model orientation.
The 100 series tests were conducted with the higher drag sides of models
facing on-coming waves. The models were turned 90° for 200 series and
180° for 300 series. The values of phase lags were obtained from the

oscillogram records by measuring the difference in phase angle between
the wave peak and the force peak.

The objectives of the 200 series test were to observe the lift forces
(force normal to flow) on the non-symmetric models and to provide more
drag data on circular models. The noise to signal ratio was large in the
lift force recordings of the non-symmetric models and their peak force
and phase lag could not be determined accurately. Drag forces on these
geometries were of little interest. Consequently, these data were not
included in Table 3. A qualitative analysis of the force records of the

non-symmetric models indicates that large net lift forces cannot be produced
by orienting the long axis of the model cross-section in parallel to the

on-coming wave direction.
The absolute values of positive (direction of wave propagation) and

negative peak forces on the circular, semi-circular, and crescent shaped
models are plotted against the wave steepness (ratio of wave height to

length) for the 100 series tests in Figures 16, 17 and 18. A family of

curves is shown in each plot with wave length as a parameter. The wave
force increases with increasing wave length and wave steepness. Figure 19

shows the wave peak forces on crescent shaped model in 300 series tests.

By comparing Figure 19 with Figure 18, it can be shown that the major
difference is the change in signs of the wave forces. The 300 series
data indicate the larger forces are negative forces whereas the 100 series
data indicate the larger forces are positive forces.

The net differential peak forces, the difference between positive and
negative peaks, are plotted against wave heights and are presented in Figures

20, 21, and 22 for the three models. The circular model data in Figure 20

are wide spread about a mean value of zero. The semi-circular model
experiences no net negative forces in either orientation as shown in

Figure 21. However, the wave forces are much smaller when the model is

mounted with the circular side facing the on-coming waves. For the crescent
shaped model net negative peak forces are clearly shown in Figure 22 when
waves approach from the convex side. There are, however, several data

points which fall about the axis. This apparent discrepancy could be

caused by zero drift in the force gauge calibration which was found after
the tests were completed. The spread of the rest of data is small enough
to determine a mean which is sensitive to wave height.

A study of the lag angle between the peak force and the wave peak
reveals whether the drag or the inertia force predominates. For a 90°

or 270° lag, the wave force is in phase with the water particle acceleration
and is, therefore, mainly due to inertia effects. A lag of 0° or 180°

indicates the wave force is in phase with the water particle velocity,
and is, therefore, controlled by drag. Figures 23, 24, and 25 are measured

16



phase lag angles of all the experimental data. The circular cylinder has

a mean phase lag of 75° indicating a dominative inertia force. For the

semi-circular model, most of the phase lags fall between 90° and 180°.

Therefore, the wave force on the semi-circular model is affected by both
drag and inertia forces. This is also true for the crescent shaped model.

The difference between these two is that all small wave heights the semi-

circular model has a higher percentage of inertia force than that for

the crescent model. At the larger wave heights, the trends are reversed
but the data are too scattered to give conclusive results. The inertia

force is proportional to the virtual mass which increases with the amount

of water displaced by the submerged object. Consequently, the trend from

inertia domination for the circular model to near drag domination for the

crescent model is probably due to the difference in the amount of water
displaced by the models.

To convert the model data to the MOBS prototype, simply multiply
the model wave height and length by the length factor of 60 and multiply
the wave force by the force factor of 216,000. Notice that the net

peak force is neither a constant force nor a sinusoidal force. It is

recommended, therefore, that the test data be used with caution.

FINDINGS

1. For wave frequencies near the natural pitching frequency, the

model platform with circular legs had the fastest drift velocity. High
drift velocity over a wide frequency range was observed during tests of the

platform having crescent shaped legs with waves coming at the concave
side. The slowest platform was the same platform model with the convex
side facing the waves. For very low frequency waves, this model was
observed to move against the direction of wave propagation.

2. The frequency response of the three platforms does not follow
the motion of a one degree of freedom mechanical system. The dynamically
measured natural frequencies are higher than the statically measured
natural pitching frequency.

3. Net negative peak wave forces were measured only on the crescent
shaped platform leg model with the convex side facing the waves. These
forces were relatively small and were proportional to the wave height.

4. Large net positive peak forces were measured on both crescent
and semi-circular leg models with waves approaching the concave and flat
sides.

5. For the test conditions, inertia force dominated the wave force
on circular cylinders and drag force essentially dominated the wave force
on crescent cylinders.
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CONCLUSIONS OF HYDRAULIC MODEL STUDIES

1, The crescent-shaped columns can provide a limited force in the

direction of wave propagation when they are oriented with the convex side

facing the approaching waves. They are most effective in high waves of

low frequencies.

2, The crescent-shaped columns can be also used to create maximum

wave drag for propulsion purpose when they are positioned with waves coming

toward the concave sides.

3. The hypothesis that differential wave forces may be produced by

unsymmetrical cylinders having two different drag coefficients is valid

in cases where the inertia force is insignificant.

4. No significant amount of net lift force can be produced by orienting

the long axis of the cross-section of the non-symmetric models in parallel

with the direction of wave propagation.
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Figure 5. Model geometries for drift experiment.
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Figure 10, Cross-sections of platform leg models
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Figure 11. Wave tank facility used for the measurements of wave forces
on platform leg models.

Figure 12. Platform leg models in position.

27



Figure 13. Wave forces In two perpendicular directions were measured

by two sets of strain-gauged rings.

Figure 14. Close-up view of the model mounting.

28



29



(sqi) saojoj SuiaBilToso >1B3(J

30



r\ Peak along wave direction

• Peak against wave direction

'0,01 0.02 0.03 0.04 0.05

Wave steepness H/a

0.06 0.07

Figure 17. Wave forces on semi-circular model - 100 series.
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Figure 18. Wave forces on crescent shaped model - 100 series.
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NOMENCLATURE

A cross-sectional area of object, ft^

a water particle acceleration, ft/sec

C drag coefficient

Cj-jiT drag coefficient at wave side of model

Cqj. drag coefficient at real side of model

Cj inertia coefficient

D diameter of pile, ft

F total peak wave drag force on object, lb

F£ total peak positive wave drag, lb

Fj. total peak negative wave drag, lb

f wave frequency, Hz

fj^ model natural pitching frequency, Hz

H wave height, in

L submerged model length, ft

L submerged model length at wave crest, ft

Lj- submerged model length at wave trough, ft

1 distance along the model, ft

P local unit wave force, lb/ft

U flow velocity in general, ft/sec

V peak water particle velocity, ft/sec

V mean peak velocity, ft/sec

Vd model drifting velocity, ft/sec

V^ maximum peak water particle velocity in waves, ft/sec
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V local water particle velocity in waves, ft/sec

P fluid mass density, slug/ft-*

M fluid kinematic viscosity, ft /sec

X wave length, ft

B phase lag, degree
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PART II. THE FEASIBILITY OF HYDRODYNAMIC FORMS
FOR STATION KEEPING OF A LARGE FLOATING PLATFORM

by

R. H. Fashbaugh, Ph.D.

INTRODUCTION

This section is a preliminary study to determine whether a hydro-
dynamic form for extracting energy from ocean waves is economical in

providing partial station keeping forces for the buoyant column configura-
tion of the Mobile Ocean Basing System (MOBS).

A brief explanation of the method in which the hydrodynamic forms

extract energy from ocean waves is appropriate. A sketch of the subject
hydrodynamic form is shown in Figure 1. The form cross section is

crescent in shape which provides the characteristic that water flowing
around the form in a direction that is into the concave side causes a

drag force on the form that is higher than the drag force caused by

water flowing at the same flowrate in the opposite direction. Associated
with an ideal gravity wave on the surface of a deep body of water is a

fluid motion in which the water particles move in circular closed paths.

The diameter of these paths decays exponentially with increase distant
from the water surface. The force on a circular cylinder, extending
vertically into a body of water, that is caused by surface waves is an
oscillating force. If the variation in water surface height is neglected
the wave force on the cylinder will have peak values in the wave direction
and opposite to the wave direction that are equal. When the circular
cylinder is replaced by a hydrodynamic form which is oriented so that

the concave side faces in the direction of wave travel the oscillating
force due to the waves will have a larger peak value in the direction
opposite to the direction of wave travel. The oscillating force on

the form will therefore have an impulse over a wave period that is

opposite to the direction of wave travel which will cause the form and
any associated structure to move in that direction. The intent of this
study is to estimate the magnitude of this force impulse and to assess
its utilization for MOBS station keeping.

The problem of determining the magnitude of oscillating wave forces
on the hydrodynamic form is by nature empirical. Testing is therefore
required to determine empirical coefficients. Adequate coefficients
were obtained from the NCEL tests described in Part I. In addition to

the NCEL test results, the results of tests conducted at the University12
of California-^' on circular and flat piles were utilized. An analytical
solution for the wave force in which these data are used is presented.
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To supplement the analytical study a test was conducted in the NCEL
wave tank in which the effect of the hydrodynamic forms on the drift
velocity of a model floating platform, Figure 2, was determined. The
results of this test are presented below.

ESTIMATION OF HYDRODYNAMIC FORM EFFECTIVENESS

Force Exerted by Surface Waves

The force exerted by surface waves on a cylindrical object which
extends vertically into a body of water is made up of two components,
a viscous drag force and a virtual mass force. The drag force component
is proportional to the square of the horizontal component of the water
velocity relative to the object and the virtual mass force component is

proportional to the relative horizontal acceleration. From Morison-'- the

force exerted on a differential section, dz , can be written as:

dF = Cn if]u u + C.
pffD^ du

dt
dz, (1)

where u is the horizontal component of velocity, D the cylinder diameter.

p the water mass density, C-q the coefficient of drag, and C^ the

coefficient of virtual mass. A theoretical expression is used for the

velocity u in relation (1). Since there are several wave theories the

choice of which one to use depends upon the degree to which it is

desired to approximate non- linear ocean waves. For the purposes of

this preliminary study the linear Airy wave theory for deep water will
be adequate. Values for the empirical coefficients Cq and Cm are taken
from References 1 and 2 to be consistent with the linear wave theory
assumption.

The interest here is obtaining the wave force on a full scale
hydrodynamic form by utilizing Equation (1). Because of the unusual
shape of the cross section of this form values for the coefficient Cj)

and Cm are not available. There is available however from the NCEL
model test data which can be used to compare the peak wave force for

the crescent shape to the peak wave force for a circular section of

equivalent diameter. Utilizing this, the wave force on a hydrodynamic
form is considered related to the wave force on a circular cylinder by

the relation:

AF = K Fcyl (2)

where AF is the difference between positive and negative peak values of

the oscillating force on the hydrodynamic form and F^yl is the peak
value of force on a circular cylinder subjected to the same wave train.

44



Values for the coefficient K determined from the NCEL test data are

shown in Table 1." Since there is not a sufficient amount of data to

determine how K varies with the wave parameters the average value of

0.17 is used.

Table 1. Values of coefficient K - NCEL data.

L(ft) H(ft) H/L AF(lbs) Fcyl(lbs) K

30 0.90 0.030 1.3 5.5 0.24

20 0.76 0.038 1.0 6.1 0.16

20 0.63 0.032 0.7 5.2 0.14

12 0.49 0.041 0.6 4.7 0.13

Average K = 0.17

H = Wave Height
L = Wave Length

Experimental data for wave forces on flat plate and cylindrical

piles reported in reference 2 can be correlated with the data in

Table 1 with fairly good agreement. The wave force in the direction of

the concave side of the hydrodynamic form can be approximated by the

wave force on a flat plate of the same length and width. Similarly,

the wave force in the direction of the convex side of the form can be

approximated by the force on a circular cylinder. With these assumptions,

values for the coefficient K obtained from reference 2 are shown in

Table 2. Breaking wave data which is given in the reference was omitted

since the wave steepness ratios for the NCEL data were considerably
below breaking wave values. The reference 2 data correlates well with
the NCEL data.

Table 2. Values of coefficient K - Morison data (ref. 2).

L(ft) H(ft) H/L K

0.681

0.342

0.0803

0.0884

0.280

0.170

The data of Table 1 is obtained from Table 3 of Part I. Since AF
involves differences of measured forces, small data values are not
included to improve accuracy. The values of Fj,y]^ are the averages of

the data from the three series of tests.
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The expression for the force F^y]^ of Equation (2) is obtained by

integration of Equation (1) over the submerged length of the form.

Following reference (1), with coordinates as shown in Figure 3, leads to

the expression:

cyl

where

16

2nd '

L

4nd ^

L

2Tttn -1 1 - e

1 - e

(3)

(4)

and H = Wave height

L = Wave length

T = Wave period

d = Mean wetted length of form

g = acceleration due to gravity

t„ = Time the maximum force leads the wave crest.

Consistent with the assumption of the Airy wave theory the expression
for the velocity that was used in obtaining expression (3) is i-^

i T

2ttz

L 2:Tt

T
(5)

The negative sign appears in expression (4) for d^^ the angle between
the maximum force and the wave crest, because the force always leads

the wave and 6^^ will therefore be in the fourth quadrant.

Momentum Change Caused by Net Force

In evaluating the effect of the wave force on the hydrodynamic form
it is necessary to consider the momentum change due to this force in a

wave period. Accordingly:

.2n
A(Mv) = f- r F(d) d 9, (6)
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where A(Mv) is the momentum change, F(0) is the wave force, and d = 2itt/T

with t the time. When the virtual mass force component exceeds the

viscous drag force component by at least 2.5 the viscous component can
be neglected'^ and relation (6) can be approximated as (utilizing
relation (2) )

:

A(Mv) «^

from which,

Jo ^cyl sin fl d +
fj"

(K + 1) F^^^ sin d d

^^^ « - [^1 F 1 (7)

where F -i is given by Equation (3) and K = 0.17. From Equation (3) it

can be seen that the ratio of the virtual mass force component to the

viscous drag force component is proportional to D/H. For large diameters
the viscous drag force component can be neglected up to fairly large
wave heights. For the case of the example presented below the form
diameter is 20 feet and, according to curves in reference (4), the
neglection is accurate to wave heights up to 60 feet.

The momentum change per wave caused by the force on the hydrodynamic
form of Figure 1 is given in Figure 4. The effect of a 5 foot and a

10 foot wave for various wave lengths is shown. These curves were
obtained from relations (3) and (7) with Cj) = 1.6 and Cj^ = 1.5." In
order to lend a physical meaning, the momentum change that is caused by
a one knot and a one-half knot current flowing in the direction of wave
travel (into the convex side of the form) is also shown. At intersection
points between a wave force curve and a current curve the effect of the
crescent form is to cause an impulse that is equal in magnitude to the
impulse of the current drag force but opposite in direction; e.g., with
a wave of 10 foot height and 500 foot length and a one knot current the
net momentum change is zero and the net movement of the hydrodynamic
form under these conditions would be zero. The steady current flow of
one knot creates a drag force of 6480 lbs on the form which is equivalent
to approximately 20 hp. Therefore, with the particular wave condition
stated above, the hydrodynamic form extracts energy from the waves at
the net rate of approximately 20 hp."'' The sea state example taken is

in the range of seas classed as state No. 5 (rough sea).

Based on references (5) and (6), Cd and Cj^ are considered not to vary
significantly with Reynolds number.

-kit

Net energy rate refers to that energy available for net motion opposite
to wave direction.
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MOBS Example 1

In order to evaluate the hydrodynamic form effectiveness on a

floating platform, a configuration similar to Figure 2 is assumed. The
hypothetical platform is 300 feet by 300 feet with 36 buoyant columns
of 20 foot diameter and 100 foot submerged length and with 12 hydrodynamic
forms. Assuming a 2 knot current and a 40 knot wind environment
(references 7 and 8) the required propulsion system output is estimated
as 17,100 hp (refer to Appendix A). For a sea state condition of 5 the

hydrodynamic form net rate of energy extraction is approximately 240 hp.

The effect of the hydrodynamic forms for this configuration and environ-
ment is 1.47o of the estimated required propulsion system output.

MOBS Example 2

A second case is considered in which all of the 36 buoyant columns
of the configuration assumed in Example 1 have the hydrodynamic shape.

The same environment of a 2 knot current and a 40 knot wind is assumed.
The estimated propulsion system requirement is the same value of 17,100
hp. For a sea state condition of 5 the hydrodynamic form rate of energy
extraction is approximately 960 hp which is 5.67o of the estimate required
propulsion system output.

A parametric study is beyond the scope of this preliminary study.

However, the results of the above examples strongly indicate that the

effectiveness of the hydrodynamic form is not too significant.

MODEL TEST

Introduction

To supplement the analytical study and to improve insight into the

problem a floating platform model test was conducted in the NCEL wave
tank. The model consisted of an aluminum sheet platform with thirty
wooden buoyant columns of one inch diameter and fourteen inch length
as shown in Figure 2. Attached as shown in the figure were eight wooden
hydrodynamic forms of twelve inch length and one and one half inch
equivalent diameter.

Test Procedure

The average drift velocity of the model was measured over a drifting
length of five feet for wave steepness ratios up to 0.130 (H/T to 8.0).
Drift velocities were measured for two orientations of the model: the

normal orientation in which the concave side of the hydrodynamic form is

facing in the direction of wave travel and the orientation opposite to

this in which the concave side faces opposite to the direction of wave
travel. The effect of the hydrodynamic forms in the normal orientation
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is to reduce the model drift velocity in the direction of wave travel

and, conversely, the effect is to increase the drift velocity when the

forms are in the opposite direction.

Mechanics of Drift

To aid in the interpretation of the test results the mechanics of

the wave forces which cause the model to drift will be discussed. First,

it is important to note that an object floating on the surface of the

water in the wave tank did not drift for the wave conditions used in

the test. The drift of the MOBS model is caused by unequal wave forces

on the buoyant columns. This inequality in forces is due to the wave

acting over a longer portion of the buoyant column when a wave crest

passes than when a wave trough passes. There is therefore a net force

impulse in the direction of wave travel which causes the model to drift.

Pitching and heaving motions of the model will considerably effect the

length of the bouyant column over which the wave acts. The drift velocity

is therefore influenced by the motion of the model. This fact makes the

establishment of a meaningful baseline using a model without hydrodynamic

forms very difficult. For this reason the effect of the forms was

established by comparing the drift velocity with the forms in the normal

orientation to the drift velocity with the forms in the opposite

orientation.

Test Results

The results of the test are presented in Figure 4. The model drift

velocity is shown in the lower curve for the normal hydrodynamic form

orientation and in the upper curve for the opposite orientation. The

dotted line represents the mean between the upper and lower curves. The

effect of the hydrodynamic form on the drift velocity is estimated as

the difference between the lower curve and the mean curve. This compari-

son is considered the most accurate when the model was stable which was

outside of the region represented by values of H/T^ from 0.6 to 4.8. For

the very long wave lengths the model was stable and drifted opposite to

the direction of wave travel with very little relative motion between the

model and the surface of the water. This case corresponds to the extreme

left end of the lower curve. For the short wave lengths corresponding
to values of H/T^ greater than 4.8 the model was very stable with very

little pitch or heave. There is no apparent explanation for the peaking

of the upper curve in the range of H/T^ of 2.0 except possibly the fact

that the model was pitching considerably. The region does not, however,

correspond to the natural pitch or heave periods of the model as one

might expect.
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Summary of Findings

A summary of findings based on test observations and data is given
below:

1. For wave lengths long compared to the model length the hydro-

dynamic forms extracted sufficient net energy from the waves to cause

model drift opposite to the direction of wave travel.

2. For short wave lengths of the order of magnitude of model length

the effect of the hydrodynamic forms was to reduce the drift velocity in

the direction of wave travel approximately 107o. This suggests that the

net force impulse due to the shape of the hydrodynamic forms is small

compared to the net force impulse due to the water surface level varia-

tions .

3. The model drift was affected considerably by the motion of the

model with respect to the water surface.

4. The mechanics of drift of floating platforms suppored by vertical
buoyant columns differs considerably from the mechanics of drift of

platforms floating on the surface of the water.

CONCLUSIONS

Since the rate of energy extraction from waves by hydrodynamic forms

was estimated for sea state No. 5 to be only approximately 67o of the

energy required to maintain station, the concept does not seem applicable

to large floating ocean platforms.
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Appendix A

ESTIMATION OF FLOATING PLATFORM
STATION KEEPING POWER REQUIREMENTS

Consider a platform of the following configuration:

1. Dimensions; 300 ft by 300 ft.

2. 36 bouyant columns; 20 foot diameter and 100 foot wetted length.

3. 12 hydrodynamic forms; 20 foot diameter and 100 foot wetted

length.

4. 20 foot spacing from platform to water.

5. Platform structure height of 20 feet.

The environmental conditions are taken to be an ocean current of

2 knots and a wind velocity of 40 knots.

The power requirements to maintain station are estimated as:

Fc V Fw Vw
P = -|^ + -j^ = 7700 + 9400 = 17,100 hp

where F,, = current drag force « 1/2 p Cp AV x 48

= 1/2 X 1.99 X 1.2 X 20 X 100 x (1.69 x 2)^ x 48

= 1.27 X 10^

Fc ^c ^ 1.27 X 10^ X 1.69 x 2

550 550

Similarly, F„ = wind drag, and

= 7700 hp.

^^ Q^ w 1/2 X 0.002378 x 1.2 x (300 x 40) x (1.69 x 40)^ x -^ = 9400 hp,
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Appendix B

ESTIMATE OF COST OF A HYDRODYNAMIC FORM INSTALLATION

In the following is an approximation of the cost of a 20 foot

diameter - 100 foot long hydrodynamic form fabricated of steel including

the associated structure and equipment.

1. Cost of form construction assuming a shell thickness of 3/8".

(a) Material Cost

.375
Material volume = jt x 20 x „ x 100

= 197 ft^

Material weight = 197 x 490 = 96,500 lbs

Cost of form material at $.30 per lb = $29,000.

Assuming the weight of the support structure and ribs as 3/4 of the

form weight; total cost of material for support structure and ribs =

3/4 X 29,000 = $22,000; total cost of material = 29,000 x 22,000

= $51,000

(b) Fabrication Cost

Cost of fabrication at $.60 per lb = .60 x 96,500 x 1.75

= $100,000.

2. Cost of mechanical equipment to rotate form.

The main energy dissipation associated with rotation of the

form is that due to water drag resistance.

2 D
Water resistance torque « 1/2 Cj) A p V x t"

where, V « 2itf x y = —r— x 5 = 2.62 ft/sec, for f = 5 rpm.
4 60

A = 100 X 20 = 2,000 ft2

P = 1.94 slugs/ft3

Cd = 1.2
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Torque w 1/2 x 1.2 x 2000 x 1.94 x (2.62)^ x 5

Power Required = —rr-r

,000 ft lb

2:rtf X T lOit 80,000
60 550

= 76 hp.

Allowing for friction losses in the gear box and support bearings the

hp requirements are estimated to be about 2 x 76 = 152 hp. At $50.
per hp the cost of mechanical equipment = 152 x 50 = $7,600.

3. The total cost from the above is summarized in the following
table.

Material, including support structure $ 51,000

Fabrication 100,000

Associated mechanical equipment 7,600

Total estimated cost $158,600
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Fixed or floating column-supported platforms in the ocean exper
ience direct and reverse wave drag caused by the oscillating water
particle velocity. The drag coefficient for the direct flow can be
different from that for the reverse flow if the cross-sectional area
of the supporting column is not symmetric about the column axis.
Therefore, a net wave drag force theoretically can be produced. The
purpose of this study was to determine whether this concept can be
utilized to reduce the power requirements for positioning large
floating platforms such as the proposed Mobile Ocean Basing System
(MOBS )

.

Two support column cross sections were chosen for evaluation; a

semi-circle and a crescent shape which is formed by two intersecting
circles (the larger circle having a radius 1-1/2 times that of the
smaller circle). A circular cross section was included to provide a

reference. Free drift velocity tests of three small scale tri-column
platforms with the three different cross sections were made in a

small wave tank as a preliminary experiment. Based on the results of
this drift experiment wave drag measurements were made with larger
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single column models of 4 inch diameter and 8 foot length in a large
wave tank. Free drift velocity tests were also conducted with a 14
inch by 17 inch rectangular model floating platform with 36 supporting
columns to aid in evaluating the concept for MOBS use.

The results of the tests show that there is a net wave force oppo-
site to the direction of wave travel on the column with the crescent
cross section. However, an analytical study based on the test data shows
the rate of energy extraction from waves by crescent shaped columns for

sea state 5 to be about 6% of the energy required for station keeping
of a large floating platform. Hence, the concept does not seem applica-
ble to large floating ocean platforms.








