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NOMENCLATURE

A characteristic area

a wave amplitude

a
e

dissipated wave amplitude

ai incident wave amplitude

a
r

reflected wave amplitude

a
t

transmitted wave amplitude

C celerity

C
d

drag coefficient

C
e

energy dissipation coefficient

Cr
reflection coefficient

C
t

transmission coefficient

E characteristic stress

F characteristic force

Fd
drag force

F
r

Froude Number

f wave frequency

G characteristic acceleration

g acceleration due to gravity

H wave height

H
e

dissipated wave height

Hi incident wave height

Hi/L wave steepness



Hm measured wave height

Hmax maximum envelope wave height

Hmin minimum envelope wave height

H
o deepwater incident wave height

H
r reflected wave height

H
t transmitted wave height

h water depth

k linear wave theory progressive wave number

kh dimensionless wave number

L wave length, characteristic length

Lo deepwater wave length

M characteristic mass, superscript denoting

calculation from moment considerations,

M.L.L.W. Mean Lower Low Water

m subscript denoting model parameter

P superscript denoting calculation from model

displacement

p subscript denoting prototype parameter;

pressure

pot potentiometer

Re Reynolds Number

S characteristic strain

SWL Still water level

T characteristic time, wave period



t time

characteristic velocity in x direction

u x component of velocity

characteristic velocity in y direction

y component of velocity

W characteristic velocity in z direction

w z component of velocity

x longitudinal coordinate

y lateral coordinate

z depth coordinate

a damping coefficient

phase lag, specific weight of water

A breakwater width

wave surfar::e profile

n e
dissipated wave surface profile

ni incident wave surface profile

nr
reflected wave surface profile

nt transmitted wave surface profile

kinematic viscosity

p density

angular frequency of wave

q
2
h deepwater dimensionless wave number
g

<i) velocity potential

partial derivative operator

us microstrain, 10-6 inches/inch



LARGE SCALE MODEL TESTING OF THE
FMC SUBMERGED WAVE ATTENUATION DEVICE

1. INTRODUCTION

1.1 Scope of Investigation

This report describes the hydrodynamic testing and

evaluation of a one-tenth scale model of the FMC Wave

Attenuation Device. The purpose of the test was to quantify

the wave attenuation characteristics and structural loadings

induced by a test program of monochromatic incident waves

on the submerged structure. The testing was not intended

to be developmental but rather to provide a simplified

demonstration of the performance characteristics.

The FMC Wave Attenuator is designed as an offshore

submerged breakwater destined for open ocean super port

application. The designers envision the structure

protecting a single point mooring oil handling facility,

increasing the berth availability by permitting offloading

operations to continue during higher sea state conditions.

The device as shown in Figure 1, is a near surface

structure which acts both as a reflection barrier and

dissipating device. It is composed of a series of curved

vanes which guide the wave orbital motion into a flexible

duct just beneath the waves, as shown in Figure 2. The
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Figure 1. FMC Wave Attenuation Device

Figure 2. Close-up of Vanes and Duct
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dudt, open to the incident wave, synthesizes the flow from

the vanes and produces a complex foreward current opposing

the incident wave field. It appears that the device corp.

vents the unsteady wave velocity field to a quasi-steady

convection current directed towards the incoming waves.

In addition, the duct plate acts as a reflected wave gener-

ator. Turbulent interaction with the surrounding fluid

ultimately dissipates the energy contained in the current.

The incident wave energy is transferred into a reflected

wave, a counter current and a transmitted wave train with

the remaining lost to friction and turbulent dissipation.

The scale model attenuator tested was supplied by FMC

Ordinance Division, San Jose, California. It was designed

in-house and further 1/50 scale model tests are being

carried out at the University of California, Berkeley. The

dimensions were selected to meet the requirements of a 100

foot depth offshore location. The prototype is approxi-

mately 80 feet high, 76 feet wide and is restrained on the

ocean floor. It is submerged 15 feet below M.L.L.W. The

vanes are 5 feet high and the duct plate opening is 7 feet

beneath the vanes. The tests were conducted at a large

1 to 10 scale to minimize scale effects inherent in turbu-

lent damping processes.



1.2 Research Objectives

The first objective of the study was an evaluation of

the model performance as a function of the incident wave

period and height. The model performance includes a deter-

mination of the transmitted and reflected wave character-

istics, loads and strains induced in the structure, struc-

tural deflections, magnitude and direction of the counter

current and wave energy dissipation. These parameters were

determined in a simulated operational water depth of 100

feet prototype. The second objective was an evaluation of

the survival characteristics of the structure under large

wave conditions at a water depth of 120 feet prototype.

The current measurements were not included in the survival

tests.

1.3 Test Program

The test program was conducted with monochromatic

(constant wave period and height) incident wave excitation.

The model was exposed to thirty discrete test situations

including wave periods ranging from 0.95 secs to 5.06 secs,

heights varying from 4.32 inches to 42 inches at water

depths of 10 and 12 feet. These correspond to prototype

conditions of period 3.0 - 16.0 secs, wave height 3.5' -

35 feet and water depth 100,120 feet. The original test
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points were chosen to span the operational range of the

device (H=6-12 ft, T=6-14 secs prototype) and to approach

the "storm survival range" (H=18-50 ft, T=6-18 secs). The

original test sequence was organized according to increasing

incident wave energy and was terminated when the duct plate

failed.

The model was tested in two configurations, restrained

and unrestrained, to investigate if the reflected and trans-

mitted wave characteristics changed appreciably with the

degree of fixity. Supplemental tests included: measurement

of the beach reflection properties and the wave attenuation

characteristics of the channel itself; determination of the

model's natural frequency and damping coefficients in water

and air; and static calibration of the force-deflection

characteristics for the structure in the foreward and aft

directions.

1.4 Summary of Results

The attenuation characteristics of the model were found

to be frequency dependent with minimum transmission coeffi-

cients and maximum reflection coefficients occurring at

approximately three times the natural frequency of the

model. The structural response as monitored by induced

loads, stress and deflection were found to be more dependent
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on wave height than wave frequency. Yield stresses were

exceeded in the duct plate under high wave conditions and

very large uplift forces were noted. The sequential re-

sponse of various structural elements were solely dependent

upon the relative position of .61e incident wave over the

model. In general, as the incident wave crest passed over

the top of the model the duct plate deflected down and the

total structure deflected in the direction of incident wave

propagation. As the incident wave trough passed over the

model, the duct plate deflected up producing maximum counter

currents and the reflected wave crest; then the model re-

turned to its original position. The general model behavior

was found to correlate well with known kinematic conditions

for the incident wave.
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2. WAVE FACILITY

2.1 Wave Channel Facility

The tests were conducted at the Oregon State University

Environmental Fluid Dynamics Laboratory. The Wave Research

Facility test channel, shown in Figure 3, is 342 feet long,

12 feet wide, generally 15 feet deep and has a 290 foot test

section. The wave board is of the flap-type variety which

is hinged at the bottom in a section which has a total depth

of 18 feet. The board is controlled by a 150 HP, 3500 PSI

pump with attached hydraulic servo mechanism activated by an

electronic function signal generator. The installation is

unique in that it has water on one side of the wave board

only, as shown in Figure 4. This scheme reduces the power

requirements of the wave board by one half and eliminates

the need for a dissipative media behind the wave board. The

tank is filled with 275,000 gallons of fresh water taken

from the city supply. Sea water, in general, weighs 64

lbs/ft3 while fresh water only 62.4 lbs/ft3. No effort' was

made in the study to account for the 3% difference in den-

sity. This difference should not significantly affect the

wave-structure interaction.

The facility has the capability of producing solitary

waves, periodic waves and random waves which will model



PLAN VIEW: WAVE BASIN FACILITY LAYOUT

Scale: 40 feet

ELEVATION VIEW: WAVE BASIN

Scale: 1-0 feet

PLAN VIEW: LAVE BASIN

LEGEND

I) WAVE CARRIAGE

Carriage is driven by an SCR controlled
3 Hp D.C. motor. Speed is variable from
0 to 6 ft/sec. Lift capability is 2000 lb.
110 volt power is available for instrumen-
tation.

2) CONTROL AND INSTRUMENTATION TRAILER
3) TOOL ROOM AND POWER DISTRIBUTION SHED
4) PORTABLE INSTRUMENT SHED
5) HYDRAULIC POWER SUPPLY SHED
6) CONCRETE FALSE BOTTOM SLABS

Slabs are bolted to wave tank sides to
produce desired bottom configuration.
Beach slopes from 1:3 to 1:24 are
obtainable.

7) FLAP TYPE WAVE GENERATOR
The wave board is driven by a 150 Hp
servo-hydraulic system. The system can
generate periodic waves up to 5 fee+ in
height and can be programmed to produce
random waves.

8) I INCH DIAMETER INSERTS: TANK SIDES
Double row of stainless steel inserts
are spaced 12 inches apart vertically,
8 inches apart horizontally, centered
every 12 feet down the tank.

9) I INCH DIAMETER INSERTS: TANK BOTTOM
Bottom inserts are a continuation of
side insert spaced three feet apart.

10) BULKHEAD

The steel bulkhead can be installed at
12 feet Intervals along the tank to allow
dewatering of a specific section.

II) SUMPS

The sumps are 2 feet square by I foot
deep and connected to 4 inch diameter
piping which is brought up outside the
wave tank.

12) II0 v I e POWER
Available at 25 foot intervals along
wave tank east side.

13) 480 V 3 POWER
Available at 50 foot intervals along
wave tank west side.

4) 2 FT X 2 FT OBSERVATION WINDOW
5) PORTABLE TANK ROOF
6) 4 INCH DIAMETER WATER SUPPLY LINE
7) 2 INCH DIAMETER WATER SUPPLY LINE
8) DRAIN LINE
9) 6 INCH INSTRUMENT CONDUIT

20) RAISED CONCRETE PLATFORM 30'0B LONG
Old EXTERIOR DRAIN

Figure 3. Wave Research Facility, Oregon State Univeristy CO
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ocean wave spectra. Breaking waves up to 5 feet high can be

generated as shown in Figure 5, and the useful frequency

ranges from 0.25 - 1.00 hz. The channel is oriented in the

north-south direction with waves generated in the south

propagating northward.

2.2 Beach and Channel Characteristics

The beach section used was governed by the requirement

of a beach reflection coefficient less than or equal to 15%,

with an ideal goal of 10% over the test wave program. The

beach was constructed from eight concrete slabs, each

measuring 12 feet x 12 feet x 6 inches thick, for a total

beach length of 96 feet. The configuration, shown in

Figure 6 utilized three different slopes. The top six slabs

were sloped at 1 foot in 12 feet, the seventh at 2 feet in

12 feet and the bottom slab was set at 4 feet in 12 feet.

Figure 7 shows the beach installation. They were anchored

in the corners, top and bottom, by steel clip angles bolted

to the 1 inch inserts that run the length of the basin. A

four inch thick mat of rubberized horsehair extended 40

feet down the channel from the ten foot elevation on the

beach to help absorb high frequency wave energy; Figure 8

shows the finished beach.
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Figure 4. Wave Generator

Figure 5. Five Foot Breaking Wave



Generator Carriage Model Transmitted Wave Beach Area
Stations

H. H
r

18'i 24' 24' 36'

0 0
V SWL

4

92'

4

102' 96'

Figure 6. Model and Beach Configuration
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Figure 7. Installation of Beach

Figure 8. Finished Beach with Horsehair
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2.3 Channel Calibration

A channel calibration was performed on the wave basin

so that the beach reflection coefficients could be deter-

mined. The beach was required per contract to reflect less

than 15% of the incident wave height over the test program

waves. The reflection coefficients were calculated using

the partial standing wave envelope method at two locations,

70' and 170' in front of the wave board. If the measured

incident wave was not within 10% of the required wave

height, that point was spanned by taking another run at the

same frequency. Table 1 (all tables located in Appendix I)

summarizes the channel calibration. Note that the A and B

runs span the required incident wave heights. H
max

and

H
min are the reflected wave envelope maximum and minimum

wave measurements. The stroke is a wave board setting.

The wave gage was moved at least 1/2 wavelength on either

side of the station marks to assure a representative en-

velope.

The measured reflected wave coefficients all met the

15% reflection requirement. All but two coefficients were

less than the 10% ideal condition. The highest calculated

coefficient was 11.8%, the lowest 2.8%, with an average

over the test range of about 7%.

There was in general, little change between the read-
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ings at the two stations inferring that the incident and

reflected waves are not dampened as they traverse the

length of the channel. The beach performance was typical in

that it tended to reflect a greater fraction of the long

waves.



3. PRELIMINARY TESTS

3.1 Model Set-up

15

The model was uncrated and assembled at ground level,

as shown in Figure 9. The four pedestals slipped into the

guides on the vane assembly and the two sets of braces

bolted to the pedestals. An overhead crane was used to

lower the model to within a foot of the channel bottom,

Figure 10. The load cells were screwed into place in the

bolt holes at the bottom of the pedestals, shown in

Figure 11. The model was attached to the bottom of the

channel by running two pairs of 5 in. x 1 in. x 3/4 in.

steel channels on edge over the model footing plates in a

longitudinal direction. The footings were bolted to the

channels with four 1/2 inch diameter bolts, threaded at 8

inch centers. Figure 12 shows a detail of the model base

area. The structural channels were then bolted to two pairs

of 1/2 inch flat bar straddling the basin, each bolted with

four - 1 inch diameter bolts into the bottom inserts of the

wave basin. The final set up is shown in Figure 13.

The model was located approximately midway between the

toe of the beach and the generator plate. The center of the

model was positioned 102 feet from the beach, and the total

test section was 194 feet long, as shown in Figure 6.
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Figure 9. Assembling Model

Figure 10. Installing Model in Wave Basin
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Figure 11. Attaching Load Cells

Figure 12. Model Base Area Detail
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In the original configuration, the model was found to

be considerably elastic with only a gentle force required

for significant fore and aft, side to side motion to

develop. Some of this motion was reduced with shims in-

serted into the sleeves on top of the support columns.

Subsequently it was decided to 'restrain' the model rigidly

and subject it to the first fourteen test waves. The top

four corners of the device were securely fastened to the

side of the channel by bolting horizontal steel cables from

the corners to the inserts on the walls. Figure 14 shows

the restrained configuration in detail. The cables were

left slack for the 'unrestrained' tests as a precaution

against catastrophic failure of the load cell connections

on the bottom.

The load cell and strain gage leads followed the

model's structural members to the rear right top corner of

the model where they protruded through the water surface

in a 1-1/2 inch diameter steel pipe, shown in Figure 14.

The leads proceeded to the trailer shielded in a three

inch sheet metal conduit. The conduit was supported on the

top gow of inserts, inside the east wall of the channel.

3.2 Model Static Deflection Test

The model horizontal deflection characteristics were



Figure 13. Overall Model Setup

Figure 14. Restraining Cables and Instrument Lead Conduit

19
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tested by applying a static horizontal load. A steel cable

was attached by a yoke to the center top edge of the model,

over a pulley to a weight table. Weights from 0 to 1007

lbs. were applied and subtracted in 100 lb. increments for

both the fore and aft directions. The set up is shown in

Figure 15. Deflections were measured with a precision dial

gage and the results are graphed for the fore (south) and

aft (north) directions in Figure 16.

The maximum deflection measured was 0.979 inches for

the aft loading. The model, in general, deflected linearly

while the deflection in the aft direction was about 10% more

than the fore direction for the same load. A small degree

of hysteresis was observed in the readings but the scatter

was less than 10% of the average reading.

The load cells were monitored during the aft static

deflection test and the results are included in Table 2.

Figure 17 shows load difference as a function of horizontal

force where load difference is the difference between the

total loading on the foreward legs and the total loading on

the rear legs. Summation of forces requires that the

vertical tensile load on the front load cells should equal

the total rear compressive load. In general, a 30% error

is observed, verified by static calibration of load cells,

inferring that the load cells were not in calibration.
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Figure 15. Model Static Deflection Test Apparatus
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3,3 Model Natural Frequency and Damping

Coefficient Test

The model was subjected to a pluck test to determine

the natural frequency and damping characteristics. A nylon

rope was attached to the forward top edge of the attenua-

tor with a yoke and run through a winch mounted on the

carriage positioned about 30 feet in front of the model.

The winch was tightened to deflect the model about an inch

and the rope was cut with the blow of a chisel. The motion

was monitored by a Potentiometer(pot) and a damped decay os-

cillation resulted. The experiment was repeated in air

four times and in 10 feet of water five times. The results

are tabulated in Table 3. The average natural frequency of

the model in air was 2.10 hz and in water 1.37 hz. The

damping coefficient was calculated from the second order

system equation,

a =
In (x

1
/x

2-
)

t
2
-t

1

where x is the displacement amplitude at time t1 and x2 is

the displacement amplitude at time t2 later. The damping

coefficient for water (.048) and for air (.045) were within

6% of each other implying that the damping characteristics

of the model are internal plastic reactions, rather than

external hydraulic resistance.
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Using the natural frequency data, the wave number that

would cause excitation of the model was calculated. The

value of 23.02 found was much greater than any of the test

waves used in the study. However, the duct plate motions

may affect the structure's natural frequency under dynamic

conditions imposed by wave excitation.
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4. WAVE THEORY REVIEW

4.1 Linear Wave Theory Summary

Linear wave theory provides useful relationships for

understanding kinematic and dynamic processes associated

with wave-structure interaction. Although linear wave

theory is limited to small amplitude waves in non-dissipa-

tive media, the analytical expressions describing velocity,

acceleration and pressure fields yield insights into the

behavior of many wave phenomena. A summary of essential

equations is presented here; a more complete analysis is

provided by Ippen (1966).

Linear wave theory represents a solution to an unsteady

potential flow boundary value problem. Fundamental to pot-

tential flow problems is the definition of a velocity pot-

ential, 4), which exists if the flow is irrotational, that

is, if the fluid is inviscid so that the force field is

conservative. The velocity potential provides a scalar

representation of the velocity field. The first spatial

derivative of 4) yields the velocity component in the dir-

ection of the derivative operator. Thus, if u and w are

velocity components the x and z direction (horizontal and

vertical respectively),



-u = 30
ax

(4.1.1)
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If the fluid of interest is incompressible or nearly so,

the velocity potential must satisfy the Laplacian operator

everywhere. Two boundary conditions are required to com-

'plete the boundary value problem for waves propagating over

horizontal bottoms: 1) the bottom is impenetrable so that

the vertical velocity component must vanish at the bottom

and 2) the free surface remains at atmospheric pressure at

all times, where gage pressure may be set equal to zero.

The algebraic representation of these statements permits a

solution to the boundary value problem via separation of

variables technique, with the result

0 22 cosh k(h+z)
Q cos kh cos (kx-at) (4.1.2)

for a simple harmonic distrubance on the free surface. In

this equation

a = wave amplitude

g = acceleration due to gravity

h = water depth

z = vertical coordinate, positive upward

x = horizontal coordinate, positive in the eirection



of propagation

t = time

k = wave number = 27

L = wave length

a = angular wave frequency = 27

T = wave period

The physical observation that the vertical velocity

component is equal to the rate of change of free surface

elevation at the air-water interface, combined with the

second boundary condition provides a relationship between

wave number and wave frequency,

a
2
= gk tanh (kh) ( 4 . 1. 3 )
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This is referred to as the dispersion equation because

it accounts for the dispersive nature of waves: long waves

move faster than short waves.

The wave celerity, also known as phase speed or propag-

ation rate is

C = L
=T k (4.1.4)

In shallow water h < 7r, the dispersion relationship reduces

to C = VT, independent of wave frequency. In deep water,

h > 2., the dispersion relationship becomes C = independ-
a
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dent of water depth. In this study, five deep water waves

were encountered while the rest were of the intermediate

type, requiring the general form of the dispersion relation-

ship and velocity potential for an adequate description.

The pressure field is found from the integrated

equation of motion to be

E 1 30
Y g

= cosh k(h+z)n
cosh kh

(4.1.5)

where = a sin (kx - at) , the free surface profile and

y = specific weight of water. The first term in the pres-

sure equation is the dynamic component due to the wave and

the second term is the hydrostatic component. The equation

shows that p is always in phase with n.

The velocity field is determined from the spatial

derivatives of the velocity potential as

u =
-DO sal cosh k(h+z) sin (kx - at)TR a cosh kh

(4.1.6)

w
- -30 sink k(h+z) cos (kx - at)Ti a cosh kh

The acceleration field is determined from the temporal

derivative of the velocity field.
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cosh k(h+z)
cosh kh

cos (kx - at)

(4.1.7)

aw sinh k(h+z)
at cosh kh

sin (kx - at)

Note that the pressure, velocity and acceleration all decay

hyperbolically with depth but are simple harmonic in x and

w
att. Also; u,p, at T are in phase with n TEwhereas w and are

90 degrees out of phase with n. The resulting velocity

field is shown in Figure 18 for a wave moving from left to

right.

4.2 Determination of the Coefficients of Reflection

Transmission and Dissipation

It can be assumed that reflection from breakwaters, in

general, result in a change of wave amplitude and phase, but

not frequency. Consequently, the superposition of incident

and reflected waves yields a partial standing wave as shown

in Figure 19. The standing wave envelope profile does not

change after a quasi steady condition is reached. It merely

oscillates in one place. If such a profile is to be

measured, a wave gage must be moved perpendicular to the

crest line to record the amplitudes of the oscillation at

successive positions. Using this method one can find re-

lative maxima and minima every quarter wave length in the
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partial standing wave envelope. The maxima occur where the

incident and reflected wave crests superimpose to yield a

surface elevation equal to the sum of the two amplitudes.

At the same point, one half period later, the troughs sup-

erimpose to yield a maximum surface depression. The minima

occur where the incident and the reflected waves interfere.

That is, the reflected trough subtracts from the incident

crest to yield a minimum envelope surface elevation.

Likewise, one half period later, the incident trough sub-

tracts from the reflected crest to yield a minimum envelope

surface depression. By moving the wave gage at least L/2

over the envelope, the relative maxima and minima clearly

stand out as shown in Figure 20. Then,

H
max

= (a.
1

+ a r) + (a. + a r) = 2 (a + a' )

Hmin = (a. + ar) - (a - a.) = 2 (a, -- a )

1 1 1

Hence

H.
1
= 2a.

1
=

H
max + H

min
2

(4.2.1)

Using this technique, the reflection coefficient, Cr, is

defined as
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H=ar=Hmax min--
a. Hmax + Hmin

(4.2.2)
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This same method is used to separate the reflected wave

component from any partial reflection from the beach for

single frequency wave trains.

According to linear wave theory, the incident and re-

flected waves can be expressed as follows:

ni = ai sin (kx at),

a progressive wave propagating in the + x direction;

nr = ar sin (kx + at + y),

a progressive wave propagating in the - x direction,

where a phase lag y is introduced, but the frequency

remains the same. The wave transmitted beyond the model is

complicated by the fact that harmonic frequencies may be

included in the transmitted wave train. These harmonics

result from the non-linear interaction between the structure

and the waves. Large convective accelerations and turbul-

ent drag promote non-linear coupling of fundamental fre-

quency components to generate second, third and higher

harmonics. The harmonics cannot be resolved via a wave

envelope method; they must be analyzed by frequency decom-

position techniques.
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An alternative approximate procedure is to measure the

transmitted wave activity at several locations behind the

breakwater and calculate a mean transmitted wave height Ht.

One should not measure H
t

at equal intervals from the model

as some complex repeating wave form may be present in the

multi-frequency transmitted wave train. Using this techni-

que, the transmission coefficient is defined as

C
t
= H

t
/H. (4.2.3)

From energy considerations, the energy dissipated by

the model must identically be equal to the incident wave

energy less the transmitted and reflected energies.

Figure 19 is a definition sketch. The average total energy

per unit surface area is the sum of the average, potential

and average kinetic energy densities and is equal to

ya 2/2 for a wave of amplitude a. If the dissipated energy

can be assumed to be in the same form as the transmitted,

reflected and incident energy (i.e. a sinusoidal wave of

amplitude ae) then

2 2
+ ya

e
2ya + ya

t
yal

(4.2.4)

Now the energy dissipation coefficient, Ce, is defined

astheratioofaetoa.,analogous to the reflection and



transmission coefficients. Substituting into (4.2.4)

yields

V/1- Cr2_Ct2

4.3 Discussion of Wave Parameters

(4.2.5)
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Dimensionless parameters are the most useful in any

model-prototype study because they remain constant through-

out scaling in a properly conducted experiment. In break-

water studies, the most common parameters are the wave

steepness and wave number.

H.
Wave steepness = -1

L

Wave number = kh 62 h
g tank (kh)

a
2
hThe latter quantity is uniquely defind by ---, which is used

throughout this study. Most data was presented as a func-
2

tion of wave steepness and deepwater wave number,

4.4 Scaling from Model to Prototype Conditions

The dynamic similarity of the flow of an incompressible

fluid under the influence of gravity and viscosity is in

general governed by two parameters; the Froude Number and
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Reynolds Number. These are defined as

Fr = U

Re = UL

where v is kinematic viscosity, U is a characteristic

velocity and L is a characteristic length.

The Froude number can be considered a measure of the

relative importance of inertial to gravitational forces.

It is very important for free surface gravity driven

phenomena such as surface waves. The Reynolds number is a

measure of the importance of inertia to viscous forces.

For flows in which a free surface exists, as in our study,

both the Froude and Reynolds Numbers must be considered.

As water is the fluid used in both model and prototype, the

kinematic viscosity of both is the same. Thus, only two

degrees of freedom exist, U and L. A common approach to

the modeling problem has been to select a model size that

is large enough to produce fully turbulent flow at critical

points so that dissipation coefficients will be the same in

model and prototype. This large model approach minimizes

viscous scale effects but does not identify if a model is

sufficiently large. The alternative is to use small models
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and apply a correction for the scale effect. But the scale

effect cannot be enumerated to correct small model results

unless prototype tests are also run. Thus, the large model

approach minimizes the unknown errors.

The advantage of using the dimensionless wave para-
.

meters of wave steepness and wave number has already been

mentioned. These numbers, unlike most, will be the same

for the model as for the prototype. Dimensional analysis

is used to find the model-prototype relationships.

In this method the dimensionless Froude Numbers are

made equal in model and prototype. Several examples are

given to illustrate the procedure and a summary of model-

prototype relationships is included at the end. Prototype

quantities carry a 'p' subscript while the model quantities

are shown with a 'm'. The following notation is used:

F characteristic force, U = velocity, g = acceleration

due to gravity, L = length, G = accelerak'ton, S = strain,

E = stress, A = area, T = time, M = mass,

a) Velocity

m
Fr

',/gLin

u
P

Um

)4C--
thus U

P
= U

m
P

Trt
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Thus the velocity in the prototype scales as the

square root of the length scale. In our study with a 1:10

scale model, the velocities in the prototype, according to

Froude scaling, would be ITU multiplied by the measured

model velocities.

b) Time

T =
L

P
= Lm

U
rn

TLUL)/1.7
_E= _E La = 2. m
Tm Lm Up Lm

T = T
P m

The time also scales as the square root of the charac-

teristic length ratios.

c) Acceleration

G =
Um

P
=

T
m

U T
= m __E = 1 G = GGm Um Tp

m p
yr- P m

The acceleration of the model is the same as the acce-
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leration of the prototypes. Gravity does not have to be

scaled for model-prototype tests using Froude scaling.

d) Force

F = M G
P P P

F = M Gm m

3 3
F M G L L
_2. _2. _E. P -2.- 1
F M G T --I I i]

rrt

7
m m m Lm

The forces experienced by the prototype scales as

the cube of the characteristic length ratio.

e) Pressure

= _2
A

Pm =
Fm
Am

3
L
m
2

P m F
pm m 7t- -27 7 LmL Lm p

The pressure on the prototype scales linearly with the

scaling ratio.

f) Strain

S = L
P

Sm = Lm

S L L
_E. -2 S s _E

p m Lmm m
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The strain expected on the prototype is a linear

function of the strain measured on the model.

g) Stress

A
E =

Fmm Am

3 2E F A L L L
_E . _2. 2 . ,', - _a
Em A .5 L Lm m p L L In

M p

E = E _a
P m Lm

The stress scales as the ratio of the character-

istic length scales. The scaling conditions are summarized

below:

Quantity Scales as Model Prototype

Length L 1 10

Area L2 1 100

Volume L3 1 1000

Force L
3

1 1000

Pressure L 1 10

Strain L 1 10

Stress L 1 10

Time AT 1 /Tr

Velocity )(17"7,4 1 vra
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Acceleration 1 1 1

Wave Steepness 1 1 1

Wave Number 1 1 1

Phase Lag 1 1 1

C
t'

C
r'

C
e

1 1 1

Special mention is made to the stress and strain

relationships which scale linearly. The period of the

prototype scales as the time, and the frequency scales in-

versely with time.

All of the results presented in this study apply

directly to the model. Expected values for a geometrically,

kinemetically ,nd ,iynamically similar prototype configura-

tion can be scaled up according to the scale ratios given

in the above table.



5. TEST APPARATUS

5.1 Strain Gages
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The model was equipped with 26 strain gages and four 45

degree rosette strain gages as shown in Figure 21. These

included two on each base of the pedestals, one on each

brace, one on each right duct plate hanger, ten on the right

duct plate and the four rosettes on the vanes. The follow-

ing prefix notation identifies the strain gage locations:

GB - brace

GD - duct plate

GH - hanger

GP - pedestal

RV - vane

The duct plate strain gages were located at three posi-

tions on either side of the plate and each had a back-up

gage designated 'X' (example: GD4X was back-up gage for

GD4). The ribbon leads were run up the aft right corner

of the model and run along the wave basin wall to the

signal conditioning equipment located in the instrument

trailer.

The signal conditioning equipment for both the strain

gages and load cells consisted of a SCR3511C bridge power

supply with bridge balance and Dana 3420 DC amplifiers. The
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Figure 21. Location of Strain Gages and Load Cells
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amplifiers provide a gain of 30 to 1000 in four calibrated

steps of 30, 100, 300 and 1000. The bandwidth of the unit

is D.C. to 100hz ± 0.01%. The amplifiers allow the gage

output signals to be amplified to a level compatible with

the tape recorder and strip chart recorder.

The strain gages were calibrated internally at the

beginning of each run by substituting a known resistance

in the bridge network to provide a calibration signal of

500 us.

5.2 Load Cells

Four load cells, designated LP1 through LP4 completed

the attachment from the pedestals to the channel bottom.

The load cells used in the test were Lebow Model 3132-117.

The load limitations for the instrument were; bending moment

3000 inch lbs., shear 1000 lbs., torque 2000 lb. inches.

The published overload for the load cells was 150%. Pub-

lished output was three MV/volt ±0.25% and non-linearity

was within 0.1% of full scale. The leads were piped along

the wave basin wall with the strain gage wires and into the

load cell signal conditioning equipment.

The load cells were calibrated for compression by

adding and subtracting weights from the center of the model.

The load cells were zeroed with the model in place so that
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by lifting the model a tensile calibration was made by

measuring the weight of the structure with a dynamometer.

The results are presented in Table 4. The instruments

were accurate in compression but an error of nearly 25% was

introduced in the tension test. LP2 seemed to be greatly in

error and as the tension calibration was performed at the

end of the test program it could have been damaged during

any of the tests. No attempt has been made to correct the

readings because the tension calibration was run after the

tests were completed. The reader should be cautioned that

the reported lift force results may be 25% low.

5.3 Displacement Potentiometer (Pot)

Displacement of the model, fore and aft, was measured

with a four turn potentiometer. A wire was connected to the

top northeast corner of the model, around a pulley to the

pot bolted to the wall. Leads were piped through conduits

along the wave channel and into the signal conditioning

equipment in the instrument trailer. The conditioning

equipment consisted of a Tektronix 3C66 Carrier Amplifier

which connected the pot to a bridge circuit giving an analog

voltage output proportional to the model movement.

The pot was calibrated by turning the spool a known

distance and observing the signal. The pot was in calibra-
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tion and after several tests proved to be linear over 3

inches of travel. The calibration factor used throughout the

test is one inch of visicorder output corresponds to 0.484

inches of model deflection.

5.4 Duct Plate Displacement Rods

Three. 1/2 inch diameter aluminum rods were pinned to

the west duct plate at the wall along the strain gage posi-

tion lines after runs 1 through 14 had been completed for

both the restrained and unrestrained modes. The rods ex-

tended from the duct plate through a guide to a point about

a foot below the top,of the channel and offered no re-

sistance to the duct plate motion. They were graduated at

one inch intervals about a horizontal null line so that 12

inches total displacement of the west duct plate could be

measured to a 1/2 inch resolution. The rods were attached

in line with the strain gage locations for subsequent photo-

graphic determination of phase relationships. A fourth rod

was attached to the southeast corner of the model to es-

tablish total model displacement on the 16mm photographic

record.

The duct displacement rods are shown in Figure 22.



50

5.5 Sonic Wave Profiler

The wave gage used was a Sonic System Model 86 Sonic

Profile Transducer. The system operates by measuring the

time required for a sonic pulse to propagate from the trans-

ducer to the water surface and return to the transducer.

The transducer consists of a spark coil and electrodes which

generate the pulse and a microphone which senses the return

pulse. The instrument is mounted 12 inches above the maxi-

mum expected water elevation. The full scale range of the

transducer can be set on the control box for 4, 8, 16, 32

or 64 inches. The wave gage is shown in Figure 23.

The propagation time for the sonic pulse is measured by

a digital timing circuit located in the control box. This

propagation time is converted to an analog voltage pro-

portional to the distance from the transducer to the water

surface. This output voltage can then be displayed on an

oscilloscope or strip recorder to produce a permanent wave

record.

Two identical gages monitored the incident, transmitted

and reflected waves. The incident wave profiler was mounted

on the movable wave carriage and was adjustable vertically

upward from the water surface level. The transmitted wave

profiler was mounted on a movable wooden frame spanning the

channel and could be adjusted from the water surface.
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Figure 22. Duct Plate Displacement Rods

Figure 23. Sonic Wave Profiler
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The wave profilers were tested in the lab and while

mounted on the carriage in the wave channel. The lab check

consisted of observing the readings from a wall. The cali-

bration was checked under wave conditions with point gag-

es. The output in the wave channel was compared to a visual

observation of the wave height on the channel wall scale

and cross-referenced with each other. The profilers were

found to be in calibration.

5.6 Current Meter

Current velocities in front of the model were measured

with the Marsh-McBirney Model 711 two dimensional EN?

current meter. The instrument consists of a transducer

probe one inch in diameter by ten inches long which senses

currents in a plane normal to the longitudinal axis of the

probe. The probe is an electromagnetic sensor containing an

electromagnet and two pairs of electrodes. Water flowing

through the magnetic field produces voltages which are

sensed by the electrodes, conditioned by the signal pro-

cessor and presented visually as X and Y components on panel

meters on the instrument housing and as analog DC voltages

transmitted to the trailer recording equipment; Figure 24.

The instrument has three ranges of operation for

velocities to ± 1 ft/sec, to ± 5 ft/sec and to ± 10 ft/sec.
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Figure 24. Current Meter Probe
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The accuracy of the meter is published as 2%.

The current meter was calibrated statically and dy-

namically in the wave channel. The static test consisted

of moving the carriage at known speeds and observing the

probe output. The Y direction calibration was checked by

rotating the probe 90 degrees and continuing the test. No

error was observed for the static tests.

The dynamic calibration was performed by measuring the

maximum vertical and horizontal orbital velocities of gener-

ated deep water waves, where the vertical and horizontal

maximum velocities are equal. Linear wave theory provided

calculated velocity values at the 1.5 foot depth which were

compared with the transducer readings and good correlation

was observed above 0.3 ft/sec. The data is summarized in

Table 5.

5.7 Strip Chart Recorder

The Hewlett Packard 322 Dual Channel Recorder was used

to record the wave profiles produced by the sonic wave pro-

filers and to record the velocity measurements made by the

Marsh-McBirney current meter. The recorder uses two hot

pens which plot on a thermal sensitive paper to produce two

simultaneous records. The gain of the recorder amplifier

can be varied in calibrated steps to accommodate a wide

range of input voltages. The frequency response of the re-
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corder is down 3db at 50hz for a full scale reading.

5.8 Tape Recorder

All strain gage, load cell, wave profile and pot data

were recorded on a fourteen channel Precision Instrument

P12114 tape recorder. F.M. electronics are used to provide

flat frequency response to the D.C. signals. The recorder

was run at 7-1/2 inches per second at which speed the band

width of the recorder extends from D.C. to a 3db down point

of 2400 hz. Thirteen of the fourteen channels of the one

inch tape were used to record data. The fourteenth channel

was used exclusively for voice input to identify signals,

calibrations and run numbers.

5.9 Visicorder

A Honeywell 1508 Visicorder was used in conjunction

with a Honeywell Accudata 117 DC Amplifier to visually re-

cord data monitored from the model. The visicorder uses a

light sensitive paper to record the output of up to 12

channels of galvanometers. Our study only used 6 of the

available channels. The DC amplifier was used so that the

gain of the visicorder record could be quickly and accu-

rately changed to match the range of the input signals.

The combination of the two instruments gives a flat
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frequency response from DC to 1000 hz with a step variable

calibrated gain.



6. TEST PROGRAM

6.1 Test Sequence
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Forty test waves were run before the model failed dur-

ing the 12 foot survival test series. These included, in

order of testing:

1) Run numbers 1 through 14 at the 10 foot water depth

modified to include horizontal restraints. Strain gage

sampling was limited to GD1, GD4X, GH3 and RV2-2. Currents

were measured 10 inches in front of the model.

2) Run numbers 1 through 14 at the 10 foot water depth

as per the research proposal. Current profiles and surface

currents were measured in front of the model at four

stations.

3) Run numbers 22 through 30 at the 10 foot water

depth, added for high frequency response. Vertical loads

and horizontal deflection were measured, but no current data

was taken.

4) Run numbers 15 through 17 at the 12 foot water

depth as per the research proposal. No current data was

taken. Duct plate failure occurred shortly into run number

18.
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Still 35mm photographs and 16mm movies were taken

during all runs with the model in place except for runs

15, 16 and 17. Movies for these three survival runs were

taken of the incident wave profile without the model.

Still photographs and movies included representative

incident and transmitted wave profiles and closeups of the

made;. ,irea- showing the duct displacement rods and the

interaction of the wave with the model in the vicinity

of the attenuator. Movies were taken of the surface

current at the end of the ten foot depth tests.

Representative photographs of the incident and transmitted

wave profiles are included in Appendix II.

Little data for the run 6 test wave could be obtained

because of an unsteady transverse oscillation build up in

the channel. As the generated wave frequency was not

at the natural excitation frequency of the basin, the

interaction of this particular wave with the attenuator

seems to be responsible for the phenomena. This probably

was due to a small phase mismatch observed between the

two duct plates. This behavior caused a lateral transfer

of energy to the fluid at frequencies near 0.5 Hz, where

the mismatch was accentuated.
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6.2 Test Program Procedure

The procedure for the tests, in general took the form

of four runs for each required test wave. Different trans-

ducers were monitored during each run and the signals

recorded on the visicorder and magnetic tape. A Circuit

Completion Data Sheet similar to Figure 25 was filled out

before each run to identify signals and channel 14 on the

tape recorder was used exclusively as a voice channel for

an explanation of calibration and signals.

Before the first run of any test wave could begin, the

required incident wave height had to be approached by a

trial and error procedure. The frequency of the wave was

set and a steady state allowed to set up in the basin

at a particular stroke setting of the generator. The wave

envelope was measured with the incident wave gage by moving

the carriage from a point 12 feet in front of the model,

forward 70 feet and back again to the starting position.

The record from the strip chart was analyzed and if the

measured incident wave height was not within 5% of the

required value, an iterative process was continued until

the required stroke setting was found. The generator was

shut down, the channel allowed to settle and the test was

ready to begin.
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CIRCUIT COMPLETION DATA SHEET :
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Figure 25. Circuit Completion Data Sheet
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The first step of every run consisted of connecting,

balancing and calibrating the transducers to be monitored

during that run. A known resistance was substituted into

the bridge network to provide a calibration signal of

500 ps compression for the strain gages and 1100 lb com-

pressive load for the load cells. The high and low signals

of the wave gages were recorded and the setting noted. This

typically identified a full scale 36 inch deflection except

as noted. The voice channel was used to identify signals

and steps.

The wave generator was turned on at the required

setting and channel allowed to reach a steady state con-

dition. The strain gages, load cells and pot were activated

and the carriage was moved to a position 12 feet in front

of the model. The envelope was taken by moving the carriage

70 feet down the basin and back again while the output was

recorded on the magnetic tape and strip chart. The carriage

was returned to a location so that the profiler was posi-

tioned 10 inches in front of the model. The wave gage was

left turned on at this location throughout the rest of the

test run.

Next the transmitted waves were measured at four

successive locations; 18, 42, 66 and 102 feet beyond the

model and recorded on the strip chart and magnetic tape.
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For the second and third runs, the leads were changed

to monitor another set of transducers as defined by the

Circuit Data Completion Sheet. The strain gages and load

cells were balanced and calibrated as before, at the be-

ginning of each run. The envelope and transmitted wave

heights were not monitored after the first run but the

incident wave at 10 inches in front of the model and the pot

were recorded for every run on channels 5 and 6 of the

visicorder. This was to establish a common base for all

runs to calculate phase relationships. During the third

run, a visual inspection could be made of the diagonal

rosette wave strain gages. If no appreciable reading was

observed, run 4 was cancelled as all of the signals moni-

tored in the last run were vanes.

The tape recorder was played back through the visi-

corder at the end of the test program to visually record all

the data contained on the magnetic tape.

The currents were measured at the end of the 14 runs at

five stations; 10 inches, 1 foot 10 inches, 2 feet 10

inches, 3 feet 10 inches and 4 feet 10 inches in front of

the model. Readings, recorded on the strip chart only, were

taken for the first station at 1/2 foot intervals from the

surface to a depth of 4 feet, then 1 foot intervals to the

channel bottom. Readings at just 2 feet below the surface
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were taken for stations 2, 4 and 5. Three readings at

1-1/2, 2 and 2-1/2 feet below the surface were taken at

station 3.

Movies and photographs were taken throughout the tests.

6.3 Model Failure

The left duct plate failed in fatigue shortly into run

18 at the duct plate base support. The failure broke the

hangers and ripped the plate from the right edge to a point

15 inches from the left edge. Figure 26 shows the damaged

model from the fore and aft directions and closeups of the

failure are shown in Figure 27. The hangers are shown in

Figure 28. The nylon bushings were found worn through

about one third of the way into the test.

The right duct plate was inspected and while no failure

occurred, it had undergone considerable work in the area of

the duct plate base support; Figure 29. The damaged model

was then unbolted from the wave basin lifted to ground

level (Figure 30) and crated up (Figure 31). The detached

left duct plate is shown in Figure 32; note the worn area

due to the vane contact.
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Figure 26. Damaged Model, Fore and Aft Directions
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Figure 27. Close up of Duct Plate Failure
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Figure 28. Damaged Hangers

Figure 29. Right Duct Plate Base Support
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Figure 30. Removal of Damaged Model From Wave Basin

Figure 31t Crating up Damaged Model
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Figure 32. Left Duct Plate After Failure



7. DESCRIPTION OF RESULTS

7.1 Introduction

69

Linear wave theory provides a description of the kine-

matic and dynamic wave properties which can be used to hy-

pothesize the reaction of the attenuator to a surface wave

train. This hypothetical reaction yields a logical sequence

of events which is useful for interpreting experimental data

and which may provide insights into design optimization

techniques.

The direction and magnitude of particle movement under

a simple wave is shown in Figure 18. The anticipated

structure behavior - corresponding to this velocity field is

as follows. The particle movement directly under the crest

is horizontal. The fluid motion tends to fill the duct

plate and apply a net horizontal momentum reaction which

displaces the structure towards the beach. As the crest

passes, a strong vertically downward component is added to

the flow, transmitting incident wave energy directly to the

duct plate and through the structure to the base. Some of

this energy is directly reflected by the duct plate re-

action, some goes into the production of a counter current,

and some is lost to eddy generation and boundary shear.

Energy leakage over the top and through the structure
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produces a transmitted wave. After deflecting towards the

beach, the horizontal particle motion towards the generator

under the trough coupled with the elastic properties of the

structure forces the model back towards the original posi-

tion. After the trough passes, the vertically upwards

orbital motion forces the duct plate up towards the bottom

of the vanes and the model experiences a lift force. For

severe wave conditions, the duct plate comes in contact with

the bottom of the vanes. In short, the device is expected

to react in a restrained circular pattern approximating the

water particle movement. The greatest load and displacement

of the model should occur just after the crest has passed

and lift force should be experienced just behind the trough.

Higher waves yield greater water particle velocities

and larger forces so the load, strain and displacements

experienced by the 'model-sbould be dependent on wave

steepness, Hi/L. The coupling of the incident wave with

the duct plate and the model motion is anticipated as an

important mechanism for energy transfer and dissipation.

Thus, the attenuation reaction and generation of reflected

and transmitted waves should be dependent on the model's

natural excitat'ien frequency; hence dependence on wave

2number, a h/g, (or wave frequency, a) is anticipated from

linear wave theory.
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This hypothesized reaction is supported by the test

data which is organized under seven headings and summarized

as follows:

1) Fluid Reaction: effectiveness of the attenuator

design as measured by reflection, transmission, dissipation

of waves and the generation of currents in front of the

model.

2) Model Reaction: structure deflection and duct

plate displacement.

3) Load Cell Data: vertical forces measured during

test.

4) Strain Gage Data: duct plate, vane, hanger,

pedestal,brace strain at critical structure points from

model instrumentation.

5) Phase Relationships: chronological order of events

including reflected wave generation characteristics and

position of the wave over the model.

6) Horizontal Load and Lift: calculations based on

differences in fore and aft load cell data and model

deflection.

7) Restrained Test: fluid reaction and model strain

for the restrained tests.

Throughout the Description of Results and corresponding

figures, a uniform code was adopted for data that could not
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be tabulated. An 'X' signifies that the data could not be

deciphered. This occured when a signal was observed, but

was too eratic to be measured. An entry in the tables with

insufficient data to calculate the quantity was also desig-

nated an 'X'. A signal lost because of operator error was

shown '?'. The letter 'D' was used to identify a gage lost

because of an instrument failure. A '+' mark was used when

a signal of the same order of magnitude as instrumentation

noise was observed. A '0' meant that no signal greater than

the static condition could be observed.

7.2 Fluid Reaction

The attenuator was designed to reduce wave height by

interfering with the incident wave orbital motion. The

ultimate effectiveness and success of the device is

governed by the transmission coefficient, a measure of the

relative wave heights behind the attenuator. Energy leakage

through the structure is responsible for high wave trans-

mission and thus the energy from the incident wave must be

dissipated and/or redirected if the device is to be

effective. An efficient.attenuation device generates high

reflection coefficients, strong currents and high dissi-

pative characteristics because energy lost by turbulence

and redirected by reflection and generation of counter
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currents is not available for the production of high trans-

mitted waves.

The interaction of the incident wave with the duct

plate and model is anticipated to be an important mechanism

for energy transfer and dissipation. Thus, the fluid re-

sponse to the model is expected to be dependent on wave

number. Longer waves tend to pass uneffected through the

structure and the effectiveness of the device generally

increases with frequency. However, as the wave length

decreases, the orbital motion under the wave decreases

proportionately and an increasing amount of energy passes

over the top of the vanes. Thus at some point between

these two extremes, a maximum effectiveness of the model

should be observed.

The currents in front of the model although complex are

expected to follow a similar trend. The currents are caused

by the interaction of the incident wave with the dynamic

duct plate and thus are expected to be dependent on wave

number. The velocity profile should show a strong confined

forward current directly in front of the duct plate and due

to mass conservation, a slow return current distributed

over the distance between the duct and the bottom. The

counter current is dissipated by viscious interaction with

the surrounding fluid and is expected to decrease steadily

with distance from the model due to the formation of
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a closed cell circulation pattern, as shown in Figure 33.-

The still water level is depressed slightly due to the mean

current velocity (energy conservation) in the area around

the model. The still water level is maintained far away

from the model and the fluid motion becomes a closed cell

circulation rather than a longitudinal current which would

require the system to overcome the inertia of the still

water far away from the structure. A near surface pump dis-

charging from right to left is analogous to this phenomenon.

7.2.1 Transmission, Reflection and Dissipation Coefficients

The unrestrained wave response of the model is pre-

sented in Table 6 and plotted as a function of wave steep-

ness and wave number in Figures 34 and 35. The wavelength,

L, of the incident wave was calculated from linear wave

theory. and 'Hmin
', the measured envelope maximum

and minimum wave heights, were taken directly from the strip

chart recorder and were the average of several readings.

Hi and Cr were calculated directly from these readings by

the partial standing wave method described in Section 4.2.

The transmitted wave was recorded by the strip chart at four

locations and averaged to yield Ht, the average transmitted

wave height. The transmission coefficient Ct is the ratio

of the transmitted wave height to the incident wave height.
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The energy dissipation coefficient Ce was calculated from

C. and C
r
using Equation 4.2.5.

The transmission coefficient is noted to be greater

than one for three runs; 9, 29 and 30. This results in an

undefined Ce for the three cases. The implication is that

more energy is transmitted beyond the breakwater than what

is being fed into the device; an obvious physical impossi-

bility. The situation arises from the measurement of the

transmitted wave height in two ways. The device was

practically transparent to test wave 9 and the incident wave

travelled through the breakwater essentially unaltered in

amplitude and phase. An error, less than 10%, was introduc-

ed by experimental technique in the measurement of that wave

beyond the model and may have caused the transmission coef-

ficient to exceed unity. But for runs 29 and 30, an

apparent inconsistency of data is observed because both the

reflection and transmission coefficients have high values.

The transmitted waves at these two very high frequencies,

formed a complex unsteady wave train. A large transmitted

wave was observed beyond the model that appeared to be

formed by several frequencies adding at regular intervals.

This unusual wave was at least double the wave height of the

majority of transmitted waves, but because of the practice

of averaging the highest waves, this unusually high value
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appears in the data.

The fluid response characteristics of the model, from

the graphs, are found to be wave number dependent and inde-

pendent of wave steepness. The reflection and energy dissi-

pation coefficients increase with increasing wave number up

to a value of 2.4, level off and then gradually decrease

with increasing wave number. The transmission coefficient

follows a similar trend, decreasing to the 2.4 level and

then increasing with increasing wave number. The optimum

condition for the model seems to be at a period of 2.25

seconds model, 7.1 seconds prototype. Below this point at

shorter periods, the wave passes over the model because the

orbital velocity and dynamic pressure component, decaying

exponentially with depth are reduced to small values at the

vane level.

The lowest transmission coefficient measured during the

test was 0.40 during run 25 of the high frequency tests.

This corresponds to a 2.25 second period for the model and

a prototype period of 7.1 seconds. The highest energy

dissipation coefficient, 0.831, was calculated for the same

run. The highest reflection coefficient measured was 0.556

and obtained during run 30. The average value of the trans-

mission coefficient over the whole test program was 0.77.
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Table 7 gives a written description of the transmitted

wave train and the breaking phenomenon. The observations

were taken during the tests and checked from the movies.

The model seems to be transparent to the long waves while

breaking occurs at different places on the model in differ-

ent modes. An interesting breaking phenomenon occurred

during several runs and was noted as a double break. The

incident waves broke near the center of the model and

then a smaller break occurred directly behind the crest,

breaking in the opposite direction. Evidently the water

level over the vanes was so shallow that the trough water

particle velocities reached the critical depth condition and

the fluid disturbance propagated as a bore. The maximum

observed harmonic wave height is tabulated from visual

observations and checked with the transmitted wave records.

In general, the fundamental frequency clearly passed through

the model, superimposed with several smaller high frequency

waves. Photographs of the runs are shown in Appendix II.

7.2.2 Currents

Subsurface currents in front of the model were measured

with the Marsh-McBirney current meter. A complete profile

for the first 14 unrestrained runs was taken ten inches in

front of the model and additional measurements were taken at
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stations 1'10", 2'10", 3'10", and 4'10".

The subsurface currents for the horizontal, X, and

vertical, Y, directions are given in Tables 8 to 20. The

first entries for runs 12, 13 and 14 could not be taken be-

cause the probe came out of the water. A positive current

is defined horizontally towards the wave board and verti-

cally upwards. D.C. OFFSET is defined as one half the sum

of the maximum positive and maximum negative current read-

ings. It is a measure of the net flux of water in a given

direction. The maximum current velocity measured was 7.5

feet per second horizontally towards the wave generator dur-

ing run 12 measured just in front of the duct plate opening.

The maximum vertical current was 4.6 feet per second upwards

during the same run. Velocities increased rapidly with wave

steepness and slowly with wave frequency.

The horizontal current profile at the first station,

10 inches in front of the model, is presented as a function

of depth from the surface to the channel bottom in

Figures 36 to 39. The vectors give the magnitude and

direction of the maximum measured current velocity at

each depth corresponding to the 1 ft/sec scale and the

profile identifies the D.C. OFFSET in feet per second

as read on the abscissa. The profiles show that the

model does product a strong, forward counter current just
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in front of the duct plate opening. A slow mean return

current is evident over the distance between the bottom

of the duct plate and the bottom of the wave channel.

The current must be integrated over time and depth to

give an indication of water mass continuity.

The vertical current profile at the first station,

10 inches in front of the model, is plotted in a similar

way. In general, the mean currents as well as the maximum

vertical velocities are directed towards the surface.

The induced jet was observed to surface within five feet

of the model. The data is included in Figures 40-44.

The effect of distance from the model on the hori-

zontal and vertical components of the current velocity

is illustrated in Figures 44 to 47. The velocity plotted

is the maximum value measured at that particular station.

The abscissa identifies the distance in front of the model

and the ordinate, the station depth from the still water

level. The magnitude of both the horizontal and vertical

maximum current velocities decreases steadily with

horizontal distance from the model. The current velocity

directly in front of the duct plate opening seems to be

uniform from the top of the plate to the bottom. The

decreasing size of the arrows clearly show that the gen-
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erated counter current is dampened by turbulent inter-

action with the surrounding fluid and probably submerges

and reverses to form a closed cell circulation pattern

far in front of the model as discussed earlier in

Section 7.2.

Surface velocities in front of the model were measured

for the first fourteen unrestrained test waves and are

presented in Table 21. Four polypropylene ropes were dropp-

ed on the surface from a point just in front of the model

at approximately equal time intervals and the subsequent

motion of the ropes was photographed on the 16mm film

through a one foot square fine wire grid pattern. The

apparatus is known in Figure 48. Parallax corrections

were estimated by placing a 2 x 4 with one foot markings

on the still water surface at the beginning of the 16mm

documentation. The analyst projector was used to calculate

the average surface current velocity over a five foot

interval starting two feet in front of the model.

The maximum mean current measured uas 1.74 ft/sec.

during run 12. This is significantly less than the

maximum current velocities measured with the Marsh-McBirney

current meter because it represents an integrated aver-

age velocity and thus corresponds more closely to the

D.C. OFFSET. Surface. currents are plotted as a function
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of wave number and steepness in Figure 49. Values in-

crease rapidly with wave steepness and independently of

wave frequency for wave number less than 1.22. The current

value for run 14 was abnormally low.

The ropes were neutrally buoyant and thus gave a good

indication of the current magnitude across the wave channel.

For the first runs, the rope retained its original shape

down the channel indicating a uniform current in front of

the breakwater. For more severe runs, the rope assumed a

pronounced 'E' shape due to wall effects and the 1 inch gap

between the duct plates. The currents near the channel

walls were less than the currents at the center of the

basin.

7.3 Model Reaction

The physical displacement of the model is depen-

dent on the force applied to it. The horizontal motion of

the water particles, under the crest, fill the duct plate

and push the model towards the beach in the direction of

incident and transmitted wave propagation. A greater

force results in greater model and duct displacement. The

potentiometer attached to the corner of the model and the

aluminum rods pinned to the duct plate provide an insight

into the reaction of model to the incident wave. The large
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thin elastic duct plate should follow the orbital motion

under the wave. Higher waves yield larger forces so wave

steepness dependency of displacement is expected.

7.3.1 Potentiometer (Pot) Displacement

The pot displacement, presented in Table 22 was moni-

tored on every run of each test wave. "Max+" denoted the

maximum pot displacement in the + direction towards the wave

generator and "Max-" was the maximum pot displacement to-

wards the beach. The peak to peak readings, designated

"p", are the total displacement of the pot. Only peak to

peak readings were available for the pot on the playback

runs as no null point was referenced.

Throughout the tests, all phase data was taken as a

phase lag relative to the maximum negative displacement of

the pot. For example, "crest offset" is the number of de-

grees after the maximum negative pot reading, when the crest

appeared 10 inches in front of the model. The number of

degrees from the "Max-" of the pot to the "Max+" is given

by -÷1-

Similarly the number of degrees between the crest of

the wave and the trough is given by "Crest +.+-". This phase

data was readily interpreted from the visicorder for every

run by drawing a line through the signals at the "Max-"
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point of the pot and defining 360 degrees as the distance

to the next successive "Max-" pot reading.

The maximum peak to peak pot displacement 1.937

inches, was recorded on run 16. In general, the maximum

displacement of the model was towards the beach; this

concurs with the direction of the maximum calculated hori-

zontal load, Section 7.7.2. There was little change for

the pot values between repeated runs of the same test wave.

Figure SO shows the peak to peak pot displacement as

a function of wave steepness and wave number. For low

frequencies the model displacement increases rapidly with

wave steepness but is independent of wave-number. As the

frequency is increased the model becomes less steepness

dependent and more frequency dependent so that for the very

short waves, as the model natural frequency is approached,

the displacement becomes a function of frequency only. In

general, the displacement increases with decreasing wave

number for a constant wave steepness and increases at a

decreasing rate with wave steepness. The wave number de-

pendency is pronounced at wave numbers greater than 2.4, the

same level observed for change in wave response character-

istics.

7.3.2 Duct Plate Displacement

The three aluminum rods pinned to the duct plate



101

measured the maximum displacement of the duct from equi-

librium. The rods were positioned in line with the strain

gages and were photographed for the first 14 runs of the

test in the unrestrained mode. An analyst projector was

used to stop the action so that the displacement of the duct

could be measured accurately. The results are presented in

Table 23.

All rods moved in phase and the middle rod, located at

the center of the model, experienced the greatest total dis-

placement, ten inches during run 12. For the same run, the

aft rod moved seven inches and the front three inches. The

center rod total displacement plotted as a function of wave

steepness and wave number is shown in Figure 51. The graph

resulted in a generally linear function of displacement with

wave steepness, independent of wave number, except at the

very high frequencies.

Using an analyst projector, the phase relationship of

the duct displacement with respect to the wave position co-

uld be established. The projector was zeroed at the center

rod top dead center and was manually advanced, noting

the frame reading at several subsequent events. Readings

were taken when the crest and trough of the wave lined up

with the center rod and two further points were recorded at

rod bottom dead center and, to complete a cycle, again at
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rod top dead center. Several different waves were tested

for each run and the value averaged. From these readings,

the phase lag for each event was calculated and tabulated in

Table 24. For example, during run 1, the crest appeared at

the center of the model 146 degrees after the center rod

reached top dead center. Rod top dead center to rod top

dead center constitutes one cycle and thus the phase lag

between successive events must add to 360 degrees.

Figure 52 shows the phase lag between the crest and the

rod bottom dead center as a function of wave steepness and

wave number. The lag is found to be almost constant, acting

independently of wave number or wave steepness.

The rods were placed along the duct strain gage lines

to tie the foregoing phase lag in with the pot phase and

thus to all the gages on the model. Strain gage GD2 reaches

maximum compression at the same time as the rod reaches

bottom dead center. The phase lag from pot-to-GD2 is

readily available from duct plate strain data. This phase

is added to the phase lag between the rod bottom dead center

and the crest and is presented in Table 25. This total

gives the phase lag between pot- and the wave crest located

at the center of the model, and is shown in column 4.

Column 5 is simply this reading subtracted from 360 degrees

to give the number of degrees from the wave crest to the
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pot- reading. This phase lag, plotted in Figure 53, is

generally constant and averages about 10 degrees.

7.4 Load Cell Response

The vertical load on the load cells is a direct

measurement of the force on the model. Closely following

the arguments of model displacement, the load is expected

to be wave steepness dependent. Tensile loads are antici-

pated due to lift forces directly following the trough of

the wave where the orbital velocity is vertically upward.

Compressive loads are due to the moment induced by the

momentum of horizontal particle motion filling the duct

plate under the crest and due to direct compressive forces

caused by vertical downward orbital velocity.

Each of the four pedestals was installed with a load

cell. Differences in the front two or rear pair of load

cells is due to assymetry of the model and loading. The

two duct plates were observed to react at slightly different

times and thus some lateral assymetry of load is expected.

Moments induced by horizontal forces on the model are

assumed responsible for the difference between the front

load cells and the rear. Lift should be uniform on all four

load cells if the lift force is centered on the model.
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Table 26 summarizes the load and phase data for the

four load cells located at the base of each pedestal.

'Max+' and 'Max-' are the maximum tensile and compression

loads measured. The phase lag from the maximum negative

model displacement (pot-) to the maximum compression strain

value (Max-) is denoted "-shift". The number of degrees

from the maximum compressive strain to the maximum tensile

strain is included in the "-÷+" column. Load cells LP1 and

LP2 were at the front right and left corners of the model

while LP3 and LP4 were located on the rear right and left

pedestals.

The maximum tensile load measured was 1558 lbs. on run

12 and a maximum compressive load of 2017 lbs. was measured

during run 16. The front load cells LP1 and LP2 were al-

ways within 20% of each other and the rear were within 30%.

In general, the maximum loads, tensile and compressive were

applied to the rear of the model. The maximum forces on the

front legs were tensile, while the maximum forces on the

rear legs were compressive. This was the anticipated reac-

tion to loading in the incident wave propagation direction.

The load data is presented as a function of wave

number and wave steepness in Figure 54. The load plotted

is the maximum load measured for the load cell. Closely

following the pot response pattern, the maximum load applied
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to the structure is independent of the frequency for long

waves, increasing constantly with increasing wave steepness.

At the higher wave numbers, the load becomes independent

of wave steepness and increasingly more dependent on

frequency. In general, the load increases with decreasing

frequency for a constant wave steepness and increases at a

decreasing rate with wave steepness. The frequency de-

pendency becomes pronounced at wave numbers greater than

1.7. All four load cells behaved very similarly.

The phase data "-shift" is plotted against wave steep-

ness and wave number in Figure 55. The phase lag is not a

function of wave number or wave steepness and seems to be

relatively constant, within limits, over the test wave pro-

gram. The phase lag for the rear load cells is smaller

than for the front load cells, indicating a lag in response

through the elastic structure.

7.5 Strain Gage Response

Strain gages were located at critical points on the

model to record the strain on the duct plate, braces, vanes,

pedestals and hangers. As the load is increased on the

model, the strain increases proportionally and thus a

general correlation of the strain with wave steepness is

anticipated. For a given local force, the strain on a par-
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ticular member is inversely proportional to the cross

sectional area. Some points on the model may experience

considerable-forces, but due to the large load resisting

area present, small strains are observed.

The corresponding stress at a point can be calculated

from the strain value by multiplying the strain by the

elastic modulus.

7.5.1 Duct Plate Strain Data

Most of the load on the structure is the result of the

duct plate interaction with the incident wave. The duct has

a large area perpendicular to the vertical orbital motion

and due to its orientation also interfers considerably with

horizontal flow under the crest. These large forces acting

on the thin 1/8 inch thick duct plate, produce violent

plate motion observed by the displacement rods and

by underwater visual inspection. Large strains are expected

and a dependency on wave steepness is anticipated because

the velocity under a wave is proportional to Hi/L for a

given constant L.

The duct plate is supported by hangers free to pivot

at the front and a solid, fixed base at the rear. This base

will transmit moments to the structure; hence the rear of
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the duct plate should experience the greatest bending

strains. Five duct plate strain gages were monitored during

the unrestrained tests. Three gages, GD1, GD2 and GD4X were

located on the top of the duct plate at the front, middle

and rear of the plate respectively. GD3X and GD5 were lo-

cated directly under the middle and rear strain gages on the

bottom of the duct plate. Two of the gages were lost during

the test, GD3X on run 10 and GD4X on run 15. Table 27

presents the duct plate strain and phase data.

When the duct plate is displaced below the equilibrium

position, the front strain gages on top of the plate, GD1

and GD2, experience compressive strains while GD3X, under

the plate, is in tension. At maximum uplift, the front

is in tension and the bottom is in compression, as shown

in Figure 56. The rear strain gages are positioned so

close to the duct base plate, that the opposite reaction

prevails.

The maximum strain observed was 2667 us measured by GD5

during run 12. Maximum reading for the other gages were:

2250 us tension for GD4X, 1600 us tension for GD2, 889 us

tension for GD1 and GD3X recorded a maximum of 889 us com-

pression before the gage failed. As before, all '-shift°

phase lags are relative to the maximum negative deflection

of the pot.
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The strain increased steadily from the front of the

duct plate towards the base connection in the rear. It

is observed that the duct plate base acts as a cantilevered

connection and as such, it transmits a bending moment. The

two set of gages on either side of the duct plate GD2, GD3X

and GD4X, GD5 had close to equal but opposite strain read-

ings. Thus, when the top gage was in compression the bottom

gage was equally in tension.

Maximum strains were found to occur when the duct plate

was in the maximum downward position. The duct was observed

in its maximum upward position to come in contact with the

bottom of the vanes. The finding was orginally noted by a

visual check underwater by the authors and confirmed by the

fact that the duct plate was considerably worn in the area

of contact when the model was removed from the channel.

Figure 57 shows the worn duct plate. The signal peak on

the duct plate strain gages flattened during contact.

Superimposed on this signal was some high frequency noise

indicative of local vibrations resulting from the impact.

The duct plate maximum strains versus wave number and

wave steepness are plotted in Figures 58 and 59. The

strains increase rapidly with wave steepness but are inde-

pendent of frequency for wave numbers less than 2.4. All

the strain gages react similarly, but the increase in strain
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Figure 57. Worn Area of Duct Due to Duct-Vane Contact
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with wave steepness is greatest for the gages near the base

of the plate.

Duct plate strain phase data '-shift' is presented in

Figures 60 and 61, as a function of wave number and wave

steepness. In general, GD1, GD2 and GD5 reach maximum com-

pressive values around 40 degrees after the pot peaks nega-

tively while GD3X and GD4X react about 180 degrees after

that. The phase lag does not seem to be a function of wave

steepness or wave number, but remains constant, within

limits, throughout the tests. Considerable scatter exists

for the data, but the phase lag for the duct plate seems to

be a function of wave position only.

7.5.2 Brace Strain Data

The braces were observed to deflect considerably during

the static deflection and natural frequency tests implying

that large forces were resisted. The brace strain gages,

however, were located within five inches of the joints and

thus very large bending strains are not anticipated for low

fixity connections. The braces resist deflection of the

model in the direction of the applied load and thus the

brace strain gages should react closely to pot displacement.

Negative strain readings are the result of frame loadings

causing a net inward deflection of the support columns.
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Four strain gages were located on the horizontal braces

near the front corners of the model. Two of the gages, GB1

and GB3 were located on the top of the braces at the right

and left front corners of the model. Directly under these,

GB2 and GB4 were positioned on the bottom of the brace. The

strain data is presented in Table 28.

Little change in magnitude or phase was observed be-

tween the four gages. The maximum readings for each gage

were 759 us compression for GB3, 722 is compression for GB1,

722 jis tension for GB2 and 717 us tension for GB4. All

maxima occurred during run 12. Strain gage pairs GB1,

GB2 and. GB3, GB4 showed equal but opposite strains on

opposite sides of the braces. The change in sign of the

stress across the brace demonstrates a bending load

condition rather than pure tension or compression.

Phase data showed that the braces followed the pot dis-

placement closely. The maximum compressive strains of GB1

and GB3 and the maximum tensile strain of GB2 and GB4 oc-

curred at the maximum displacement point of the model to-

wards the beach. The phase lag is not a function of wave

steepness or wave number.

The brace strain magnitude is observed in Figure 62 to

be a function of wave steepness only, up to a wave number

of 2.4. The strain increases linearly with wave steepness
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and the plots for the four gages are very similar.

7.5.3 Hanger Strain Data

The considerable force observed on the duct plate from

both duct displacement and strain measurements must be

transmitted from the duct, through the structure to the

model base footings. This load is applied directly to the

hangers and duct plate clamp connection, so large forces are

expected on both these members. The approximate anticipated

strain on the hangers can be calculated from available data.

The maximum lift applied to the model is the sum of the

four tensile load cell readings, 5510 lbs during run 12 and

the maximum compressive forces totaled 4575 lbs. Let us

assume that all of this load is applied to the structure via

the duct plate and that one half of the force is transmitted

through the eight hangers equally. The hangers will be in

tension for the compressive load cell readings because the

duct plate deflects downward, and in compression for the

lift forces, as shown in Figure 56. Thus, the expected

hanger forces are 689 lbs compression and 572 lbs tension.

The cross sectional area of the hangers in the vicinity of

the strain gages is 1/8" x 1" = .125 inches2. Accordingly,

the anticipated strains will be on the order of 180 us.
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The hangers are attached to the duct plate and thus

hanger strains should follow duct phase closely. The

greater the force, the larger the hanger strain, so a wave

steepness dependency is expected.

The four hangers on the right hand duct plate carried

strain gages GH1, GH2, GH3 and GH4. Hanger 3 was in line

with the duct plate strain gages. The data for the four

hangers is included in Table 29.

The hangers experience little strain throughout the

test program because of their large cross sectional area,

In general, the readings were below the accepted accuracy

(64ps) of the instrument. The data is useful for an order

of magnitude comparison with the other strain gages and for

comparison with each other. The maximum strain measured for

each gage was 188ps compression for GH1, 129ps compression

for GH3,501s for GH2 and GH4 registered only a slight, in-

significant signal. The behavior-of_GH2. and GH4 may have

been due to strain gage failure but this has not been

verified.

Phase data was difficult to calculate accurately be-

cause the signals were so small. Phase lag data was pre-

sented for GH1 and GH3 and these seem to reach a maximum

compression strain about the same time as the duct plate

lifts. The lag seemed to be constant throughout the test
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wave program.

7.5.4 Pedestal Strain Data

The pedestals transmit all the force on the model,

through the load cells to the wave channel bottom. The base

supports are essentially pin connections and thus cannot

resist a bending moment. All the strain in the pedestal

base area will therefore originate directly from the lift

or compressive forces. The expected magnitude of the ped-

estal strain can be calculated if it is assumed the 5510 lb

lift force to be equally distributed across the four ped-

estals. Since the cross sectional area of the aluminum

tubing is 1.66 inches 2
, the maximum tensile strain antici-

pated is 83ms.

The four pedestals of the model were instrumented with

eight strain gages located on the front and back of each

leg. The front right leg was mounted with GP1 and GP2, the

front left leg GP3 and GP4, the rear right leg GP5 and GP6

and the left rear leg was monitored by GP7 and GP8. The odd

numbered gages were'positioned on the front of each pedes.=

tal.

The pedestal data is recorded in two tables Table 30

for the first four gages and Table 31 for the others. The

strains in the pedestals were generally small and often of
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the same magnitude as the accuracy of the strain gages.

Maximum values observed for the pedestals were 192ps tension

and 203ps compression.

Strain gages on opposite sides of the same pedestal

measured small and generally equal but opposite strains.

Pinned connections were assumed at the base implying that

the same strain would be observed on opposite sides of the

pedestals. However, the opposite strain is indicative of

bending strains, implying that a slight moment could be

resisted in the load cells. The maximum allowable bending

moment published for the load cells was 3000 inch pounds.

This small value may have been exceeded because the load

cells were out of calibration in tension at the end of the

test. Thus, the assumption that the base supports were pin

connections may not be strictly true.

The pedestals closely followed the movement of the

pot. The even numbered gages on the back of the pedestals

had no phase lag relative to the pot and thus reached maxi-

mum compression strain while the model was displaced at' the

furthest point towards the beach.

7.5.5 Vane Strain Data

The vanes experience large forces from change in

momentum considerations. The vanes interfere directly with
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the particle orbital motions, guiding the flow from the

incident wave to the duct plate. By their geometric shape,

the vanes will experience both horizontal and vertical

forces. However, the vanes were noted to be very rigid; in

fact one could walk on top of the model and produce little

vane deflection. Thus, even though large forces are

resisted by the vanes, due to their large cross section and

efficient shape little strain is to be anticipated.

The vanes contained four sets of strain rosettes

mounted near the edge of the model. Only five strain gages

were monitored. Two directions of the front vane rossette

were sampled; RV1-1 along the direction of the vanes and

RV1-2 at 45 degrees to the direction of the vanes. The 45

degree gage was sampled for the other three rosettes;

RV2-2, RV3-2 and RV4-2. This diagonal sampling was per-

formed to determine if measureable strains were occurring.

Unless signals above threshold sensitivity were recorded,

the orthogonal gages were not monitored. The data is

presented in Table 32.

The vane strain gage signals were all very small and

gave no insight into magnitude or phase relationships.

Only three of the readings indicated strain above the

threshold sensitivity of the instrumentation and, in

general, only a slight, insignificant signal was recorded.
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7.6 Phase Relationship

The phase data for each measured event was discussed in

the load cell, strain and displacement data. The phase lag

of each was measured with respect to the maximum pot de-

`f1ection towards the beach and from this common base, a

chronological order of events can be made for each run. In

all cases, it was found that the phase measurement was not

a function of wave number or wave steepness. The values

calculated were generally constant, implying that the

occurrence of a particular event was a function of wave phase

only. That is, the same event for all the runs, occurred

at the same fraction of cycle after the model experienced

maximum negative displacement.

The phase lag information was investigated so that the

hydrodynamic loading and reaction of the model subjected to

simple harmonic waves could be better understood. The data

serves as a direct comparison to the expected model behavior

sequence given in Section 7.1 hypothesized from water parti-

cle orbital motion considerations. Two calculations must

be made for a more complete understanding of the model re-

sponse. First, the position of the wave relative to the

model must be determined for each run to find at what point

on the wave profile the maximum loading and displacement of
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the model occurs. Secondly, it was suspected that the duct

plate was reacting like a wave maker, generating a reflected

wave but in the opposite, direction. The mechanism of this

duct response is complex but the phase at which the re

flected crest passes the front of the model can be calculat-

ed. A discussion of each calculation is given before the

total phase summary is presented.

7.6.1 Wave Position Over The Model

According the the expected model behavior hypothesis,

the model reacts to the water particle orbital motion by

following the movement in a restrained cyclic pattern. The

particle velocities just behind the crest, fill up the duct

plate and force the model to displace in the direction of

incident wave propagation. To test this hypothesis, the

position of the wave crest relative to the model at maximum

displacement and loading was found. The method used was to

subtract phase lag data from the load cell and crest infor-

mation relative to the pot displacement to yield the

phase lag between the crest at model center to the maximum

load on the load cells.

The position of the wave relative to the maximum load-

ing on the model was calculated and is presented in

Table 33. Average phase lags were used for the maximum
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compression force on the load cells. The number of degrees

from the crest at model center to the occurrence of maximum

force experienced by the model is available in the 'crest-4-LP'

column. The data, Figure 63, is found to be independent of

steepness and slightly dependent on wave number. Knowing

the wave length, the position of the crest relative to the

model can be calculated and is presented in the crest column

designated 'Position'. Thus, for run 1, the crest of the

wave is located 5.7 feet aft of the model center when the

attenuator experiences the greatest force indicating a lag

between the fluid force and model response.

If the loading is pressure induced, one might expect

maximum horizontal loading to occur when the maximum

horizontal pressure gradient is centered on the model.

Maximum horizontal loading occurs when the aft load cells

are in maximum compression. The position of the maximum

pressure gradient is always located L/4 behind the crest.

(9p/9x = maximum, see Eqn. 4.1.5). If the loading is drag

induced one might expect maximum horizontal loading to

occur when the maximum horizontal velocities are centered

on the model. This occurs under the wave crest

(see Eqn. 4.1.6). Neither the crest nor the maximum pres-

sure gradient occurred consistently over the model at the

peak loading condition. This infers that the total loading



10 20 30 40 50 60 70
Hi x103

1_

80 90

Figure 63. Crest Load Cell Phase Versus Wave Parameters



131

on the model is a combination of pressure and drag forces

or that structural reaction lags the unsteady loading

condition.

7.6.2 The Reflected Wave

It was suspected that the duct plate was acting as a

wave generator for the reflected wave and so a study was

undertaken to calculate the phase characteristics involved.

The information can be calculated from the wave envelope

data and the signal from the incident wave gage positioned

10 inches in front of the model. A brief summary of the

phase derivation is given.

The coordinate system is chosen such that the incident

wave can be expressed as

ni = a.sin (kx -ct)

and the reflected wave

n
r
= a sin (kx+at)

The origins of x and t are selected to make nr 180

degrees out of phase with ni. The solution is still

completely general since changes in x and t are sought

rather than absolute values of x and t.

The resulting wave surface, n, is the sum of the two
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component waves

n = ni + nr = aisin (kx-at) + arsin (kx+at)

= (ai-ar)sin kx cos a - (a
r
+a

r
)cos kx sin at

(7.6.1)

The maximum value of n, namely 1/2 Hmax from profile

measurements is fixed with respect to a stationary observer,

but the surface oscillates at this point with respect to

time from a maximum to a minimum value as described in

Section 4.2. The surface reaches a relative maximum when

the temporal derivative is equal to zero, hence

an _
at

implies

(a.1 -a
r
)sin kx sin a

at each x.

(a.1 +a
r

) cos kx cos at

Dividing each side by sin at

(a.-a )

cot at
(a1+a

r tan kx,
. )

r
(7.6.2)

gives the important relationship between the position of the

maximum surface elevation and the time at which it occurs.

This relationship is shown in the phase triangle below, for
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the argument (at). Using known trigonometric definitions,

Phase Triangle

-(a.1 -a
r
)sin kx

= B

(a.+a
r
)cos kx

1

= A

cos at = (a
i
-a

r
)sin kx

V
a
i

2
+a

r
2
+2a

i
a
r
cos 2kx

and sin at = (a
i
+a

r
) cos kx

V 2 2
a
i
+a 2 +2a+2a.a cos 2kx

r

(7.6.3)

Substituting these relationships into (7.6.1) gives the

envelope profile as a function of distance only and is free

of time dependence.
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r
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Define x = X
o

at n . a. + a =
Hmax

r f--

and x = X
1
at n = am

Hm

2

Then solve Eqn. 7.6.4 for X0 and X1 where:

(7.6.4)
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is the maximum measured wave envelope ampli1/2 Hmax

tude as shown in Figure 64;

1/2 Hm = am is the amplitude of the envelope, measured

by the wave gage positioned 10 inches in front of the

model;

X
0
is the position of

Hmax
and,

X
1

is 10 inches in front of the model.

Thus, (X1-X0) is the distance from the Hmax location to a

point 10 inches in front of the model.

At time t0, the reflected wave crest and the incident

wave superimpose to produce Hmax and position X0.

= a.+a @x=X t= tr 0' 0

At time t
1,

the reflected wave and the incident wave

combine to produce Hm at position X1, 10 inches in front of

the model.
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Hmin
H

max

x = X
0

x = X
1

x = X
2

t = t
0

t = t
1

Figure 64. Reflected Wave Definition Sketch



n = am @ x= X1, t= tl

Solve for to and t1 from Equation 7.6.2. Let X2 be

the distance from the reflected crest to Hm, 10 inches in

front of the model at time tl. Then

or

X0 - X2 = (t -t )

X
0 T

- (t -t )
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where L/T is the celerity of the reflected wave, identical

to the celerity of the incident wave. Thus, the reflected

wave crest was at X
0

@ t = to and the reflected wave crest

was at X
2

@ t = t1.

Thus At = (X1 - X2)/ L
= (X1 - X0) + (t1 - t0)

and At is the time lag between the measured wave crest and

the reflected wave crest, at 10 inches in front of the

model. A small correction, knowing the wave length of the

reflected wave, can be made to reference the phase lag to

the front edge of the model.

The data is summarized in Table 34. The Pot- Crest

information is taken directly from Table 25 and the final

column Pot- + Ref gives the phase lag between the maximum
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negative pot displacement and the reflected wave crest

centered at the front of the model.

The phase lag is plotted against the wave parameters

in Figure 65. Considerable scatter is evident but the phase

lag does not seem to be heavily dependent on wave steep-

ness or wave number. Instead, the reflected wave appears

at a similar position over the model for all runs, with

a mean phase lag of 69 degrees implying that the reflected

wave generation is a function of incident wave position

only.

7.6.3 Phase Summary

A summary of all the phase relationships for the model

is presented in Table 35. Again, all phase lags are refer-

enced to maximum negative pot deflection. A mean phase lag

is used for the front load cells, rear load cells and the

pedestal data. Since most phase data was found to be indep-

endent of wave steepness and frequency, it was hypothesized

that each observed event occurred in the same chronological

order dependent only upon the occurrence of the preceeding

event. To test this hypothesis the most common sequential

order of events was determined for the model over the

test wave conditions in two ways. The first method consis-

ted simply of averaging all of the phase lags over the
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runs, considering phase lags greater that 180 degrees to

have occurred before zero. For example a measured phase lag

of 320 degrees is considered to have occurred 40 degrees

before the maximum negative pot displacement. The second

method was a closest fit procedure which tended to decrease

the importance of a value considerably different than the

general trend and thus suspected to be in error. This

manipulation of the data leads to the most common phase lag

for an event and is included as the first of two bottom rows

in the table.

These values were ranked in sequential order by in-

creasing phase from the pot zero and each event was given

a number from one to nineteen to identify it in the chrono

logical order. This order for the response of the attenu-

ator was studied and found not to be affected by changes in

wave steepness or wave number. The sequence of events is

given in Table 36 with phase lag measured with respect to

the crest located at the center of the model, and ranked

relative to maximum negative pot displacement.

The chronological order of events is compared to the

orbital motions under a progressive wave in Figure 18. The

sequence follows a force-reaction phenomena with a short

phase lag between load and response. The initial phase is

set to zero degrees when the crest is positioned at the
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model center because this is considered to be representative

of the excitation force. The model reaction starts directly

after the force and continues until the next crest is

positioned directly over the model center, 360 degrees

later.

Directly under the crest of a simple progressive wave,

the motion of the particle velocity is horizontal in the

direction of wave propagation, decreasing hyperbolically

with depth. Any obstruction in this path, with a frontal

area perpendicular to the flow, will experience a force

directly proportional to the frontal area. The pedestals

offer little resistance, but the vanes and duct plate have

wide areas of exposure. Thus, the horizontal momentum of

the incident wave is transmitted to the model as a force on

the vanes and duct plate displacing the structure in the

direction of wave propagation, towards the beach. This

model response to the load takes place within 10 degrees of

the crest passing over the model center. It could be said

that the top of the model, because of its large frontal

area, is swept along with the crest, restrained only by the

deflection of the elastic structural members. Much of this

deflection goes directly into the braces and thus, at the

same time the model reaches maximum displacement, the brace

strain gages react to the force.
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Directly after the crest has passed, a vertically down-

ward component is added to the horizontal flow. Again the

duct plate and vanes have frontal areas perpendicular to

this vertical force and react accordingly. This down-

ward load is transmitted through the structure to the pedes-

tal footings and the rear load cells reach maximum com-

pressive load 34 degrees after the crest has passed. This

compressive force is therefore a combination of a reaction

to the overturning moment and the direct vertical downward

force on the model, the latter corresponding to vertical

particle velocities.

The flexible duct plate follows the vertical force com-

ponent with a maximum downward displacement occurring first

at the front of the plate and progressing towards the rear.

Flow to the vanes directly above the duct is redirected into

the duct plate area adding to the duct displacement. The

hangers attached to the front of the duct react in tension

at approximately the same time and a strong counter current

is generated as the duct plate begins to rise. The front

load cells respond to the compressive force and the model's

reaction to the horizontal and vertically downward load,

after the crest, is complete over a span of 86 degrees. The

model was swept first forward (negative pot deflection) and

now downward, closely following particle orbital motion.
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The reflected wave crest appears passing the model

front 69 degrees after the incident crest reaches model

center. The generation mechanism seems to be a duct-vane

reaction. As the duct proceeds vertically upward, a volume

of water is discharged forward, assisting in the generation

of the reflected wave as well as the counter current.

Approximately one half a period after the crest appears

at model center, the trough passes over the model. Under

the trough, the particle motion is directed horizontally

against the incident wave propagation direction. This

motion forces the model to return toward its original equil-

brium position assisted by the elastic properties of the

structure. The model reaches maximum displacement towards

the wave generator at 182 degrees and the maximum tensile

strain in the braces follows directly after, at 190 degrees?

as a result of the structure deflection. The duct plate

reacts to the vertically upward orbital motion by displacing

upward to near or against the bottom of the vanes. The

hangers compress, the front top two duct strain gages reach

maximum tensile strain and the top rear duct strain gage

measures a maximum compressive strain all about the same

time. The lift force on the structure is first experienced

by the rear and then by the front load cells as a maximum

tensile load. The model response to the incident trough
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takes place within 80 degrees of the trough at model center.

Again, the model tries to follow the circular motion of the

water particle orbital velocities. The attenuator displaces

towards the wave generator under the trough and experiences

a strong vertical lift force after the trough has passed.

It has been shown that the response of the structure

closely follows the orbital motion under a simple harmonic

wave. The sequence of events has been made without refer-

ence to wave number or steepness because they do not signif-

icantly change the order or phases involved. As the orbital

velocity increases, the motion and forces on the model will

change only in magnitude. The particle velocity under a

simple wave is proportional to Hi/L, for a given frequency,

so an increase in wave steepness will give larger displace

ments and greater forces, but no fundamental change in model

behavior sequence will result. It has also been determined

that a similar finding is true for wave number response, the

magnitudes change but not the phase.

To illustrate these findings, the chronological order

of events for each run are presented in Figures 66, 67, 68,

69 and 70. The figures are ranked according to increasing

wave number; 0.474, 0.632, 1.22, 2.4, 3.4 and are polar

plots of phase from 0 to 360 degrees. The radii of each

graph is graduated with increasing wave steepness, Hi/L.
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Figure 67. Chronological Order of Events
Wave Number 0.632
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Figure 69. Chronological Order of Events:
Wave Number 2.4
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Thus, runs 1 to 14 can be studied for a phase change

responding to increasing wave steepness or wave number. For

example , run 12, has a wave number of 1.22 and a wave

steepness of 57 x 10-3 . Turning to Figure 68, run 12 is

presented as the far outside set of points forming a circle

at wave steepness equal to 57. Each point corresponds to

the phase at which a particular event occurs relative to

maximum negative pot displacement taken as zero degrees.

The numbers designate events and are taken from the rank

designation from the Chronological Order of Events,

Table 36. For example, number "2", designates the maximum

compressive brace strain phase relative to the pot negative

maximum.

All of the phase information of each event for the

first 14 test waves is summarized in these graphs. Two

quadrants contain the majority of points, the first from

zero degrees to 90 degrees and the third from 180 degrees

to 270 degrees. This is the force-response relationship

described at the beginning of this section. The first

quadrant is the response of the model to the forces under

and just behind the crest. The third quadrant is the re-

action of the model to the trough. It is observed that

while scatter exists the overall model response is inde-

pendent of wave number and wave steepness and is a function

of wave phase only.
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7.7 Lift and Horizontal Load Calculations

7.7.1 Lift

Lift forces are generated by the vertically upward

water particle movement impinging on the duct and maximize

a quarter period after the incident wave trough passes.

The duct plate is driven upwards closely following the

orbital motion and transmits the lift force directly to the

bottom of the vanes, the hangers and duct base mount at the

rear of the model. This lift force is transmitted through

the structure and results in a tensile load on the load

cells. As the magnitude of the orbital velocity and

pressure under a wave is directly proportional to Hi/L, a

strong lift dependency on wave steepness is anticipated.

The total lift experienced by the model for each run

was calculated by adding the maximum tensile forces for each

load cell. This data was taken directly from the values in

Table 26 and are presented in Table 37. The method is

applicable because only a very small phase lag exists be-

tween the maximum tensile loadings on each leg. However,

as previously mentioned, the load cells introduced consid-

erable tensile error and the tabulated lift observations

may be as much as 25% low. The maximum lift experienced

by the model was 5510 lbs during run 12. The lowest reading



151

was 477 lbs for run 30.

The results are presented as a function of wave steep-

ness and wave number in Figure 71. The lift increases

linearly with wave steepness, independently of wave number

up to the 1.22 level. The increase with wave steepness

becomes a function of wave number only for high frequencies.

In general, for a constant Hi/L, lift is inversely propor-

tional to a
2
h/g. Thus, shorter waves exert smaller forces.

A study was made to find a parameter that would con-

solidate the lift data into a monotonic relationship com-

bining the dependence on wave number and steepness.

Identification of such a parameter should yield further

insights into data interpretation and model behavior. Four

parameters were defined from linear wave theory which

covered pressure, drag and momentum induced forces. These

were plotted against the lift data to find if the lift was

a drag, momentum or pressure induced phenomena.

The total pressure term was defined as HL/T
2 and is a

measure of the dynamic pressure under a wave. The water

particle velocity under a simple wave increases directly as

H/L, and the celerity is equal to L/T and thus the total

pressure term is a direct measure of the product of water

particle velocities with celerity under a simple wave.
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From Equations (4.1.5) and (4.1.6)

a4) a r UL H L HL
P -FE cc -5- -t- J udx °` -

The total pressure term follows lines of n and thus is

maximum when n is maximum and zero when n is at the still

water line.

The pressure gradient parameter was defined as H/T
2

.

The relationship can be found by noting that from linearized

equations of motion from potential flow

3p au a H 1 H
ax at

The horizontal pressure gradient term is a measure of

the magnitude of change of pressure with distance and is

maximum at the inflection points of a wave following lines

of 3npx.

The product of the horizontal pressure gradient with

the model length indicates the total differential pressure

across the model.

The drag force term was defined as H
2/T 2

. An empirical

formula is used in fluid dynamics for the drag force experi-

enced by bodies in turbulent flow. It is of the form

pCdAU
2
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where C
d

is the drag coefficient, a function of Reynolds

Number and is the same for prototype and model, if the model

is sufficiently large. A is the body frontal area.

HH_ HThus, Fd =LT2 ccyy-
2

This parameter also characterizes the reaction to

horizontal momentum flux into the duct plate. Momentum

flux is equal to pU
2A, where A is the frontal area of the

duct plate, thus momentum flux is also proportional to

H
2
/T

2

The average drag force parameter was defined as H
2L/T 2

and indicates the value of the drag force integrated over

the total wave length.

The lift force is plotted versus the total pressure

term HL/T2 and wave number in Figure 72. A linear relation-

ship is found, with the lift becoming a function of total

pressure. The equation representing this linear relation-

ship is

Lift = 451 HL/T
2 - 300

One point on the graph does not follow the general

trend of data. The value in question, with wave number

equal to 2.4, is run number 14 and throughout the study,

this test wave yielded lower than expected results. The
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reason can be found by noting that, for this run only, the

incident wave broke several feet in front of the model,

losing much of its energy before passing over the vanes.

Thus, the model responded to a smaller wave than that which

was generated.

The lift was plotted as a function of the other three

parameters, H/T 2
, H

2
/T

2
and H

2L/T
2

, in Figure 72. Little

correlation of test data was found implying that the loads

experienced by the model through the test wave program were

probably induced by the dynamic pressure of the unsteady

velocity field.

7.7.2 Horizontal Forces

The orbital motion under a wave crest is horizontal in

the direction of wave propagation decaying hyperbolically in

magnitude with depth. Both the duct plate and vanes offer

large areas perpendicular to this motion and thus signifi-

cant horizontal forces are applied to the model. The

pedestals, braces and columns have only a small frontal

area, located at a depth where the orbital velocity is re-

duced and thus add little to the total overturning moment

applied to the model.

The horizontal displacement of the model is a direct

measure of the horizontal force applied to the device and
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the magnitude of this horizontally induced load can be

calculated from pot displacement data. The force is trans-

mitted to the base of the structure and so the same force

can be found by considering the moment due to the differ-

ence in applied load on the front and rear load cells. Both

methods were used to calculate the horizontal force on the

attenuator.

a) Horizontal Load from Moment Considerations

Horizontal load applied to the model towards the beach

was designated as the north horizontal force while the

south horizontal force was directed towards the wave gener-

ator. Thus,, a north horizontal force deflects the model

in the (pot- direction).

The moment method used the load cell data from Table 26

and is presented in Table 37. The model was assumed to be

a rigid 2-dimensional frame pinned to the bottom of the wave

channel as shown in Figure 73. The lift force was assumed

to act vertically upwards at the center of the duct plate

and moments were taken about a point midway between the

model footings. The difference in the total compressive

loads on the front and rear footings formed a moment which

was assumed to be caused by a north horizontal force acting

through the center of the duct plate. The south horizontal
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force was calculated in the same way, but from the differ-

ence in the total load cell tension readings. Forces

calculated from this moment consideration are designated

as "horizontal forceM".

The maximum "north horizontal forceM' calculated was

1,146.5 lbs for run 16 of the survival tests. The maximum

value obtained for the 10 foot depth was 919 lbs during run

12, and a minimum of 50 lbs occurred during run 5. The

maximum "south horizontal forceM" was 370 lbs for the same

survival test wave and 232.5 lbs for run 27 during the 10

foot tests. A-440 force was calculated from the tension

load cell data for run 12 indicating a northward force

occurred at all times during this run. Again however, the

load cell tension data must be interpreted with caution.

The north horizontal forceM is shown as a function of

wave steepness and wave number in Figure 74. The force is

found to be both a function of wave steepness and wave

number. In general, the force is directly proportional to

the wave steepness and inversely proportional to the wave

number. Run 14 is noted as an exception to the trend.

The force plotted against the pot displacement towards

the beach, Figure 75, is generally linear. An inconsistency

appears and considerable scatter is evident. However, in

general, as the north horizontal forceM increases, the model
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is displaced further towards the beach. The north horizon-

tal forceM was plotted as a function of the load induced

parameters HL/T2 H2/T2, H2L
, H/T2, /T in Figure 76. The

force was found to be directly proportional to the total

pressure term and the equation

North Horizontal Force = 97.14 HL/T 2
- 125

was, in general obeyed, implying that the force on the model

was pressure induced. The average drag force term yielded

a poor proportional relationship and no correlation of the

data with the drag force or pressure gradient terms was

evident. Run 14 gives unusually low readings in all cases.

The south horizontal forceM gave poor results plotted

against wave steepness and wave number, in Figure 77. The

force was found to be independent of both parameters and

considerable scatter exists in the data. The force seems to

be constant within limits, but interpretation is complicated

by the fact that the tension error in the load cells is not

constant and the model did not lift equally on all four

legs. Figure 78 shows the south horizontal forceM plotted

against pot deflection towards the wave generator. Many

inconsistencies, several pot readings for the same force,

appear in the graph.
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b) Horizontal Load from Pot Deflection

The second method used to calculate the horizontal

forces utilized dynamic deflection data. These measured

model deflections taken during each run are compared to the

static calibration tests of the model, shown in Figure 10.

For example, during run 1, the maximum negative displacement

of the pot was 0.217 inches towards the beach. From

Figure 10, the static north horizontal force required to

move the model 0.217 inches towards the beach is 173 lbs.

Thus, the north horizontal forcer, calculated from the pot

displacement for run 1, is 173 lbs. This method ignores the

inertial effect of the moving structure, but gives a quick

order of magnitude estimate to the horizontal load.

The data is compared with the horizontal forces calcu-

lated from moment considerations in Table 38. The two

methods yield similar results for the calculation of the

north force but the comparision for the south force is poor.

The maximum north horizontal forcer is 1,290 lbs during

run 28. The maximum south horizontal force measured 770 lbs

during the survival tests, and 358 lbs for the 10 foot

depth.

The north horizontal force was plotted against wave

steepness and wave height in Figure 79. The increase with
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wave steepness is linear for wave numbers up to 1.7.

Beyond this point the load tended to be independent of wave

steepness and a function of wave number only. In general,

the force is inversely proportional to wave number for

constant wave steepness and increases at a decreasing rate

with increasing wave steepness.

The force was graphed as a function of the total

pressure parameter in Figure 80. A linear relationship

was found and the force can be expressed by the equation:

North Horizontal Force = 114.5 HL/T
2 - 190

very similar to the equation found for the same force

calculated from moment considerations. Run 14 again was

observed to have abnormally low readings.

Figure 81, compares values for the north horizontal

force calculated from the two methods. Good correlation is

noted for most wave numbers. The same comparison for the

south horizontal force, Figure 82, gives poor results.

The south horizontal forcer plotted against wave number

and wave steepness is shown in Figure 83. Generally, the

force increases gradually with wave steepness and inversely

with wave number.
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7.8 Restrained Data

7.8.1 Fluid Reaction

The model was tested in a restrained condition to det-

ermine the effect of fixity on the design's attentuation and

loading characteristics. The model was bolted to the wave

channel walls by attaching steel cables to the top four

corners. The attenuator was tested at the ten foot depth

for the first fourteen test waves. Wave response was meas-

ured using the same methods as the unrestrained tests but

currents were measured at one station only. No model defl-

ection was measured for the restrained tests because hori-

zontal deflections were eliminated and only limited strain

data was monitored. All the test wave frequencies are well

below the natural frequency of the model, and so the re-

strained results are expected to be close to the unrestrain-

ed values.

The restrained wave response data is presented in

Table 39 and graphed as a function of wave steepness and

wave number in Figures 84 and 85. All the data was

calculated in the same way as the unrestrained wave data.

Transmission coefficients for the model in the re-

strained mode varied from 0.62 for the shortest waves to

1.09 for the longest waves. Reflection coefficients varied
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from 0.055 for the long waves to 0.434 for the short waves.

Energy dissipation changed from zero to .725. The dominant

trend in the data observed graphically, is the wave number

dependency of the attenuation characteristics and the

relative insensitivity of the device to wave steepness. No

differences between the restrained and unrestrained fluid

response characteristics could be observed. This implies

that the degree of fixity of the model has little or no

effect on the dissipative effectiveness of the design.

The current data for the two modes was compared in

Table 40 for one station, 10 inches in front of the model

and 1 foot below the surface. Figure 86 shows that the

restrained currents, both horizontal and vertical are

similar to those generated by the unrestrained model. The

dashed 45 degree line, representative of perfect correla

tion, is presented for comparison of the restrained and

unrestrained currents.

7.8.2 Strain Gage Response

Only 8 strain gages were monitored during the re-

strained runs. Three duct plate strain gages; GD1, GD2 and

GD4X, were all located on the top of the duct plate at the

front, center and rear, respectively. Hanger strains were

monitored with GH3 and GH4, the 3rd and 4th hangers from
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the right of the model. The second strain rosette, RV2 -1,

RV2-2 and RV2-3, gave typical low vane strain values.

Strain data is presented in Table 41. The 'Max+' and

'Max-' columns correspond to the average maximum tensile

and compressive strains, in microstrain measured from the

visicorder output for each gage. The corresponding stress

for that point on the model can be found by multiplying the

measured strain by the elastic modulus for steel.

The duct plate strains varied from a minimum of 30 us

for GD1, to a maximum of 2227 us during run 12. The great-

est strains measured were at the rear of the duct plate and

were about 50% more than the strains measured at the center

of the duct. The lowest strains measured at the front of

the plate were only about 1/2 as great as the center values.

The duct plate reacted similarly for the restrained and

unrestrained runs. Indicated strains in the hangers varied

from 0 to 117 us. As strains under 64 us are considered

below the sensitivity threshold of the instrumentation,

only one point can be considered accurate. The vanes

showed similar results with a maximum value of 28 is

measured.

The duct plate strains are plotted as a function of

wave steepness and wave number in Figure 87. As with the

unrestrained tests, the strain appears to be a function of
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wave steepness only.

In summary, it can be assumed that the degree of

fixity has no appreciable effect on the performance of the

model or loading on the vanes or duct plate. Of course,

bending moments induced near the footings would be greatly

affected by the fixity. This result was anticipated, as the

maximum displacement experienced by the model was just

slightly over an inch.
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8.1 Summary

177

The attenuator was designed to reduce wave height by

interfering with the incident wave velocity field. The

ultimate effectiveness of the device is governed by the

transmission coefficient, a measure of the relative wave

height behind the attenuator. The FMC Wave Attenuation

Device does reduce the wave height of monochromatic sinu-

soidal waves, but the fluid response of the device is

strongly wave number dependent. The model works well for

intermediate frequency waves, but is transparent to both

very long and very short waves. The behavior is typical

of many breakwaters of finite depth and width.

The response of the attenuator closely follows the

orbital motion under a simple harmonic wave. The particle

motion and dynamic pressure under a simple wave is directly

proportional to wave steepness and thus an increase in

Hi/L yields greater forces. This produces an increase in

the magnitude of the model loads, displacement and strains,

but no fundamental change in the sequential order of the

model behavior. The sequence of events follows a force-

reaction phenomena and is a function of incident wave phase

only. It was found that both the lift and horizontal force
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experienced by the model, correlate best with the wave

dynamic pressure properties.

8.2 Comparison with Similar Studies

A literature search yielded a study made by Hamilton

in 1950 on the attenuation characteristics of a submerged

inclined plate. The breakwater width to depth ratio, and

test wave program were similar to this study, but

Hamilton's plate was located nearer the surface and posi-

tioned at a greater angle. Specifically, the plate length

was 67% of the depth, the submerged depth was 5% of the

depth and plate angle was 15-300. The results are avail-

able in "Oceanographic Engineering" by Wiegel and show

transmission coefficients varying from 0.5 to 1.0 over a

range of test wave conditions similar to this study. The

configuration was similar to the FMC device in that the

frontal area of the structure was only a small percentage

of the, total depth.

The fluid response characteristics of the FMC attenu-

ator can be compared with typical floating breakwaters.

Richey in the "Proceedings 2nd Annual Technical Conference

on Estuaries of the Pacific Northwest" includes tests on

several floating configurations in deep and shallow water.

Transmission coefficients typically vary from 0.2 for
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short waves to 1.0 for long waves.

The FMC wave attenuation device appears to have wave

attenuation characteristics which lie midway between those

of Hamilton's submerged inclined plate and various surface

floating breakwaters. This is demonstrated in Figure 88

where the FMC results have been superimposed on those from

other devices. The transmission coefficient is plotted

versus the relative length of the structure, i.e. the

structure length divided by the wave length. The FMC device

is seen to be as effective as any other mobile breakwater

up to A/L = 0.3. For shorter waves, the surface breakwaters

reflect much of the energy back out to sea. These short

waves tend to pass over the top of the FMC device thereby

producing relatively higher transmission coefficients. In

all cases, however, it appears to perform better than the

submerged inclined plate and surface lag rafts.

8.3 Recommendations for Similar Studies

Some features of this investigation could be improved

to make future studies more efficient and to enhance the

quality of the desired information. Specific recommenda-

tions follow.
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8.3.1 Strain Gages

The vanes, hangers and pedestals were overdesigned to

the extent that representative strains could not be measur-

ed. The threshold sensitivity of the instrumentation was

approximately 64 us and many readings were lost because of

the large load resisting area present. The thickness of

each should be decreased so that the same force yields

measureable strain and gages should be located at points of

expected maximum moments.

8.3.2 Load Cells

The load cells used were unsatisfactory. Tension

measurements were typically 30% low. These tensile readings

were used not only for the magnitude of the total lift, but

for the calculation of horizontal force. The values tabu-

lated for each of these loads must be considered in error.

The maximum published bending moment capability of the load

cells was exceeded, even during calibration.

The load cells gave no insight into the bending moment

or shear resisted at the base of the structure. Load rings

would give this information in addition to the vertical

loads.
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8.3.3 Vane-Pedestal Sleeve Connection

The sleeve connection between the duct-vane section

of the model and the pedestals was poorly constructed. A

rigid connection was not made and shims were added before

the test to take up the play in the joint. This play

should be eliminated in the prototype as well, if unneces-

sary wear is to be avoided under dynamic loading condi-

tions.

8.3.4 Structural Analysis

An alternative approach to the structural analysis

problem would be to subject a statically determinate struc-

ture to a test wave program to determine the hydraulically

induced loading characteristics. Knowing these forces, any

similar but indeterminate structure could be designed to

resist the loads via analysis with a computer program.

Future models should be made determinate and load rings

should be used to provide longitudinal load, shear and bend-

ing moment information at the base of the structure. Com-

bining this with a determinant structure would allow one to

calculate the position and magnitude of induced loads with

out resporting to over simplified assumptions regarding

fixity and load placement. Also, a few judiciously placed

pressure sensors on the duct plate and vanes would allow
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one to numerically integrate the pressure distribution for

absolute calculations of normal surface forces. This would

yield a direct measurment of the major hydraulic loads.
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8.4 Closure

This study has provided an extensive amount of data

for quantifying the structural and wave attenuation chara-

teristics of the FMC Wave Attenuation Device. The data

have been generated under very specific conditions of fixed

water depth, monochromatic wave excitation and orthogonal

direction of wave approach. Extrapolation of the results

to other conditions has not been attempted and is not re-

commended. Caution should be exercised in the use of the

empirical equations derived in Section 7.7. Using the

stated relationships for wavelengths and heights which

exceed those investigated in this study could lead to

erroneous results. Specifically, a deviation from the

empirical equations is to be expected if the waves are of

sufficient magnitude to expose the structure to the air-

water interface.

Scale effects have been minimized by conducting the

tests at a large, 1:10, scale ratio. Any remaining scale

effects should tend to produce loads and associated strains

which scale somewhat smaller in the prototype and trans-

mission coefficients of slightly larger magnitude in the

prototype. This is due to a less efficient coupling

mechanism for turbulent drag and dissipation at high

Reynolds Number, e.g. drag coefficients tend to decrease



185

with increasing Reynolds Numbers. This effect is probably

not too important in this study because the model behavior

seems to be more dependent on inertial forces than drag

forces. Furthermore, Reynolds Number dependence becomes

negligible under the fully turbulent conditions which

appeared to exist in the vicinity of the vanes and duct

plate throughout the model tests.

The departure of the load cells from the tension cali-

bration curves provided by the manufacturer should be viewed

with some concern. To be conservative, the lift forces on

the forward load cells and the computed south horizontal

forces should probably be increased by 25 to 30%. Other

measured quantities of interest are separable from the

lift measurements. Consequently, the compressive loads,

north horizontal forces, strains, deflection, reflected

and transmitted wave data and current velocities remain

unaffected in both magnitude and phase.

An error analysis has not been attempted for this study

and confidence limits for the results have not been assign-

ed. However, the capabilities of the instrumentation and

techniques utilized in this investigation have been demon-

strated in other studies so that standard closure errors

are appropriate. This implies that most reported raw

data is within 5 to 10% of the actual value.
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Appendix I Tabulated Data



Table 1. Beach calibration.

Required Incident Wave Station + 70 ft Station + 170 ft
Run Height Freq Stroke Hmax (1) Hmin (2) Hi Cr Hmax Hmin Hi Cr

Number in hz % in in in in in in

la 7.2 .527 6.6 8.49 7.53 8.01 .060 8.49 7.36 7.93 .073
b 5. 6 7.53 6. 47 7.00 .073 7. 36 6.47 6. 91 .065

2a 7.2 . 316 12.0 8.00 7. 36 7.68 .083 7.68 7. 36 7.52 .043
b 11. 5 7.52 7.04 7. 28 .066 7. 52 7. 04 7.28 . 066

3a 7. 2 . 226 16.0 7. 36 6.88 7. 12 .067 7. 20 6. 72 6. 92 .069
b 16.5 7. 68 6. 88 7. 28 .055 7. 68 7. 04 7. 36 . 044

4a 14.4 .527 13.0 15. OS 13. 12 14.09 .058 15.40 13.45 14.43 .067
b 13.5 15. 38 14.42 14.90 .032 15.07 13. 79 14.43 .045

5a 7.2 .198 19.0 8.16 6.72 7.44 .097 8.32 6.56 7.44 .118
b 17.0 7. 20 6.24 6. 72 .071 7. 36 6.08 6. 72 .095

6a 21.6 .527 21.0 21.76 20.45 21.20 .062 21.76 20.45 21.20 .062
b 22.0 23.04 21.12 22.08 .087 23.04 21.12 22.08 .087

7a 14.4 .316 22.5 15.36 14.08 14. 72 . 087 15. 36 14.08 14.72 . 087
b 21.5 14.40 13.76 14.08 .045 14.40 13. 76 14.08 .045

8 14.4 .226 32.0 14.72 13.76 14.24 .067 14. 72 13.44 14.08 .091
9a 14.4 . 198 40.0 16.0 14.08 15.04 .063 16.00 14.08 15.04 .064
b 37.0 15.04 12.16 13.60 .106 15.36 12.80 14.08 . 091

10 21. 6 .316 31.5 22.4 20.5 21.45 .089 22.08 20.80 21.44 .060
11 a 21.6 .226 46.0 21.12 19.84 20. 48 .063 21.12 19. 84 20.48 .063

b S0.0 24.0 21.76 22.88 .098 23.04 22.40 22.72 .028
12a 30.0 .316 43.0 30.72 28.16 29.44 .043 30.72 28.16 29. 44 .043

b 45.0 32.0 29. 44 30. 72 .042 32.00 29.44 30. 72 . 042
13a 21.6 .198 58.0 23.04 20.48 21.76 .059 24.00 20.80 22.40 .071

b 56.0 23.36 19.84 21.60 .081 24.00 20.48 22.24 .079
14a 30.0 .226 65.0 30.72 27.52 29.12 .055 30.72 26.88 28.80 .067

b 67.5 32.64` 29.44 31.04 .052 33.28 28.80 31.04 .072
15 36.0 .316 42.0 39.68 33.28 36.48 .087 38.40 32.00 35.20 .091
16 42.0 .316 53.0 49, 92 40.96 42. 94 . 104 46.72 40.96 43.84 .066

(1) Him., = maximum wave height measured from the envelope.
(2) Hmin = minimum wave height measured from the envelope.



Table 2. Load cell horizontal force test.

Horizontal
Force
lbs

LP1
lbs

LP2
lbs

LP3
lbs

LP4
lbs

LP1 + LP2
= LP1, 2

lbs

LP3 + LP4
= LP3,4

lbs
LP1, 2 + LP3,4

lbs

907 +410 +405 -600 -550 +815 -1150 -335
807 +350 +350 -515 -470 +700 895 -285
707 +305 +300 -455 -410 +605 - 865 -260
607 +255 +260 -390 -355 +510 - 745 -235
507 +205 +215 -330 -295 +420 - 625 -205
407 +165 +175 -265 -240 +340 - 505 -165
307 +125 +130 -205 -180 +255 - 385 -130
207 + 75 + 80 -145 -122 +155 - 267 -112
107 + 40 + 45 - 75 - 65 + 85 - 140 - 55

0 0 0 10 0 0 10 - 10
107 + 40 + 40 - 80 75 + 80 155 75
207 + 80 + 85 -155 -145 +165 - 300 -135
307 +125 +130 -225 -210 +255 435 -180
407 +160 +160 -260 -240 +320 - 500 -180
507 +225 +225 -365 -340 +450 - 705 -255
607 +270 +280 -420 -405 +550 - 825 -275
707 +320 +320 -485 -455 +640 - 940 -300
807 ? (1) ? ? ? x (2) x x
907 +410 +430 -590 -560 +840 -1150 -310

1007 +460 +455 x -610 +915 x x

(1) ? = operator error.
(2) x = cannot be deciphered.



Table 3. Unrestrained natural frequency and damping coefficient data.

Trial
Number

Air Water
2

crN

h
g

Nat. Freq
hz

a (1) Nat. Freq
hz

a

1 2.20 0.47 1.38 0.49 23.34

2 2.20 0.45 1.40 0.49 24.04
3 2.20 0.43 1.35 0.49 22.34

4 2.14 0.46 1.36 0.45 22.66

6 1.36 0.48 22.66

Ave 2.19 0.45 1.37 0.48 23.02

(1) a = damping coefficient



Table 4. Load cell calibration.

Vertical
Load
lbs

Load Cells
Error

%

LP1
lbs

LP2
lbs

LP3
lbs

LP4
lbs

Total
lbs

-100 - 18.7 - 18.7 - 18.7 - 18.7 - 74.8 -25.2
-300 75 - 75 - 75 - 75 -300 0
-500 -125 -125 -125 -125 -500 0
-700 -175 -175 -162.5 -175 -687.5 - 1.8
-850 -212.5 -212.5 -200 -212.5 -837.5 - 1.5
-957 -250 -250 -237.5 -250 -987.5 + 3.2

-1137 -287.5 -287.5 -275 -287.5 -1137.5 0
-957 -250 -250 -237.5 -250 -987.5 + 3.2
-850 -212.5 -212.5 -212.5 -212.5 -850 0
-700 -175 -175 -175 -175 -700 0
-500 -125 -125 -125 -125 -500 0
-300 75 - 75 -75 -75 -300 0
-100 - 18.7 - 18.7 - 18.7 - 18.7 74.8 -25.2

+2325 470 325 524 488 1807 -22.3
+2470 450 291 550 607 1898 -23.2



Table 5. Unrestrained current meter calibration.

Trial a {1) f (2) U (3) V (4) Um (5) Vm (6) DU (7) ,6,V (8)
Number in hz ft/sec ft/sec ft/sec ft/sec

1 5.44 1.0 0.245 0.245 0.40 0,20 63 18
2 4.32 0.8 0.376 0.376 0.55 0.40 47 6
3 4.56 0.6 0.594 0.594 0.60 0.575 1 3
4 4.80 0.5 0.680 0.680 0.625 0.675 9 0.1

(1) a = wave amplitude.
(2) f = wave frequency.
(3) U = calculated horizontal velocity.
(4) V .2- calculated vertical velocity.
(5) Um = measured maximum horizontal velocity.
(6) Vm = measured maximum vertical velocity.
(7) AU = % change in horizontal velocity.
(8) DV = % change in vertical velocity.



Table 6. Unrestrained wave parameters.

Run
Number

Fixed Wave Parameters Reflected Wave Transmitted Wave
Depth

ft
Hi reg'd

in
Freq

hz
L

ft
Hmax

in
Hmin

in
Hi
in

Cr H., 18'
in (1)

Htp 42°
in

Ht p 664
in

Htp 102'
in

Ht
in

Ct Ce

1 10 7.20 .527 18.38 10.88 4:16 7.52 .446 4.80 4.80 4.80 3.84 4.56 .61 .655
2 10 7.20 .316 45.27 9.28 5.12 7.20 .290 5.12 6.72 5.76 5.44 5.76 .80 .525
3 10 7. 20 . 226 70. 92 8.00 6. 40 7. 20 . 111 6. 40 6. 72 7. 04 7.04 6. 80 . 94 . 322
4 10 14.40 .451 24.93 20.48 8.32 14.40 .422 5.76 10.24 8.96 5.76 7.69 .53 .736
5 10 7.20 .198 83.68 7.68 6.72 7.20 .067 7.04 6.72 7.52 7.36 7.16 .99 . 125
6 10 21.60 .527 - - - - - - - - - -
7 10 14.40 . 316 45. 27 17. 28 11.52 14.40 . 200 10. 24 13, 44 10. 24 10.24 11.04 . 77 . 606
8 10 14. 40 . 226 70. 92 16.00 17.80 14.40 . 110 13. 12 13.44 13.57 13. 15 13. 31 . 92 . 377
9 10 14. 40 . 108 83. 68 15.04 13.12 14.08 .070 15.04 14.53 15. 10 15.42 15.02 1.07 x (2)

10 10 21.60 .316 45.27 26.24 16.64 21.44 .220 14.72 15.36 15.04 16.00 15.28 .71 .669
11 10 21.60 .226 70.92 22.40 18.60 20.50 .090 18.56 17.92 17.78 17.92 17.92 .87 .485
12 10 30.00 . 316 45. 27 35.84 25. 60 30. 72 . 167 19. 20 20. 48 20. 48 19. 20 19.84 . 65 . 741
13 10 21.60 .198 83.68 23.04 19.84 21.44 .075 21.12 19.84 21.12 21.12 20.80 .97 .231
14 10 30.00 .226 70.92 3S.06 28. 74 31.90 .100 29.44 32.00 25.60 26.88 28.48 .87 .483
15 12 36.00 .316 47.24 43.50 30.70 37.1 .170 32.00 27.52 29.44 30.08 29.76 .80 .575
16 12 42.00 . 316 47. 24 47. 36 34.56 40. 96 . 160 33. 28 30. 72 32.00 35.84 32. 96 .80 .578
17 12 36.00 .226 76.28 38.40 34.56 36.48 .050 33.92 34.56 34.56 33.92 34.24 .94 .337
22 10 9. 60 .632 12.84 12.16 7.04 9.60 .266 5.12 5.12 5.12 4.16 4.88 .51 .818
23 10 14.40 .632 12.84 19.20 8.64 13.92 .380 6.40 6.40 6.40 7.04 6.56 .48 .791
24 10 6.60 .445 25.53 9.60 3.20 6.40 .500 3.20 3.20 2.88 2.88 3.04 .48 .721
25 10 18.00 .445 25.53 24.96 10.88 17.92 .390 6.40 8.96 8.32 7.68 7.84 .44 .810
26 10 24.00 .445 25.53 32.00 14.08 23.04 .390 8.96 9.60 9.60 8.96 9.28 .40 .831
27 10 13.20 .372 35.04 17.92 8.32 13.12 .366 7.68 8.96 7.68 10.88 8.80 .67 .646
28 10 24.61 .372 35.04 32.00 17.28 24.64 .300 12.80 12.80 12.80 12.80 12.80 .52 .80
29 10 8.00 .790 8.22 10.24 6.08 8.16 .255 12.50 11.84 8.64 8.96 10.49 1.3 x
30 10 5.00 I . 050 4.6S 6.72 1.92 4.32 .556 5.12 5.44 4.80 5.44 5.20 1.2 x

(1) Ht @ 18' = transmitted wave height measured 18 ft behind model.
(2) x = cannot be deciphered.



Table 7. Unrestrained breaking and transmitted wave description.

Run Transmitted Wave Train
Number Breaking Wave Description Description

1 Smooth surface 3 harmonics
2 Smooth surface fundamental + 2 harmonics
3 Smooth surface fundamental
4 Breaks length of model 3 harmonics
5 Smooth surface fundamental
6 Breaks aft of model center, co-oscillation fundamental + 1 harmonics
7 Breaks aft of model fundamental + 3 harmonics
8 Heavy currents, surface turbulence fundamental + random
9 Surface currents fundamental + random

10 Double break aft of model fundamental + 3 harmonics
11 Small double break, near model rear funadmental + random
12 Strong double break, aft of model center fundamental + 2 harmonics
13 Break near model rear, strong currents fundamental + random
14 Double break, model fore fundamental + random
15

16

17

22 Break model rear, co-oscillation fundamental + 3 harmonics
23 Break model center, co-oscillation fundamental + 1 harmonic
24 Break model center, co-oscillation fundamental + 1 harmonic

H.

in

Ht

in

Hh (1)

in

7.52
7. 2
7.2

4.56
5. 76
6.8

4.5
2

14. 4 7. 69
7. 2 7. 16

21. 6 7

14. 4 11.04 3

14. 4 13. 31 2

14.08 15. 02 1

21. 44 15. 28 4
30.5 17. 92 2
30. 72 19. 84 5

21.44 20. 82 2

31. 9 28. 48 3

9. 6 4. 88 2

13. 92 6. 56 3

6. 4 3.04 2

(1) Hh = maximum harmonic wave height.
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Table 8. Current measurements, unrestrained run No.

X
Depth DC Offset Max Min DC Offset Max Min.

Station ft fps fps fps fps fps fps

10" 1 +. 1 1.0 -.8 +.1 1.1 -.8
1.5 +.2 .9 -.5 0 .8 -.8
2 +.75 1.5 0 0 .7 -.7
2.5 +.7 1.6 -.2 +. 1 1.1 -.9
3 +. 15 .7 -.4 -. 15 .6 -.9
3,5 -. 05 . 2 -.3 +. 1 . 7 -. 5
4 -.1 .1 -.3 +.05 .4 -.3
5 -.1 . 1 -.3 -.05 .3 -.4
6 -. 15 0 -.3 0 .2 -.2
7 -.05 .1 -.2 0 . 1 -.1
8 -.1 -. 1 -.3 0 .1 -.1
9 -.1 -. 1 -.3 0 .1 -.1

l'-10" 2 +. 25 . 6 -. 1 -. 1 . 7 -.9

2'-10" 1.5 +. 25 7 -. 2 +. 15 . 9 -.6
2 +.35 .9 -.2 -.05 .6 -.7
2,5 +.35 . 8 1 +.15 .7 -.4

31-10" 2 +. 35 1.0 -.3 +. 2 .9 -.5

4'-10" 2 +. 15 . 8 -. 5 0 . 5 -.5
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Table 9. Current measurements, unrestrained run No. 2.

Depth
Station ft

10" 1

1.5
2

2.5
3

3.5
4
5

6
7

8

9

11-10" 2

2' -10" 1.5
2

2.5

3'-10" 2

4'-10" 2

X
DC Offset

fps
Max
fps

Min
fps

DC Offset
fps

Max
fps

Min
fps

+.35 1.6 -.9 +.15 .9 -.6
+.5 1.6 -.6 +.1 .8 -.6
+.6 1.7 -. 5 -.15 1.1 -1.4
+. 15 1.4 -1.1 -. 1 . 5 -. 7

0 1.0 -1.0 -.15 .7 -1.0
0 .6 -.6 -.15 .7 -1.0

-. 15 .3 -. 6 +. 2 . 7 -.3
-.4 0 -.8 +.15 .4 -.1
-.25 .1 -.6 +.1 .3 -.1
-.3 . 1 -.7 +.05 .2 -.1
-.15 .3 -.6 +.05 .2 -.1
-.1 .4 -.6 +.15 .3

+. 3 1.3 -. 7 +, 2 1.0

+. 4 1.5 -. 7 -. 1 . 5
+. 15 1.4 -1.1 +. 2 1.0
+. 2 1.4 -1.0 -.2 . 3

+.4 1.4 -.6 +.05 .9

+. 3 1.4 -.8 -. 25 . 3

-. 7
-. 6
-. 7

-.8

-.8
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Table 10. Current measurements, unrestrained run No. 3.

Station

X
Depth DC Offset Max Min

fpsft fps fps

Y
DC Offset Max

fps fps
Min
fps

10" 1 +.5 1.6 -.6 +. 05 .7 -.6
1.5 +.8 1.9 -.3 +. 1 .8 -.6
2 +. 9 2.2 -.4 A-. 1 L1 -.9
2.5 +.95 2.5 -.6 +.3 1.2 -.6
3 +.55 1.7 -.6 +. 2 1.0 -.6
3.5 +.35 1.2 -.5 +. 1 .7 -.5
4 +.2 .9 -.5 +. 1 . 5 -.3
5 +.25 L0 -.5 +.1 .5 -.2
6 +.25 1.0 -.5 +. 2 .4 0

7 +.15 1.0 -.7 +.05 .2 -.1
8 +.25 1.0 -.5 -.05 .1 -.2
9 +.05 .4 -.3 0 . 1 -. 1

1'-10" 2 +.2 1.3 -.9 +. 25 1.1 -. 6

2'-10" 1.5 0 .8 -.8 -. 15 . 1 4
2 +.1 L1 -.9 -.05 .6 -.7
2.5 -. 1 .8 -1.0 -. 05 . 2 -. 3

3'-10" 2 -.2 .6 -1.0 0 .5 - 5

4' -10" 2 -. 1 . 7 -. 9 0 .2 -.2



Table 11. Current measurements, unrestrained run No. 4.
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X
Depth DC Offset Max Min DC Offset Max Min

Station ft fps fps fps fps fps fps

10" 1 +.25 2.2 -1.7 +.25 1.5 -1.4
1.5 +.2 1.6 -1.2 -.2 1.4 -1.8
2 +.175 3.6 - .1 +.05 1.6 -1.5
2.5 +.7 2.4 -1.0 -.4 .8 -1.6
3 0 1.4 -1.4 -.4 .6 -1.4
3.5 -.15 .8 -1.1 -.1 .6 .8
4 -.45 .3 -1.2 +,1 .6 .4
5 -.5 0 -1.0 +.2 .5 - .1
6 -.45 0 - .9 +. 1 .4 - .2
7 -.5 0 -1.0 1-. 1 .4 - .2
8 -.35 0 - .7 +. 1 .4 - .2
9 -.1 .2 - .4 -.05 .1 - . 2

l'-10" 2 +. 45 1.3 - . 4 -.05 . 6 - . 7

2'-10" 1.5 +.4 .9 - .1 +.15 .8' -1.1
2 +.35 1.0 .3 +. 1 .7 . 5

2.5 +.15 .8 .5 0 +.5 - .5

3' -10" 2 +.4 1.0 .2 0 .7 - .7

41-10" 2 +. 15 .7 - .4 +. 05 .7 .6



Table 12. Current measurements, unrestrained run No.
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X

Station
Depth

ft
DC Offset

fps
Max
fps

Min
fps

DC Offset
fps

Max
fps

Min
fps

10" 1 +.1 1.0 .8 +.2 .7 -.3
1.5 +.4 1.2 .4 0 .7 -.7
2 +.05 1.0 .9 +.35 1.3 -.6
2.5 +.15 1.3 -1.0 +. 25 1.1 -.6
3 - . 1 .7 - . 9 +.3 .9 -.3
3.5 -.2 .3 - .7 +.1 .7 -. 5
4 -.2 .4 .8 +.15 .6 -.3
5 -. 15 .4 .7 +. 1 .4 -.2
6 -.3 .4 -1.0 +.15 .4 -.1
7 -.15 .5 - .8 +.15 .3 0

8 -.05 .6 .7 +.15 .3 0

9 -.1 .5 - .7 +.05 .1 0

11-10" 2 +.6 2.5 -1.3 +. 2 -.5

2'-10" 1.5 +.4 2.0 -1.2 0 .5 -.5
2 0 1.4 -1.4 +.05 .5 -.4
2.5 -.15 1.5 -1.8 +.05 .4 -.3

3'-10" 2 +.2 1.8 -1.4 0 .5 -.5

4'-10" 2 +.35 2.0 -1.3 -.1 +.3 -.5
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Table 13. Current measurements, unrestrained run No. 7.

Station
Depth

ft

X Y

DC Offset
fps

Max
fps

Min
fps

DC Offset
fps

Max
fps

Min
fps

10" 1 +1.45 3.6 - .7 + .5 3.0 -2.0
1.5 +1.5 3.6 - .6 +1.2 3.0 .6
2 +1.25 3.4 .9 +1.35 2.8 .1
2.5 +1.4 4.6 -1.8 + .7 3.4 -1.0
3 + .3 2.2 -1.6 + ,7 3.0 -1.6
3.5 - .1 1.2 -1.4 + .4 2.6 -1.8
4 - .15 .6 - .9 + .5 2,0 -1.0
5 - .15 .7 - 1 + .7 1.5 .1
6 - .1 .6 8 + .5 1.0 0

7 - .05 .8 9 + .4 .8 0

8 0 .8 8 + .3 .6 0

9 + , 2 .9 5 + .1 .2 0

l'-10" 2 +1.15 3.8 - .5 + .1 2.4 -2.2

2'-10" 1.5 + .1 3.0 -1.0 + .3 2.3 -1.7
2 + .65 2.6 -1.3 + .4 2.0 -1,2
2.5 + .7 3.2 -1.8 - .1 1.4 -1.6

3'-10" 2 + .15 1.6 -1.3 - .4 1.0 -1.8

4'-10" 2 + .4 1.9 -1.1 - .25 1.0 -1.5
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Table 14. Current measurements, unrestrained run No. 8.

X

Station
Depth

ft
DC Offset

fps
Max
fps

Min
fps

DC Offset
fps

Max
fps

Min
fps

10" 1 +.6 2.6 -1.4 +.3 2.4 -1.8
1.5 +.1 2.0 -1.8 +.4 2.6 -1.8
2 -.1 1.6 -1.8 +.5 2.6 -1.6
2.5 +. 35 2.7 -2.0 +. 45 2.5 -1.6
3 +.2 2.2 -1.8 +.3 2.1 -1,5
3.5 -.25 1.0 -1.5 -.3 1.5 -2.1
4 -.45 .4 -1.3 -.25 1.2 -1.7
5 -.45 .6 -1.5 0 +.8 .8
6 -.4 ,6 -1.4 0 . 4 - . 4
7 - . 4 . 6 -1.4 +. 1 . 4 . 2

8 -.4 .6 -1.4 0 +.2 - .2
9 -.25 .8 - 1 . 3 -.5 0 - . 1

1' -10" 2 -.1 1.9 -2.1 0 1.0 -1.0

2' -10" 1.5 +.4 2.4 -1.6 -. 15 1.0 -1.3
2 -.35 .8 -1.5 +.1 1.2 -1.0
2.5 +.3 2.2 -1.6 0 1.0 -1.0

3' -10" 2 +. 15 1.7 -1.4 +. 15 1.1 - . 8

4' -10" 2 +. 05 1.6 -1.5 +, 15 .9 - .6



Table 15. Current measurements, unrestrained run No. 9.

X
Depth DC Offset Max

Station ft fps fps

201

Min DC Offset Max Min
fps fps fps fps

10"

11-10"

21-10"

3'-10"

4' -10"

1

1.5
2
2.5
3

3.5
4
5

6
7

8
9

2

1.5
2
2.5

2

2

-. 05
+.3
+.4
+.5
+. 1
-. 1
-.35
- . 1
-. 1
-.25

. 2

+.45

+. 2
+. 15
+.35

+.2

+. 15

2.0
1.6
2.0
2.4
2.4
1.2
0 8

.7
1. 0
1.0
.8
. 8

Z.3

1.8
1.5
1.9

1.8

1.5

-1.5
-1.7
-1.4
-1.6
-1.4
-1.0
-1.0
-1,4
-1, 2
-1,2
-1.3

1 . 2

-1.4

-1.4
-1.2
-1.2

-1.4

-1.2

+,5
+. 4
+.55
+.6
+.35
+. 05
+. 15

0
+. 25
+. 15

0
0

+. 1

-. 05
0
0

0

+. 05

2.2
2.2
2.2
2.2
1.8
1.3
1.1
.6
. 8
. 4
.3

1

1.0

1.0
. 7

1.0

1.0

. 8

-1.2
-1.4
-1.1
-1.0
-1.1
-1.2
- . 7

. 6

. 3
- . 1

- . 3

- 1

- . 8

-1.1
- . 7

-1.0

-1.0

- . 7
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Table 16. Current measurements, unrestrainted run No. 10.

X
Depth DC Offset Max Min DC Offset Max Min

Station ft fps fps fps fps fps fps

10" 1 +1.6 4.0 - .8 +.75 3.0 -1.5
1.5 +1.3 3.6 -1.0 +1,15 3.4 -1,1
2 +2.3 5.3 - . 7 +1.3 3.6 -1.0
2.5 +2.45 5.9 -1.0 +.9 3.6 -1.8
3 +1.85 5.1 -1.4 +. 25 3.0 -2.5
3.5 + .4 2.2 -1.4 +.55 2.6 -1.5
4 +, .2 1.8 -1.2 +.3 2.4 -1,8
5 + . 2 1.0 - .6 +.7 2.0 - .6
6 + . 15 1.0 - .7 +.6 1.4 - .2
7 + .15 1 . 0 - . 7 +.1 .6 - . 4
8 + .35 1.2 .5 +.15 .5 - .2
9 + . 1 1.0 - .8 +. 1 .3 . 1

l' -10" 2 +1.8 5.0 -1.4 +. 75 3.2 -1.7

2' -10" 1.5 +1.9 3.9 + . 1 -. 15 2.0 -2.3
2 +2.2 5.4 -1.0 -.3 2.5 -3.1
2.5 +1.9 5.8 -2.0 +1.0 4.0 -2.0

3 ' -10" 2 + . 9 3,8 -2.0 +,25 2.5 -2.0

4' -10" 2 +1,15 3.3 -1.0 .3 1.5 -2.1



Table 17. Current measurements, unrestrained run No. 11.
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X

Station
Depth

ft
DC Offset

fps
Max
fps

Min
fps

DC Offset
fps

Max
fps

Min
fps

10" 1 +, 35 3.2 -2.5 +. 1 2.4 -2.2
1.5 +. 7 3.4 -2.0 +. 25 2.8 -2.3
2 +.4 3.4 -2.6 +.25 3.0 -2.5
2.5 +. 95 4.3 -2,4 +. 5 3.0 -2.0
3 +1.25 4.7 -2.2 0 2.5 -2.5
3.5 +. 05 2.2 -2.1 -. 1 2.4 -2.6
4 -. 15 1.5 -1.8 -. 15 2.0 -2.3
5 -.05 1.3 -1.4 +.15 1.3 -1.0
6 -. 45 . 8 -1.7 +. 15 . 8 - . 5

7 -,25 1 - 1 . 5 +.1 .6 - . 4
8 -. 25 1 -1.5 0 . 4 - .4
9 - . 1 1 . 2 - 1 . 4 0 .2 - . 2

1' -10" 2 +.4 3,2 -2.4 +.3 2.6 -2.0

2' -10" 1.5 +, 75 3.8 -2.3 -. 35 1.0 -1.7
2 +.8 3.4 -1.8 -.4 1.0 -1.8
2.5 +. 65 3.5 -2.2 -, 6 .8 -2.0

3' -10" 2 +.7 3.4 -2.0 -.4 1.2 -2.0

4' -10" 2 +.6 3.0 -1.8 -.4 .8 -1.4
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Table 18. Current measurements, unrestrained run No. 12.

X
Depth DC Offset Max Min DC Offset Max Min

Station ft fps fps fps fps fps fps

10" 1 x (1) x x x x x
1.5 +1.35 4.9 -2.2 +1.5 4.4 -1.4
2 +1.5 5.2 -2.2 +1.7 4.6 -1.2
2.5 +3.05 7.5 -1.4 + .95 4.2 -2.1
3 +2.3 5.8 -1.2 + .35 3.6 -2.9
3.5 + .75 2.8 -1.3 + .3 3.0 -2.4
4 + .4 2.0 -1.2 + . 15 2.7 -2.4
5 - .05 1.4 -1.5 + .6 2.0 - .8
6 .05 1.3 -1.4 + .4 1.4 .6
7 0 1.2 -1.2 + .3 1.2 - .6
8 .4 .8 -1.6 + .15 .6 - .3
9 - .45 .8 -1.7 + .05 .3 .2

l' -10" 2 +2 5.8 -1.8 +1 3.8 -1.8

21-10" 1.5 +2.05 5.8 -1.7 - .05 3.4 -3.5
2 +1 5.8 -3.8 .1 3.5 -3.7
2.5 +1.5 5.9 -2.9 .3 4.3 -3.7

31-10" 2 +2.3 5.1 -1.5 + .3 3.8 -3.2

41-10" 2 +1.3 5,2 -2.6 + .85 4,2 -2.5

(1) x = probe out of water.
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Table 19. Current measurements, unrestrained run No. 13.

X
Depth DC Offset Max Min DC Offset Max Min

Station ft fps fps fps fps fps fps

10" 1 x (1) x x x x x
1.5 +.95 2,7 -1.8 +.85 2.7 -1.0
2 +.35 2.5 -1.8 +.9 2.8 -1.0
2.5 +.6 3.6 -2.4 +. 95 3.0 -1.1
3 +. 85 3.8 -1.5 +. 4 2.5 -1.7
3.5 +.3 2.2 -1.6 -. 05 2,2 -2.3
4 +. 1 1.6 -1,4 +. 05 1.8 -1.7
5 -.1 1.4 -1.6 +.3 1.4 - .8
6 - .2 1.0 -1.4 +.35 1.1 - .3
7 0 1.2 -1.4 +.3 .8 - .2
8 0 1 . 3 - 1 , 3 +. 25 . 6 - . 1

9 0 1.2 -1.2 +. 05 .3 .2

1'-10" 2 +. 3 2.8 -2.2 +.3 2.4 -1.8

2,-10" 1.5 1-, 5 2,7 -1.7 -h. 2 2.0 -1.6
2 +, 6 3.2 -2.0 +. 25 2.1 -1.6
2,5 +. 2 2.6 -2.2 +.55 2.4 -1.3

3' -10" 2 +.7 3.0 -1.6 -.35 .8 -1.5

4' -10" 2 +.75 2.8 -1.3 +.05 1.6 -1.5

(1) x =, probe out of water.
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Table 20. Current measurements, unrestrained run No. 14.

X
Depth DC Offset Max Min DC Offset Max Min

Station ft fps fps fps fps fps fps

10" 1 x (1) x x x x
1.5 +1.1 5.2 -3.0 +.65 3.0 -1.7
2 + , 6 4.0 -2.8 +. 9 3.8 -2.0
2.5 +1.55 5.6 -2.5 +.1 3.8 -1.8
3 + .9 4.8 -3.0 +.65 3.5 -2.2
3.5 - .15 2.2 -2,5 +.2 3.0 -2.6
4 - .15 2,0 -2.3 +.5 2.6 -1.6
5 - .55 1,3 -2.4 +.7 2.0 - .6
6 - .1 1.8 -2.0 +.65 1.5 .2
7 - .5 1,5 -2.5 +.45 1.1 .2
8 - ,5 1,5 -2.5 +.35 .8 - .1
9 - .5 1.3 -2.3 +. 15 .5 - .2

11-10" 2 +1,3 5.4 -2.8 -.05 3.4 -3.5

2'-10" 1.5 +1.1 5.4 -3.2 +.35 3.2 -2.5
2 +1.05 5,0 -2.9 0 2.8 -2.8

2.5 +1.2 5.3 -2.9 +.6 3.5 -2,3

3'-10" 2 + .7 4.0 -2.6 -. 4 1,6 -2.4

4' -10" 2 +1 4.2 -2.2 65 1.5 -2.8

(1) x = probe out of water.



Table 21. Unrestrained surface current velocity data.

Run
Number

Surface Currents

Average Shape
Rope 1
ft/sec

Rope 2
ft/sec

Rope 3
ft/sec

Rope 4
ft/sec

1 0.22 x (5) x x 0.22 F (1)
2 0.75 0.69 0.73 0.68 0.71 F
3 0.54 0.56 0.55 0.54 0.55 S (2)
4 1.14 0.85 0.82 0.78 0.90 F
5 0.69 0.58 0.51 0.62 0.60 C (3)
6 1.4 x x x x
7 1.40 1.33 1.43 0.92 1.27 S
8 0.92 1.07 1.02 x 1.00 C

9 0.90 0.92 0.91 x 0.91 C
10 1.02 1.71 1.88 1.02 1.41 SC (4)
11 1.82 1.31 1.18 1.28 1.40 SC
12 1.62 1.74 1.58 1.58 1.63 S

13 1.13 1.16 1.07 1.07 1.11 C
14 1.32 1.22 1.15 1.45 1.29 S

(1) F = rope retains ---- shape.
(2) S = rope takes shape.
(3) C = rope takes shape.
(4) SC = rope takes shape.
(5) x = cannot be deciphered.



Table 22. Unrestrained pot displacement, phase and wave phase data.
Pot A Pot B Pot C Pot A Pot B Pot C Average Pot Phase Wave

Run +(1) -(2) p(3) - p p p p p + - p (4) Plane 10"

Number in in in in in in in in in in in in in in in o (5) (6)

1 . 212 . 227 .439 . 242 . 212 . 454 . 227 212 . 439 . 424 . 454 .424 . 227 . 217 . 439 115 201 180

2 . 242 .197 . 439 .212 .227 . 439 . 212 . 227 . 439 . 454 .454 .424 .222 . 217 .442 154 334 137

3 . 136 . 121 . 257 . 152 .121 .273 .152 .121 . 273 . 303 .303 .303 . 147 . 121 .285 120 354 180

4 .363 . 363 . 726 . 363 . 409 . 772 . 394 .303 .697 . 667 .696 .696 . 373 .358 .709 120 216 206

5 .167 . 106 . 273 .167 .113 . 280 . 167 . 106 . 273 .303 .303 .303 .167 .108 .289 180 0 180

6 - - -

7 .333 . 424 . 757 . 333 . 424 . 757 . 333 . 424 . 757 . 726 .726 .726 . 333 .424 .742 167 335 180

8 . 300 . 300 600 . 270 . 330 . 600 . 290 . 310 600 .545 ? .287 .313 .586 189 0 171

9 . 320 .210 .530 . 270 . 260 .530 . 250 . 270 . 520 .484 .484 .484 .280 .247 .505 158 349 175

10 . 420 .850 1.270 . 420 . 920 1.340 . 360 1.030 . 390 1.15 1.27 1.27 .400 .933 1.282 180 343 180

11 . 420 . 640 1.060 . 390 . 640 1.030 . 420 .640 1.060 . 968 .968 . 968 . 410 640 1.010 174 341 199

12 .530 1.020 1.550 .514 1.060 1.574 .520 1.030 1.550 1.45 1.45 1.45 .521 1.037 1.504 274 317 180

13 . 420 . 635 1.055 . 420 . 635 L 055 . 420 . 635 1.055 . 968 . 968 .968 .420 . 635 1.012 166 355 102

14 . 484 . 756 1.240 .484 . 787 1.271 . 484 . 787 1. 271 1.21 1.27 1.30 .484 .777 1.260 234 37 211

15 1.200 . 484 1.684 . 680 . 940 1.620 . 760 . 970 1. 730 1.48 1.51 1.51 .880 . 798 1.589 117 315 163

16 . 730 1.090 1.820 . 787 1. 150 1.937 .847 1.080 1.937 1.63 1.69 1.72 . 788 1.029 1.789 158 316 154

17 . 640 700 1. 340 . 650 .800 1.450 . 640 . 900 1.540 1.33 1.30 1.15 .643 .800 1.352 139 347 180

22 . 212 . 303 .515 .212 .303 .515 180 216 144

23 . 393 . 424 .817 .393 .424 .817 180 180 180

24 . 182 . 257 . 439 .182 .257 .439 180 244 180

25 . 390 . 650 1.040 .390 .650 1.040 120 192 192

26 . 545 . 666 1.211 .545 .666 1.211 96 216 180

27 . 349 . 575 .924 .349 .575 .924 138 254 169

28 . 424 1.15 1.574 .424 1.15 1.574 130 280 180

29 .136 . 212 . 348 .136 .212 .348 148 64 180

30 . 121 . 091 .212 .121 .091 .212 180 270 180

(1) Max+ = maximum south pot displacement, i. e. , towards wave generator.
(2) Max- = maximum north pot displacement, i. e. , towards beach.
(3) p = max+ + max-
(4) - + = phase lag from max- to max+ pot.

(5) Crest +shift = phase lag from max- pot to crest position 10"
in front of model.

(6) Crest + - = phase lag from crest to trough position 10" in
front of model.



Table 23. Unrestrained duct plate displacement.

Center Rod Forward Rod Aft Rod
Run Top (1) Bottom (2) Total (3) Top Bottom Total R of Top Bottom Total R of

Number in in in in in in Center (4) in in in Center

1 1.5 1.0 2.5 0.5 0.5 1.0 0.40 1.0 1.0 2.0 0.8
2 2.0 1.0 3.0 O. S 0.5 1.0 0. 33 1.0 1.0 2.0 0. 67
3 1.5 0.5 2.0 0.25 0.25 0.5 0.25 0.5 0.5 1.0 0.50
4 4.0 3.5 7.5 1.0 1.0 2.0 0.27 3.0 2.0 5.0 0.67
S 1.5 0 1.5 0.25 0.25 0.5 0.33 0.5 0.5 1.0 0.67
6 - - - - - - - - -
7 4.0 2.5 6.5 1.0 1.0 2.0 0.31 1.5 1.5 3.0 0.46
8 2.5 1.0 3.5 0.5 0.5 1.0 0.29 1.0 1.0 2.0 0.57
9 2.0 1.0 3.0 0.5 0.5 1.0 0.33 1.0 1.0 2.0 0.67

10 4.0 5.5 9.5 1.5 1.5 3.0 0.32 2.0 3.0 5.0 0.53
11 3.0 4.5 7.5 1.0 1.0 2.0 0.27 1.5 2.5 4.0 0.53
12 4.5 5.5 10.0 1.5 1.5 3.0 0.30 3.0 4.0 7.0 0.70
13 2.5 1.5 4.0 0.5 0.5 1.0 0.25 1.5 1.5 3.0 0.75
14 3.0 5.5 8.5 1.0 1.0 2.0 0.24 1.0 3.0 4.0 0.47

(1) Top = maximum upward displacement of rod from equilibrium position.
(2) Bottom = maximum downward displacement of rod from equilibrium position.
(3) Total = top + bottom.
(4) R of Center = relative displacement of rod to displacement of center rod.



Table 24. Unrestrained duct plate phase data.

Center Rod Phase
(1) (2) (3) (4) (5)

Run +Rod +Rod-0. Crest Crest- -Rod -Rod-. Trough Trough. +Rod
Number . . . .

1 0 146 69 77 68
2 0 109 71 120 60
3 0 156 34 112 58
4 0 90 97 138 35
5 0 159 15 171 15
6 - -
7 0 49 69 163 79
8 0 151 30 138 41
9 0 138 23 164 35

10 0 75 55 170 60
11 0 102 39 141 78
12 0 90 55 175 40
13 0 135 34 150 41
14 0 128 45 128 59

(1) +Rod = maximum upward position of rod relative to equilibrium position.
(2) +Rod-. Crest = phase lag from +Rod to crest position at model center.
(3) Crest-. -Rod = phase lag from crest at model center to maximum downward position of center

rod.
(4) -Rod-. Trough = phase lag from -Rod to trough position at model center.
(5) Trough-. +Rod = phase lag from trough position at model center to +Rod.



Table 25. Unrestrained pot, crest phase data.

Phase Relationship
Run -GD2 -Rod-, Crest Total Pot-* Crest Crest-+ Pot

Number .

1 353 291 644 284 76
2 36 289 325 325 35
3 19 326 345 345 15
4 0 263 263 263 97
5 38 345 383 23 337
6 -
7 51 291 342 342 18
8 62 330 392 32 328
9 33 337 370 10 350

10 51 305 356 356 4
11 31 321 352 352 8

12 35 305 340 340 20
13 22 326 348 348 12
14 99 315 414 54 306

(1) Pot 4.-GD2= phase lag from maximum negative pot displacement to maximum compressive
GD2 strain.

(2) -Rod + Crest = phase lag from maximum downward position of center rod (-GD2) to crest
position at model center.

(3) Pot -40 Crest = phase lag from maximum negative pot displacement to crest position at
model center.

(4) Crest+, pot = 360 - (pot crest).



Table 26. Unrestrained load cell data.

Run
Number

LP1 LP2 LP3 LP4
Max+
lbs (1)

Max-
lbs (2)

-Shift
o (3)

- +

o (4)
Max+
lbs

Max-
lbs

-Shift - + Max+
lbs

Max- -Shift
lbs o o

+ Max+
lbs

Max- -Shift
lbs

- +

1 250 300 0 115 280 232 86 101 350 450 0 115 376 376 52 130
2 250 250 51 189 232 289 45 198 350 375 26 229 330 440 18 216
3 125 125 49 180 116 116 50 180 175 200 24 173 193 220 25 180
4 625 675 0 180 724 463 0 180 675 975 0 180 751 1020 0 180
5 100 100 53 201 116 116 48 215 125 175 21 209 165 193 21 188
6 - - - - - - - -
7 550 350 67 206 695 405 69 223 700 850 25 218 644 1073 34 240
8 325 260 76 180 289 289 56 180 400 450 32 180 429 483 31 180
9 175 175 55 207 169 226 44 240 275 400 16 202 268 429 11 207

10 821 410 60 206 1008 550 60 206 903 1067 26 240 1015 1269 26 249
11 493 328 37 199 733 367 49 189 624 607 12 223 677 677 18 207
12 1257 471 51 180 1558 550 61 193 1257 1335 26 214 1438 1523 18 237
13 393 236 32 213 400 300 33 279 393 629 11 229 508 677 6 224
14 846 423 100 180 1008 550 99 180 1100 550 68 192 1015 846 56 230
15 676 592 45 180 917 550 70 184 950 1200 18 197 1100 1523 36 220
16 9S2 591 35 180 1192 550 35 184 1417 1417 9 206 1467 2017 26 193
17 476 427 51 180 550 550 57 202 750 750 13 164 846 1185 13 215
22 325 300 36 180 307 205 0 180 425 475 0 180 391 513 0 216
23 300 300 0 180 471 235 65 180 500 650 0 180 600 800 0 180
24 250 300 0 180 307 281 65 180 425 500 0 180 367 562 0 180
25 677 592 0 180 677 338 24 180 761 1015 0 180 930 1185 0 180
26 677 677 0 180 762 339 0 180 846 1270 0 180 846 1523 0 180
27 508 592 0 220 550 550 0 220 677 1015 0 220 846 1185 0 220
28 1015 762 20 240 1015 423 40 220 1015 1523 20 240 1015 1692 20 240
29 150 50 0 180 157 105 69 90 275 275 0 180 293 342 0 180
30 75 100 45 180 105 79 90 135 150 150 0 180 147 147 20 180

(1) Max+ = maximum tensile load.
(2) Max- = maximum compressive load.

(3) -Shift = phase lag from maximum negative pot deflection to
max-.

(4) - e + = phase lag from max- load to max+.
n.)
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Table 27. Unrestrained duct plate strain data.

Run
GD1 GD2 GD3

Max+ Max- -Shift - + Max+ Max- -Shift - + Max+ Max- -Shift - +

Number us (1) us (2) o (3) o (4) us us o o us us

1 225 516 144 346 ? (5) ? ? ? 429 429 173 202
2 107 143 45 180 135 385 36 180 385 135 198 180
3 111 56 56 155 ? ? ? ? 222 111 199 211
4 333 222 276 216 888 778 0 180 778 778 180 180
5 74 37 38 180 111 148 38 180 148 111 215 180
6 - - - - - - - -
7 333 444 171 77 1100 300 51 205 667 889 2401 137
8 111 500 211 112 556 444 62 199 444 556 248 161
9 148 148 33 180 107 321 33 180 321 107 202 180

10 722 333 51 214 1167 944 51 214 D (7) D x x
11 400 300 37 189 650 650 31 180 D D x x
12 889 556 35 211 1556 833 35 228 D D x x
13 389 444 22 125 778 556 22 218 D D x x
14 667 444 50 211 833 833 99 174 D D x x
15 556 444 35 193 1222 1000 35 202 D D x x
16 667 444 18 193 1600 600 36 193 D D x x
17 333 444 171 63 800 600 25 202 D D x x

GD4X GD5

1 531 515 180 180 ? ? x (6)
2 500 355 240 206 300 500 45 180
3 250 234 214 161 300 200 37 55
4 1150 1200 180 204 1143 1000 0 180
5 219 172 228 180 222 222 0 180
6

7 900 1500 260 137 1500 833 51 206
8 529 770 253 168 833 667 56 192
9 468 161 235 153 278 500 27 180

10 1200 2200 274 137 2167 1333 51 223
11 800 1300 223 168 1417 833 37 189
12 1272 1727 240 137 2667 1417 44 220
13 636 727 242 153 1071 571 22 218
14 800 2250 286 180 2417 667 99 186
15 D D x x 2333 1500 53 228
16 D D x x 2583 1750 44 202
17 D D x x 1500 857 32 198

(1) Max+ = maximum tensile strain.
(2) Max- = maximum compressive strain.
(3) -Shift = phase lag from maximum negative pot deflection to max- .
(4) - = phase lag from max- to max+ .
(5) ? = operator error.
(6) x = signal cannot be deciphered.
(7) D = gage dead.



Table 28. Unrestrained brace strain data.

GB1 GB2 GB3 GB4

Run Max+ Max- -Shift - + Max+ Max- -Shift - + Max+ Max- -Shift - + Max+ Max- -Shift - 4
Number us(1) us (2) o(3) o (4) us us o o us us o o us us

1 173 154 0 180 143 143 180 180 185 148 0 180 167 133 202 158

2 179 179 0 180 192 173 180 180 185 204 0 180 200 167 162 216

3 107 143 0 180 72 125 180 180 111 148 0 180 100 133 180 180

4 260 333 0 120 321 250 120 240 259 389 0 120 367 233 120 240

5 130 111 0 180 111 111 180 180 111 111 0 180 100 133 180 180

6 - - - - - - - - - -
7 269 385 0 180 393 214 180 180 250 393 0 180 400 233 180 180

8 214 214 0 180 250 196 180 180 222 259 0 180 233 167 180 180

9 240 240 0 164 222 185 158 202 185 222 0 158 233 200 180 180

10 250 571 0 206 571 250 206 154 296 592 0 206 531 267 206 154

11 259 444 0 180 393 286 180 180 250 464 0 180 400 267 180 180

12 315 722 0 211 722 315 211 149 333 759 0 202 717 317 211 180

13 286 393 0 158 429 250 158 202 333 389 0 164 400 267 180 180

14 286 518 0 233 518 286 223 137 321 500 0 233 467 267 223 137

15 444 630 0 149 630 444 149 211 293 666 0 158 621 414 149 255

16 444 667 0 105 650 400 105 246 444 667 342 132 700 400 105 246

17 444 556 0 180 556 444 180 180 444 556 0 139 600 350 133 221

+

(1) Max+ = maximum tensile strain.
(2) Max- = maximum compressive strain.
(3) -Shift = phase lag from maximum negative pot displacement to max- .
(4) - + = phase lag from max- to max+.



Table 29. Unrestrained hanger strain data.

GH1 GH2 GH3 GH4
Run Max+ Max- -Shift - + Max+ Max- -Shift - + Max+ Max- -Shift - -I, + Max+ Max- -Shift - A.+

Number us(1) us(2) o(3) o(4) us us o o us us o o us us o 0

1 0 0 115 29 33 33 x(6) x 0 0 180 180 0 0 x x
2 +(5) + 240 180 + + x x + + 223 180 + + x x
3 0 0 x x 0 0 x x + + x x 0 0 x x
4 32 125 144 135 + + x x 97 32 300 74 + + x x
5 0 0 0 180 0 0 x x + + 0 180 0 0 x x
6 - - - - - - - - - - - - -
7 16 38 243 274 + + x x 50 0 327 240 0 0 x x
8 0 31 184 25 0 0 x x + + 149 211 0 0 x x
9 + + 218 175 0 0 x x 16 + 213 180 0 0 x x

10 65 97 253 291 + + x x 67 33 0 154 0 0 x x
11 + + 251 12 + + x x 50 0 130 74 0 0 x x
12 94 188 240 283 50 50 x x 97 129 249 146 + + x x
13 163 47 242 22 + + x x 65 65 180 229 + + x x
14 78 78 248 230 + + x x 65 65 12 37 0 0 x x
15 47 62 234 288 33 33 x x 65 0 126 270 0 0 x x
16 94 94 257 240 + + x x 88 29 111' 274 + + x x
17 22 63 202 208 + + x x 63 0 113 265 0 0 x x

(1) Max+ = maximum tensile strain.
(2) Max- = maximum compressive strain.
(3) -Shift = phase lag from maximum negative pot displacement to max-,.
(4) - 40 + = phase lag from max- to max+.
(5) + = slight but insignificant signal of same magnitude as noise.
(6) x = cannot be deciphered.



Table 30. Unrestrained pedestal strain data, GP1-GP4.

GP1 GP2 GP3 GP4

Run Max+ Max- -Shift - ^IP + Max+ Max- -Shift - - + Max+ Max- -Shift - - + Max+ Max- -Shift - -
Number us(1 ) us(2) o(3) o(4) us us o o us us o o us us o 0

1 36 36 130 180 35 35 29 158 40 80 0 130 + + 144 245

2 36 36 180 180 33 33 0 180 72 36 180 180 107 36 18 180

3 +(5) + 180 180 33 33 0 180 37 37 180 180 36 36 0 180

4 71 54 120 180 69 69 0 120 148 37 120 240 71 107 0 120

5 + + 180 180 + + 0 180 37 37 180 180 + + 0 180

6 - - - - - - - - - -
7 71 36 180 180 67 67 0 180 115 77 180 180 77 77 0 180

8 + + 180 180 33 33 0 180 34 34 180 180 34 71 0 180

9 50 50 180 180 52 52 0 180 77 77 180 180 71 71 0 180

10 107 54 180 180 67 100 0 206 192 77 206 154 107 107 0 257

11 71 54 180 180 32 65 0 180 115 115 180 180 139 139 122 244

12 107 71 180 180 67 133 0 246 192 77 202 180 ?(6) ? ? ?

13 71 54 180 180 67 67 0 180 89 89 180 180 ? ? ? ?

14 125 54 235 137 67 100 0 235 179 54 235 137 108 90 0 273

15 125 71 140 220 67 133 26 114 167 100 140 202 129 129 35 114

16 125 71 105 255 100 116 0 167 172 103 105 246 132 133 18 149

17 89 71 133 227 83 100 0 139 166 67 162 227 129 65 0 145

+

(1) Max+ = maximum tensile strain.
(2) Max- = maximum compressive strain.
(3) -Shift = phase lag from maximum negative pot displacement to max-.
(4) - + = phase lag from max- to max+.
(5) + = slight but insignificant signal of same magnitude as noise.
(6) ? = operator error.



Table 31 Unrestrained pedestal strain data, GPS-GP8.

GP5 GP6 GP7 GP8
Run Max+ Max- -Shift - + + Max+ Max- -Shift - - + Max+ Max- -Shift - + Max+ Max- -Shift - a +

Number us (1) us (2) o (3) o (4) us us o o us us o o us us o o

1 37 37 115 245 63 47 0 158 32 32 130 180 7(6) ? ? ?

2 37 37 180 180 47 47 0 210 33 33 180 207 + + 0 180
3 38 38 199 180 16 16 0 180 33 33 180 180 + + 0 180
4 107 71 120 240 81 97 0 120 67 67 120 240 111 111 0 120
5 +(5) + 180 180 16 16 0 180 33 33 180 180 56 56 0 180
6 - - - - - - - - - - - - - -
7 37 37 180 180 48 75 0 180 50 67 180 180 111 111 0 180
8 71 34 180 180 47 47 0 180 33 33 180 180 83 83 0 180
9 56 56 180 180 31 62 0 180 33 33 180 180 83 83 0 180

10 148 74 180 180 63 143 0 146 50 100 180 180 111 139 0 206
11 74 56 180 180 60 78 0 161 67 67 180 180 7 ? 7 7

12 161 71 180 180 94 203 0 197 67 117 211 140 111 194 0 211
13 108 71 180 180 63 109 0 180 33 67 180 180 111 111 0 180
14 108 90 223 49 81 129 0 199 67 83 23 130 133 133 0 273
15 133 106 114 211 74 109 0 180 97 97 131 237 105 158 18 123
16 133 83 97 263 103 147 0 180 83 117 96 246 105 184 0 158
17 100 83 162 227 59 88 0 202 65 97 180 180 111 107 0 180

(1) Max+ = maximum tensile strain.
(2) Max- = maximum compressive strain.
(3) -Shift = phase lag from maximum negative pot displacement to max -.
(4) - + = phase lag max- to max+.
(5) + = slight but insignificant signal of same magnitude as noise.
(6) ? = operator error.
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Table 32. Unrestrained vane strain data.

Run
RV1-1 RV1-2 RV2-2

Max+ Max- -Shift - w + Mar+ Max- -Shift - - + Max+ Max- -Shift - +

Number us (1) us (2) o (3) o (4) us us o o us us o

1 +(5) + x(6) x 0 0 x x 0 0 x x

2 0 0 x x 0 0 x x 0 0 x x

3 0 0 x x 0 0 x x 0 0 x x
4 + + x x + + x x + + x x

5 0 0 x x 0 0 x x 0 0 x x
6 - - - - - - -
7 + + x x + + x x + x x

8 0 0 x x 0 0 x x 0 0 x x
9 0 0 x x 0 0 x x 0 0 x x

10 + + x x + + x x + + x x

11 + + x x 0 0 x x 0 0 x x

12 71 71 x x + + x x + + x x

13 + + x x 0 0 x x 0 0 x x
14 69 34 x x + + x x + I+ x x
15 36 36 x x + + x x 31 + x x
16 36 36 x x + + x x 31 31 x x

17 + + x x 0 0 x x 0 0 x x

RV3-2 RV4-2

1 0 0 x x 0 0 x
2 0 0 x x 0 0 x x
3 0 0 x x 0 0 x x
4 + + x x + + x x
5 0 0 x x 0 0 x x
6 - - - - - -
7 0 0 x x + + x x
8 0 0 x x 0 0 x x
9 0 0 x x 0 0 x x

10 0 0 x x + + x x
11 0 0 x x + + x x
12 + + x x + + x x
13 0 0 x x + + x x
14 0 0 x x + + x x
15 0 0 x x + + x x
16 0 0 x x + + x x
17 0 0 x x + + x x

(1) Max+ = maximum tensile strain.
(2) Max- = maximum compressive strain.
(3) -Shift = phase lag from maximum negative pot displacement to max- .
(4) - + = phase lag from max- to max+.
(5) + = slight but insignificant signal of same magnitude as noise.
(6) x = cannot be deciphered.



Table 33. Unrestrained crest, load cell, maximum pressure gradient phase and position data.

Run
Number

Load Cell Crest Pressure Gradient
(1)

-LP1, 2
.

(2)
-LP3,4

.
Ave LP

.

(3)
+Shift

.

(4)
Crest LP

.

(5)
Position

ft

(6) L/4
Position

ft

L/4
Position

ft

1 43 29 36 284 112 5.7 A 4.6 1.1 A
2 48 22 35 326 70 8.8 A 11.3 2.5 F
3 50 25 38 345 53 10.4 A 17.7 7.3 C
4 0 0 0 263 97 6.7A 6.2 0.5A
5 51 21 36 23 13 3.0 A 20.9 17.9 F
6 - - - - -
7 68 30 49 342 67 8.4 A 11.3 2.9 F
8 66 32 49 32 17 3.6A 17.7 14.1 F
9 50 14 32 10 22 5.1 A 20.9 15.8 F

10 60 26 43 356 47 5.9 A 11.3 5.4 F
11 43 15 29 352 37 7.3 A 17.7 10.4 F
12 56 22 39 340 59 7.4 A 11.3 3. 9 F
13 33 9 21 348 33 7.7 A 20.9 13.2 F
14 100 62 81 54 27 5.3 A 17.7 12.4 F

(1) -LP1, 2 = average phase lag between maximum compressive LP1, LP2 loads and maximum
negative pot displacement.

(2) -LP3, 4 = average phase lag between maximum compressive LP3, LP4 loads and maximum
negative pot displacement.

(3) +Shift = phase lag from maximum negative pot displacement to crest position at model center.
(4) Crest LP = phase lag from crest at model center to average maximum compressive load in load

cells (Ave LP).
(5) Position = position of wave crest relative to model center.
(6) L/4 Position = position of wave inflection point (dp/dx max) relative to model center.



Table 34. Unrestrained reflected wave phase data.

220

Wave Height Parameters Calculated Distances
Run Hmax Hmin Cr Hm L Freq T X0 X1 X2

Number in (1) in (2) in in (3) ft hz sec ft (4) ft (5) ft(6)

1 10.88 4. 16 .446 9.28 18. 38 .527 1.898 0 1. 75 8.44
2 9.28 5.12 .290 5.76 45.27 .316 3.164 0 2.51 21.17
3 8.00 6.4 .111 6.72 70.92 .226 4.425 0 12.76 23.74
4 20.48 8.32 , 422 14.08 24.93 .451 2.2173 0 2.59 11..27

5 7.68 6.72 .067 7. 68 83.68 .198 5.051 0 0 0

6 - - - - - -
7 17.28 11.52 .200 14.72 45.27 .316 3.164 0 5.61 18.44
8 16.0 12.80 .111 15.04 70.92 .226 4.425 0 6.82 29.78
9 15.04 13.12 .068 15.04 83.68 .198 5.051 0 0 0

10 26.24 16.64 .220 18.56 45.27 .316 3.164 0 8.31 15.7

11 22.40 18.60 .090 21.12 70.92 .226 4.425 0 7.24 30.45
12 35.84 25.60 .167 26.88 45.27 .316 3.164 0 8.92 14,56
13 23.04 19.84 .075 22.4 83.68 .198 5.051 0 6.37 36,29
14 35.06 28.74 .100 29.74 70.92 .226 4.425 0 13.32 22.92

Calculated Times Phase Lag
t0

sec (7)
t1

sec (8)
Pt
sec (9)

Crest-P. Ref Pot 40 Crest Pot.. Ref

1 .474 -.397 - .871 132 201 333

2 .791 -.692 -1.48 149 334 123

3 1.106 -.375 -1.481 57 354 51

4 .554 -.448 -1.002 127 216 343

5 1.26 1.26 0 0 0 0

6 - - -
7 .791 -.498 -1.289 104 335 79

8 1.106 -.751 -1.857 119 0 119

9 1.26 1.26 0 0 349 349

10 .791 -.307 1.098 60 343 43

11 1. 106 -. 795 1.901 120 341 101

12 .791 -.227 1.018 48 317 5

13 1.26 -.925 2.19 128 355 123

14 1.106 -.328 1.43 51 37 88

(1) Hmax = maximum wave height in front of model.
(2) Hmin = minimum wave height in front of model.
(3) Hm = measured wave height ten inches in front of model.
(4) X0 = Hx position.
(5) X1 = Hm position.
(6) X2 = Xi + (L/T)( pt).
(7) t 0 = Hx time position.
(8) t 1 = Hm time position.
(9) A t = (t1-t0).
(10) Crest- Ref = phase lag from crest position 10" in front of model to reflected crest position at front

of model.
(11) Pot--, Crest = phase lag from maximum negative pot deflection to crest position 10" in front of

model
(12) Pot --* Ref = phase lag from maximum negative pot deflection to reflected crest position at

front of model.



Table 35. Unrestrained phase data summary.
Pot Wave LP1, 2 (3) GB1,3 (4) LP3 4 GH3 GD1 GD2 GD4X Ref(5)

0
Run - (1) + (2) Crest Trough - + - + -

Number o 0 0 0 0 0 0 0 0
+
0

+ - + +
0 0 0 0 0 0

-
0

+
0

1 0 115 284 104 43 151 0 180 29 152 180 0 144 130 353 151 180 0 350
2 0 154 325 106 48 242 0 180 22 245 223 43 45 225 36 216 240 86 133
3 0 120 345 165 50 230 0 180 25 202 x x 56 211 19 168 214 15 110

4 0 120 263 109 0 180 0 120 0 180 300 14 276 132 0 180 180 24 7

5 0 180 23 203 51 254 0 180 21 220 0 180 38 218 38 218 228 48 0
6 - - - - - - - - -
7 0 167 342 162 68 283 0 180 30 284 327 207 171 248 51 256 260 37 195

8 0 189 32 203 66 246 0 180 32 212 149 0 211 323 62 261 253 61 147
9 0 158 10 185 50 273 0 161 14 218 213 53 33 213 33 113 235 28 349

10 0 180 356 176 60 266 0 206 26 271 0 154 51 265 51 265 274 51 225

11 0 174 352 191 43 237 0 180 15 230 130 204 37 226 31 111 223 31 132

12 0 274 340 160 56 243 0 207 22 248 249 35 35 246 35 263 240 17 66
13 0 166 348 90 33 279 0 161 0 235 180 40 22 147 22 240 242 35 147
14 0 234 S4 265 100 280 0 233 62 273 12 49 50 261 99 273 286 106 76
15 0 117 58 240 0 155 27 236 126 36 35 228 35 237
16 0 158 35 167 0 120 18 217 111 25 18 211 36 229
17 0 139 54 195 0 160 13 203 113 18 171 234 25 227
22 0 180 18 198 0 198

23 0 180 33 213 0 180
24 0 180 33 213 0 180
25 0 120 12 192 0 180
26 0 96 0 180 0 180

27 0 138 0 220 0 220
28 0 130 30 260 20 260
29 0 148 32 167 0 180
30 0 180 68 175 10 190

Ave. (6) 0 172 350 163 51 243 0 180 24 228 224 53 34 219 36 209 235 41 59
Posi. (7) 1 11 19 10 7 18 2 12 3 16 15 8 4 14 5 13 17 6 9

(1) Pot = position of maximum negative pot displacement
(2) Pot+ = phase lag from pot to maximum positive pot displacement.

(5) Ref. = phase lag from pot- to reflected crest position at model
front.

(3) LP1, 2 = average phase lag from pot- to maximum LP1, LP2 strains. (6) Average = average phase lag from pot-.
(4) GB1, 3 = average phase lag from pot- to maximum GB1, GB3 strains. (7) Position = sequence position. N

NI,



Table 36 Chronological order of, eVents

Rank Phase Event Explanation

19 0 Crest Incident crest, model center

1 10 Pot- Maximum model displacement, towards the beach

2 10 GB1,3- Maximum compressive strain, front braces top

3 34 LP3,4- Maximum compressive load, rear load cells

4 44 GD1- Maximum compressive strain, front duct plate top

5 46 GD2- Maximum compressive strain, center duct plate top

6 51 GD4X+ Maximum tensile strain, rear duct plate top

7 61 LP1,2- Maximum compressive load, front load cells

8 63 GD3+ Maximum tensile strain, hangers

9 69 Ref Reflected wave crest, model front

10 173 Trough Incident trough, model center

11 182 Pot+ Maximum model displacement, towards the generator

12 190 GB1,3+ Maximum tensile strain, front brace top

13 219 GD2+ Maximum tensile strain, center duct plate top

14 229 GD1+ Maximum tensile strain, front duct plate top

15 234 GD3- Maximum compressive strain, hangers

16 238 LP3,4+ Maximum tensile load, rear load cells

17 245 GD4X- Maximum compressive strain, rear duct plate top

18 253 LP1,2+ Maximum tensile load, front load cells



Table 37. Unrestrained lift and horizontal forces from moment considerations.

North Horizontal Force
M

(1) Lift South Horizontal Force
Run LP1 + LP2 LP3 + LP4 Horiz Force LP1 LP2 LP3 LP4 Total Lift LP1 + LP2 LP3 + LP4 Horiz Force

Number lbs lbs lbs lbs lbs lbs lbs lbs lbs lbs lbs

1 532 826 147 250 289 350 376 1265 539 726 93.5
2 539 810 135.5 250 232 350 330 1162 482 680 99

3 241 420 89.5 125 116 175 193 609 241 368 63.5
4 1138 1995 428.5 625 724 675 751 2775 1349 1426 38.5
5 216 368 76 100 116 125 165 506 216 290 37

6 - - - - - - -
7 755 1923 584 550 695 700 644 2589 1245 1344 49.5
8 549 933 192 325 289 400 429 1443 614 829 107.5
9 401 829 214 175 169 275 268 887 344 543 99.5

10 960 2336 688 821 1088 903 1015 3747 1829 1918 44.5
11 695 1284 294.5 493 733 624 677 2527 1226 1301 37.5
12 1020 2858 919 1257 1558 1257 1438 5510 2815 2695 -60
13 536 1306 385 393 400 393 508 1694 793 901 54
14 973 1396 211.5 846 1008 1100 1015 3969 1854 2115 130.5
15 1142 2723 790.5 679 917 950 1100 3646 1593 2050 228.5
16 1141 3434 1146.5 952 1192 1417 1467 5028 2144 2884 370

17 977 1835 429 476 550 750 846 2622 1026 1596 285

22 505 988 241.5 325 307 425 391 1448 632 816 92

23 535 1450 457.5 300 471 500 600 1871 771 1100 164.5
24 581 1062 240. 5 250 307 425 367 1349 557 792 117.5
25 930 2200 635 677 677 761 930 3045 1354 1691 168.5
26 1016 2793 888. 5 677 762 846 846 3131 1439 1692 126.5
27 1140 2200 530 508 550 677 846 2581 1058 1523 232.5
28 1185 3215 1015. 1015 1015 1015 1015 4060 2030 2030 0

29 155 617 231 150 157 275 293 875 307 568 130.5
30 179 297 59 75 105 150 147 477 180 297 58.5

(1) North Horizontal Force = north horizontal force calculated from moment considerations.



Table 38. Unrestrained horizontal forces from pot and moment considerations.

Run
Number

(1)
-Pot Displ.

in

North Horizontal Force
(2)

+Pot Disp.
in

South Horizontal Force

(3)
Horiz Force

lbs

m
(4)

Horiz Force
lbs

(5)
A

lbs

(6)
% p Horiz Force

lbs
Horiz Force

lbs lbs

A

1 .217 147 173 26 15.0 .227 93.5 105 11.5 11

2 .217 135.5 173 37.5 21.7 .222 99 103 4 4

3 . 121 89.5 86 -3.5 -4.0 .147 63.5 52 -11.5 -22

4 .358 428.5 310 -118.5 -38.2 .373 38.5 215 176.5 83

5 . 108 76 75 -1 -1. 3 . 167 37 64 27 42

6 - - - - - - - - -

7 .424 584 380 -204 -53.7 . 333 49.5 185 135.5 73

8 .313 192 268 76 28.4 .287 107.5 150 42.5 28

9 .247 214 198 -16 -8. 1 .280 99.5 145 45.5 31

10 .933 688 1010 322 31.9 .40 44.5 235 190.5 81

11 .640 294.5 625 330.5 52.9 .41 37.5 240 202.5 84

12 1.037 919 1140 221 19.4 .521 -60 335 395 118

13 .635 385 612 227 37.1 .42 54 250 196 78

14 .777 211.5 810 598.5 73.9 .484 130.5 300 169.5 56

15 .798 790.5 830 39.5 4.8 .880 228.5 770 541.5 70

16 1.029 1146.5 1156 9.5 0.9 .788 370 635 265 42

17 .800 429 835 406 48.6 .643 285 465 180 39

22 .303 241.5 255 13.5 5. 3 . 212 92 95 3 3

23 .424 457.5 393 -64.5 -16.4 .393 164.5 230 65.5 28

24 .257 240.5 210 -30.5 -14.5 .182 117.5 175 57.5 33

25 .650 635 640 5 0.8 .39 168.5 230 61.5 27

26 .666 888.5 665 -223.5 -33.6 .545 126.5 358 231.5 65

27 .575 530 550 20 3.6 .349 232.5 194 -38.5 -20

28 1. 15 1015 1292 277 21.4 .424 0 255 255 100

29 .212 231 175 -56 -32.0 .136 130.5 45 -85.5 190

30 .091 59 60 1 1.7 .121 58.5 34 -24.5 -72

(1) -Pot Displ. = maximum north displacement of pot, i. e. , towards beach.
(2) +Pot Displ. = maximum south displacement of pot, i. e. , towards wave board. h.)

(3) Horizontal ForceM = horizontal force calculated from load cell, moment considerations.
(4) Horizontal ForceP = horizontal force calculated from pot displacement data.
(5) p = Horizontal ForceP - Horizontal ForceM.
(6) % A = / Horizontal ForceP) x 100.



Table 39. Restrained wave parameters.

Fixed Wave Parameters Reflected Wave Transmitted Wave
Run Depth Hi reg'd Freq L Hmax Hmin Hi Cr Ht@ 18' Ht.@ 42' He 66' Htp 102' Ht Ct Ce

Number ft in hz ft in in in in in in in in

1 10 7. 20 .527 18. 38 9. 92 4. 00 6. 96 . 425 4. 16 4.48 4. 48 4. 16 4. 32 . 62 . 66

2 10 7.20 .316 45. 27 9 12 5.44 7.28 .253 5.76 5.60 6.08 4.96 5.60 .77 .586
3 10 7.20 .226 70.92 8.32 6.72 7.52 .110 6.88 6.88 6.88 6.88 6.88 .91 .40
4 10 14.40 .451 24.93 21.12 8.32 14.72 .434 7.04 10.56 10.56 10.24 9.68 .66 .613
5 10 7. 20 . 198 83.68 7.68 6.88 7.28 .055 7.68 7.36 8.00 7.68 7.68 1.05 x(1)
6 10 21.60 .527 18.38 - - - - - - - - -
7 10 14.40 .316 45.27 17.28 11.52 14.40 . 200 10.88 13.44 10.88 10.88 11.52 .80 .566
8 10 14.40 .226 70. 92 16. 64 13.44 15.04 . 110 14. 72 16.64 17.28 16.64 16.32 1.09 x

9 10 14.40 . 198 83. 68 15.36 13.44 14.40 . 067 14.08 14.08 14. 72 14.72 14.40 1.00 x

10 10 21.60 .316 45.27 24.96 17.92 21.44 .160 14.08 14.08 14.72 14.72 14.40 .67 .725.

11 10 21.60 .226 70.92 23.68 19.84 21.76 .080 18.56 19.20 19.20 19.20 19.04 .88 .469
12 10 30.00 .316 45.27 34.56 24.32 29.44 .170 21.76 23.04 21.76 21.76 22.08 .75 .639
13 10 21.66 .198 83.68 23.04 19.84 21.44 .075 20.48 21.12 20.48 22.40 21.12 .99 .12
14 10 30.00 .226 70.92 32.00 25.6 28.80 .110 25.6 29.44 28.16 29.44 28.16 .98 .167

(1) x = cannot be deciphered.



Table 40. Restrained and unrestrained current velocities 1' below surface, 10" in front of model.

Run
Number

Restrained U (1) Unrestrained U Restrained V (2) Unrestrained V

Max+ (3)
ft/sec

Max- (4)
ft /sec

DC OFF (5)
ft/sec

Max+
ft/sec

Max-
ft /sec

DC OFF
ft/sec

Max+
ft /sec

Max-
ft/sec

DC OFF
ft /sec

Max+
ft/sec

Max-
ft/sec

DC OFF
ft/sec

1 1.6 0. 1 +. 75 1.0 0.8 +. 1 0.7 1. 1 -. 2 1. 1 0.8 +. 15

2 1.8 1.25 +.28 1.6 0.9 +.35 1.05 0.85 +.1 0.3 0.9 -.3
3 1.6 1.3 +.15 1.6 0..6 +.5 1.8 0.3 +.75 0.7 0.6 +.05

4 2.7 0.75 4.98 2.2 1.7 +.25 1.4 1.3 +.05 1.5 1.0 +.25

5 1.4 0.6 +.4 1.0 0.8 +.1 0.6 0.6 0 0.7 0.3 +.2
6 - - - - - -

7 4.4 2.0 +1.2 3.6 0.7 +1.45 3.0 1.3 +.85 1.0 3.0 -1.0
8 3.0 1.2 +.9 2.6 1.4 +.6 2.2 1.8 +.2 2. 4 1.8 +.3
9 3. 6 1.2 +1.2 2.0 1.5 +.25 2.2 0.9 +.65 2.2 1.2 +.5

10 5.2 1.4 +1.9 4.0 0.8 +1.6 3.4 1.4 +1.0 3.0 1.5 +.75

11 4.4 2.2 +1.1 3.2 2.5 +.35 2.8 1.4 +.7 2.4 2.2 +.1

12 7.0 1.5 +2.75 4.0 1.5 +1.25
13 4.2 1.0 +1.6 2.4 1.2 +.6
14 6.0 2.5 +1.75 3.5 2.0 +. 75

(1) Restrained U = measured maximum horizontal current velocity for restrained model.
(2) Restrained V = measured maximum vertical current velocity for restrained model.
(3) Max+ = maximum velocity in the + direction, i. e. , towards wave board .
(4) Max- = maximum velocity in the - direction, i. e. , towards beach.
(5) DC OFF = [(Max+) - (Max-)] /2 .



Table 41. Restrained duct plate, hanger , and vane strain data.

Run
Number

GD1 GD2 GD4X GH3 GH4 RV2-1 RV2-2 RV2-3
(1)

Max+
us

(2)
Max-

us
Max+

us

Max-
us

Max+
us

Max-
us

Max+
us

Max-
us

Max+
us

Max-
us

Max+
us

Max-
us

Max+
us

Max-
us

Max+
us

Max-
us

1 102 102 400 300 614 614 0 0 0 0 0 0 0 0 0 0
2 78 125 167 333 469 391 0 0 0 0 0 0 0 0 0 0

3 47 63 167 167 242 258 0 0 0 0 0 0 0 0 0 0

4 303 303 800 700 1000 909 50 17 0 0 + + 28 28 ? ?

5 30 46 143 143 182 182 16 16 0 0 0 0 0 0 ? ?

6 - - - - - - - - - - -
7 242 424 778 667 727 1045 64 16 0 0 + + 14 14 ? ?

8 63 109 200 400 455 455 0 32 0 0 0 0 0 0 0 0

9 61 91 200 300 450 200 16 16 0 0 0 0 0 0 0 0

10 422 391 1111 833 909 1182 33 17 0 0 + + 14 14 + +

11 219 469 600 600 727 1045 33 17 0 0 + + 14 14 0 0

12 750 375 1100 700 909 2227 33 117 + + + + 28 14 + +

13 172 500 556 556 636 909 33 17 0 0 + + 0 0 0 0

14 375 406 750 750 791 1500 50 17 + + + + 14 14 0 0

(1) Max+ = maximum tensile strain.
(2) Max- = maximum compressive strain.
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