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PREFACE

The Los Angeles and Long Beach Port Authorities plan to construct

additional harbor basins and dredge deeper channels and harbor ~reas to

meet growing future demands for expansion of ship mooring facilities.

The Los Angeles and Long Beach Harbors model study was undertaken to

investigate (a) incidence of harbor oscillations adverse to ship moor-

ing, (b) tidal circulation characteristics of the existing harbor and

proposed expansions, (c) optimum plan for future expansions, and (d) ef-

fects  of future expansions on existing harbor conditions. This report,

the fourth in a series to be published under the general title “Los

Angeles and Long Beach Harbors Model Study,” considers design criteria,

wave generator design and control, and data acquisition for the hydrau-

lic model.

Project administration and funding were provided by the U. S.

Army Engineer District, Los Angeles (SPL), under project management of
Messrs. J. Chapman, H. Converse, and T. Nizinski and under the general

direction of Messrs. G. Fuquay, former Chief of the Engineering Divi-

sion, T. Nishihara, Chief of the Engineering Division, and C. H. Fisher,

Chief of the Coastal Resources Branch. COL R. J. Malley, CE, COL J. V.

Foley , CE, and COL H. G. Robinson, CE, were District Engineers of SPL
during the course of this study. General project administration for

the U. S. Army Engineer Division, South Pacific , was provided by
Messrs. 0. F. Weymouth, 0. T. Magoon, J. W. Gerhart, and A. E. Wanket.

The data analyses were conducted in the Hydraulics Laboratory of

the U. S. Army Engineer Waterways Experiment Station (WEs), under the
general supervision of Messrs. H. B. Simmons and F. A. Herrmann, Chief

and Assistant Chief, respectively, of the Hydraulics Laboratory. This

report was prepared by Mr. D. G. Outlaw, Harbor Wave Action Branch
( HWA B), Dr. I). L. Durham, HWAB, Mr. C. E. Chatham, Chief of }IWPIB, and
Dr. B. W. Whalin, Chief of’ the Wave Dynamics Division .

Model construction was supervised by Mr. C. W. Brasf’eild with the

assistance of Mr. B. B. Bottin. Two—dimensional breakwater and harbor

side—slope wave tests were conducted by Messrs. Chathain and L. A. Barnes,



Civil Engineering Technician . The prototype wave refraction analysis

was conducted by Mr. Chatham and the model refraction analysis by

Mr. Outlaw.

Directors of WES during the model design and the preparation and
publication of this report were BG E. D. Peixotto, CE, COL G. H. Hilt,

CE, and COL John L. Cannon, CE. Technical Director was Mr. F. H. Brown

.2
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CONVERSION FACTORS , U. S. CUSTOMAR Y TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

inches 25.14 millimetres

feet 0.30148 metres

miles (U. S. statute) 1.60931414 kilometres

miles (U. S. nautical) 1.852 kilometres

fathoms 1.8288 metres

square feet 0.092903014 square metres

square miles (u. S. 2.589988 square kilometres
statute)

acres 140146.856 square metres

cubic yards 0.761455149 cubic metres

gallons per day 3.7851412 cubic decimetres per day

pounds (force) 14.14148222 newtons

feet per second 0.30148 metres per second

feet per second per second 0.30148 metres per second per second

degrees (angle) 0.011145329 radians

Fahrenheit degrees 5/9 Celsius degrees or Kelvins*

* To obtain Celsius (C) temperature readings from Fahrenheit (F) read-
ings, use the following formula: C = (5/9)(F — 32). To obtain
Kelvin (K) readings, use: K = (5/9)(F — 32) + 273.15.

14



LOS ANGELES AND LONG BEACH HARBORS MODEL STUDY

MODEL DESIGN

PART I: INTRODUCTION

Background and Model Study Objectives

1. The ports of Los Angeles and Long Beach are located on San

Pedro Bay along the southern coast of California.  A location map and

the harbor configuration are shown in Figure 1. Development of the

harbors and historical  surge act ivi ty  are reviewed in detail as a

port ion of a study completed by Science Engineering Associates (SEA)1

for the U. S. Army Eng ineer Dis t r ic t , Los Angeles ( SPL) ,  in July 1968 .

The four major objectives of the Los Angeles and Long Beach Harbors

study conducted by the U. S. Army Engineer Waterways Experiment Station
(WES) are to :

a. Determine incidence and severity of troublesome oscilla-
tions in the present harbor complex.

b. Investigat e tidal c irculation characteristics of the
present and proposed harbors.

C .  Determine the optimum plan for future expansions to pro-
vide safe and economical berthing areas.

d. Analyze the effect proposed expansions will have on
existing harbors.

The study results are being published in a series of reports under the

general title “Los Angeles and Long Beach Harbors Model Study.” This

report is the fourth in the series and covers model scale and size,

wave generator design , and model data acquisition and analysis proce-

dures , primarily for wave—induced harbor oscillations. Model operation

and appurtenant equipment for tidal circulation studies are discussed
2

in Report 5.

2. To achieve the first objective and acquire prototype tidal

data for the second objective, the WES approach was to:
a. Acquire prototype wave data over a 1—yr period.

I. Record observations of ship motion.

c. Catalog ships using Los Angeles and Long Beach Harbors.

5
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d. Conduct analytical inves t iga t ions  of moored ship response .

e. Perform extensive analyses of prototype wave data.

f .  Attempt to correlate ship motion with wave height and
frequency.

~~~. Collect prototype tidal height and current data to verify
model tests of t idal  circulation within the harbor complex .

The prototype data collection program for waves, ship motion , and tides
is described in Report l~ and results of the wave data analyses are

described in Report 3 of this series. Ship motion data were published

in Report 2~ and tidal data in Report 5
2

3. The purposes of the physical model study were to investigate

harbor oscillation characteristics and tidal circulat ion for the exist-

ing harbor and to optimize design of the proposed harbor mod i f icat ions

to provide safe and economical berthing con ditions while maintaining or
improving circulation in the harbors.

14 . Several previous model studies of San Pedro Bay have been

conducted. The first model ,’ built in 1927, was of a relatively small

section of’ Los Angeles Harbor and was used primarily to study the ef-

fect of various proposed modifications on surge conditions in East

Channel. Other model studies1
~~

6
~ 7~

8
~ 9 at WES and at the California

In~iti t~ tc of Technology were conducted to study proposed plans for con-
stru ct i on of a model for the Naval Base on Terminal Island , a proposed

naval supply depot tu be located near Point Fermin , and the Southeast

Basin in T ong Beach Harbor. In recent years , plans have been developed
f o r  add i t iona l  expansion of the harbors (desc~ ibed in paragraphs 13—18)

that would si g n i f i c a n t l y  mod i fy the shape of the ;‘iter harbors and

increase the depth in some areas to accommodate deep—draft vessels. As

indicated in Reference 2, proposed plans are so extensive that a careful

examination of their effects on existing harbor and expanded harbor

fa cilities is requi r ed to ensure that the optimal cost effective ex—
pansiorA plan is devel ,pe 1 in order to minimi ze the potential for un-

desirable ef fec t s which could prove either irreversible or extremely

costly to correct. Wavo—ir dLzi ed harbor oscillations can be of suffi-

cient magnitud e to create navigat ion, berth ing , and mooring problems

7



due to the i r  ef f e c t  on ship motion. Thould existing tidal cir ul-ation

be i mpaired , the po ten t i a l  e x ir t s  for i n s u f f i c i e n t  pollutant dissernin~i—

t ion and undesirable water qua l i ty .  A physical  hy draul ic  model is an

excellent method for quantitatively inve::tigating harbor oscill Ltions

and t idal c i r cu la t ion .  Advantages of the physical model are that by—

drodynainic phenomena can be scaled directly from model to prototype
1

(provided it is designed properly) and modificat ions to proposed harbor

plans can readily be evaluated . Improper model design can result in

the in t roduct ion1 of spurious boundary e f f ec t s  and unnatural  wave

height s and mode shapes in the model.

5. In the SEA study, a physical model covering an area of ap-

proximately 9— by 16—nautical m iles* with a l :14—scale distortion was

recommended for wave periods greater than 2 mm and less than 1 hr.  A

second model of approximately 6— by 11—nautical miles with a 1:2—scale

d i s t o r t i o n  at a larger scale was suggested for wave periods between

15 sec and 2 m m .  In the second model , the e f fec t  of model d i s to r t ion

on the t ime t~cale ratio at lower wave periods would be reduced . General

model laws and scales for modal shapes and frequencies of osc illations,

r efra ct ion , shoaling , and diffraction also were discussed in the SEA

study for distorted physical models.

6. After  review of the preceding physical model recommendat ions ,

the feasibility of using one model with a larger horizcnt.al scale was

considered at WES and a single model (Figure 2) was found to be feasi-

ble for investigation of l ut h  harbor osc i l la t ion  phenomena and t idal

c i r cu l a t i on .  In Part of t h i s  report , the o ff ec t s  o, wave re f rac t ion ,

d i f f r a c tion , viscous ifiction , wave re~ 1 fc ~ ion , wave t r ansmiss ion

t hrough the  harbor breakwaters, wave f1 I t~~rc , and wave absorbers are

considered in order to determine model scales and l im i t s .  In the re—

na m ing sections of the report , wave gencrator des gn and model data

ac quis it ion and analyses are descr ibed .

* A table of’ factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 14.

8
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Figure 2. Los Angeles—Long Beach Harbors model

Descript ion of Los Angeles and Long Beach Harbors

7. Los Angeles and Long Beach Harbors occupy a major part of

ian Pedro Bay and are separated by the city boundaries as shown in

Figure i. The harbor is 370 nautical miles southeast of’ San Francisco

Bay and is 95 nautical miles northwest of San Diego Bay. San Pedro Bay

is protected on the west by the Palos Verdes San Pedro Hills an~ t~oint

Fermin but is exposed on the south and southeast. Santa Catalina Is-

land and San Clemente Island partially shelter the harbor from the

southwest . The offshore topography of the ocean bottom near San Pedro

Bay is shown in Figure 14. As indicated on the figure, the con t inen ta l

shelf extends outward in a convex shape. Near the 100—fathom contour

l ine , the shelf drops off sharply toward the San Pedro Channel , reaching

9
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topthr in excess of 500 fathoms. A submarine canyon also intersects the

cont inental  shelf on each side of the bay , and the canyons extend

w i t h i n  the model l imi ts  as shown in Figure 14.

8. The harbor is protected on the seaward side by an 8—mile—long

~ro- breakwater extending from Point Fermin eastward past the Long

~e~io h Harbor (Figure 3). The breakwater
2 consists of three sections

r~~~i~~t i y built approximately along the 50—ft contour line. The first

be c~o •oiru ct~-d was the San Pedro breakwater from Point Fermin to

~O~~/ , S  Ga’. , tb. Los Angeles Harbor entrance channel ; the second was
.
~~~~~ ~• ‘ H i . -  tr tkw at tr extending from Angels Gate to Queens Gate, en-

t rance ‘t oo to ~ r~~ Beach Harbor; and the third was the Long Beach

breakwFt ’

11 . ,  - t ’t— l oig San Pedro breakwater is of stone—mound

c c ro ;t rA - ’ I ri o -‘q course of granite blocks to an elevation of

4 a~ 
- . - - w t  w water (mllw). The Middle and Long Beach

br~~~~ .at  . -also ire o ’ otone—mound construction but have a sand core

~~~~~~~~~~ 
w i t.  -

~ ~~~~~ . .‘iv e•y impervious clay; the crown elevation of these

-
~ ~ r ~~ ~~~~~ . also is + . f t  mliw. The impervious core in the Middle

ex ’•r ~~s ‘ i r x i ~~i’ e~ ’,’ Hi ft above the harbor bottom (—26 ft

ar ‘ : . -  ~ore “ t o ~ - -ro .~ i’- .-ach breakwater is 26 ft above the

bo’ n C - • f’ mL~ -~ . y~ ~~~ oro ;s sections through the three break—

• are s’ d~. I ~‘- ~ r e -

10. p
- ~~~~~~ to ;  i t  I / c  Ar ;~~.-’ I ~ c Harbor vary from lo to 50 f t .  Con—

~ liIoa r •
~~ ‘hs :‘ t v a rj uc ~‘ h r r ’ - l s  and basins are:

________________________  
Controlling Depth , f t  mliv

i~:r .t r ’t r ’~ ‘ t . -~ r r .  140
1 . ’ - - ,  r~ ~

• 
• Lr r ce channel  51*

~. - A r r i : , z  basir. ( utt~r arb; r) 51*
Los An~~~~1e8 ‘t i a r i r i e l 35

‘lu r’r i rig t a c i t  (Inner ~;rtrb i t )  35
I t ; ~~~~ . channel ~t r ; 1 Cerritos  Channel 35

35
• on ; j r  35

* I- . ~~~~~ ‘~~t . 1O~ ) t .}1 of 140 ft; dredged to 51 ft by Port of Los
es.

11
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In Long Beach Harbor, depths vary from i8 to 70 ft. Controlling depths

for various channels and basins are:

Channel/Basin Controlling Depth, ft mliv

Entrance channel 62

Cerritos Channel 50

Turning basin 55

The Federal project depth for the Long Beach turning basin and channels

is 35 ft mliv, but the depths have been increased by the Port of Long
Beach to accommodate deep—draft vessels. Considerable subsidence also

has occurred in years past due to extraction of oil from the area.

11. Tidal circulation, freshwater discharge, salinity, and

thermal stratification conditions in the existing harbors are dis.~ussed
in Reference 2. A brief summary of the data from Reference 2 pertinent
to model design is as follows :

a. Tides in San Pedro Bay are of a mixed type (two unequal
tides per day) with a mean tidal range of 3.8 ft and a
diurnal (mean higher high to mean lower low) range of
5. 14 f t .  Tidal datum is mllw which is 2.8 ft below mean
sea level.

‘b. Tidal currents in the bay are rather weak with a normal
maximum current velocity of approximately 1 fps. Wind—
generated currents can be of the same order of’ magnitude.

c. Freshwater discharges are limited to intermittent storm
runoff primarily through the Doininguez Channel and the
Los Angeles River and a few other effluent discharges.

ci. Salinity of’ the harbor is essentially uniform and very
close to that of the surrounding coastal waters, approxi-
mately 33 to 314 ppt total salts. A surface layer of low
salinity may form in individual basins due to storm run-
off from rains, but these conditions are relatively rare
and do not persist.

e. Low—salinity effluents include cannery wastes in the
vicinity of Fish Harbor and discharge from the Terminal
Island Sewage Treatment Plant. The effect of numerous
other small effluent discharges in the harbor is not
significant .

f. Cooling water discharges in Los Angeles Harbor are prin-
cipally due to the Union Oil refinery which averages
about 26 mgd with a maximum flow of about 30 mgd, and

13



the City of Los Angeles’ harbor steam plant located
adjacent to West Basin. The plant withdraws water from
Los Angeles Harbor slip 5 and discharges into the north-
east corner of West Basin with an average flow rate of
78 mgd. The plant operates at intervals dictated by
peak electrical demand and has a capacity flow rate of
397 mgd with a 12—15°F temperature rise.

&~ 
Thermal stratification in San Pedro Bay ranges from mild
seasonal t emperature gradients to strong local gradient s
near cooling water discharges. Ambient surface tempera-
tures average about 50°F during the winter and 68°F
during the summer.

An additional cooling water discharge is anticipated from a return to

partial service of the Southern California Edison Company Generating

Station on Terminal Island with a maximum flow rate of about 80 mgd.

A second standby plant may increase the maximum flow rate by about

123 mgd at times. The cooling water intake and discharge are in the

Long Beach back channel.

12. The average depth
2 
of the entire harbor is approximately

36 ft below mliv; neglecting the inner harbor area , the average depth

is approximately 38 to 39 ft. Navigation channels and ship berthing

areas usually exceed the average depth, as discussed in paragraph 10.

Average depths for various sections of the harbor are given in

Reference 2.

Los Angeles and Long Beach Harbors
Proposed Development Plans

13. The proposed Federal project11 includes dredging ship char.-

nels and turning basins in Los Angeles Harbor and deposition of the

dredged material in parts of’ the harbor where new land areas are planned.

The proposed Federal project will require dredging of approximately

10,000,000 cu yd and will provide about 187 acres of landfill. The

dredged channel , shown in Figure 6, is needed in the Los Angeles Harbor
to permit use of the port by larger general cargo bulk and container

vessels. Diking for the landfill would be provided by local interests.
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114. Recommended dimensions of’ waterways in the Lrs Angeles Harbor

Federal project are:

Depth ,
Width , ft Length , ft  ft mllw

Entrance channel 1000 5,500 145
Los Angeles channel 750 12,500 145
Turning basin (inner harbor) 1350 1,650
East Basin channel 350 6,000 1.5
West Basin 350—1350 ‘,800 1.5

East Basin 350—1350 variable

15. As indicated in Reference 11, the propo~. ?ederal projec t

is concerned only with meeting the immediate needs for improvement of
Los Angeles Harbor . Further investigation of’ the Los Angeles—I, r~ beach

Harbors area is authorized to deternnne if there is a need for , and a
Federal interest in , future navigation improvements.

16. More extensive proposed harbor development plans are being

considered by the Port of Los Angeles and the Port of’ Long Beach to

provide for supertanker facilities and, for the Port of Los Angeles,
liquified natural gas (LNG) facilities. Exact configurations have not

been determined by the ports, and a number of different configurations

and construction phases are to be tested in the hydraulic model.

17. The planned LNG faci l i ty  in Los Angeles Harbor will be con-

structed on a landfill area of’ about 300 acres adjacent to Terminal

Island with a navigation channel and mooring slip depth of’ _145 ft mllw.

For the supertanker facilities, alternatives
12 may range from dredging

a 65—ft channel from the harbor entrance to existing tanker facilities
to canstruction of three new supertanker berths and dredging of a deeper

navigation channel. New landfill would be added in Los Angeles Harbor

with material dredged from the new channel.

18. In Long Beach Harbor, a proposed development by the Port in-

cludes deepening of the main navigation channel to either —65 or —82 ft
milw, addition of approximately 120 to 130 acres of landfill southward

of Pier J for new supertanker and container ship berths, and additional
landfill in the outer harbor between the Middle breakwater and the Navy

Mole.
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19. Ar. example of’ an early proposed development plan which in-

cluded a marine development by the City of Long Beach east of the South-

east Basin is shown in Figure 7. The development plan is preliminary but

provides  an indica t ion  of planned harbor improvements. In Long Beach

Harbor several revisions including reduction in the size of the landfill

and addition of’ a breakwater have been proposed adjacent to Pier J. Fu-

ture development of the harbor will undoubtedly be constructed in phases.

Model Description

20. The Los Angeles—Long Beach Harbors hydraulic model’ (Figure 2)

was molded in cement mortar and reproduced to scale San Pedro Bay and a

portion of the Pacific Ocean surrounding the harbor area. The model

shoreline extended from approximately 2 miles northwest of Point Fermin

to Huntington Beach. Underwater contours were reproduced out to the
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Figure 7. Example of a proposed development plan for the
Los Angeles—Long Beach harbors
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—300 ft mJ.lw contour , and suff’icierit additional offshore area was in-

cluded to provide room for wave generators and the tide generator. A

general view of the model is shown in Figure 8. Operation of the tide

generator system is discussed in Reference 2.

21. The model scales were 1:100 vertically and 1:1400 horizon-

tally . The model area was approximately 1414,ooo .~q ft, representing
about 253 square miles of prototype area. Depth data for model con-

tours were obtained from the U. S. Coast and Geodetic Survey (now

National Ocean Survey) Charts 5101 and 51147, and from harbor soundings
provided by the Ports. Major piers and wharves were reproduced in the

model with 1/16— and l/32—in. — diam brass rods used to simulate pier

piling. The bays east of’ the l~Iarbor such as Alamitos Bay and Anaheim

Bay were correctly reproduced in plan but depths were averaged in the

model in order to expedite construction and , at the same t ime , permit

proper reproduction of approximate tidal volumes. If future studies

in these areas are needed , the actual topography can be installed in
the model with relative ease.
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PART II: MODEL DESIGN ANALYSIS

Design of’ Model

22. For analysis of wave—induced harbor oscillationr in the

Los Angeles—Long Beach Harbors, the parameters considered during model

design were wave refraction and diffraction , viscous frict ion e f fec ts,
wave reflection, wave transmis si on , and wave filters and wave absorbers.

Also considered were the ab soiTute dimensions of model wave heights and

periods and cost of model construction.

Wave Refraction, Diffraction, and Harbor Response

23. Wave refraction13 is the process by which the direction of

waves approaching a coastal area at an angle to the contours is changed .

The part of the wave advancing in shallower water moves more slowly

than that part advancing in deeper water, causing the wave crest to

bend toward alignment with the underwater contours. Dependent upon the

shape of the underwater contours , bending of the wave front may increase

or decrease the wave height . The protection provided San Pedro Bay by

the offshore islands and the broad sill west of San Pedro Bay connect-

ing San Nicolas and Santa Rosa Islands varies with wave direction and

period . However, previous refraction studies’ have shown that the bay

is relatively well protected from long—period wave attack except for

directions between south—southeast and south—southwest . Wave refraction

anal ysis1 by SEA indicates that short—period waves (near 15 sec ) from
the south are focused along the breakwater near the Long Beach Harbor

navi gation entranc/ due to the convex shape of the underwater contours.
SEA wave refracti~ n diagram s1 from the south for longer period waves

(30 sec or larger) indicate that these waves can propagate into the

harbor area through the Gulf of Santa Catalina without encountering any

effective natural barriers. Wave heights seaward of the harbor area

also would be relatively unaffected. The refraction analysis by SEA

also included other directions for 15— , 30— , 60— , and 120—sec waves, and
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t1 ~ - rt ~1t ~~ support the conclusion that San Pedro Bay is relatively

well r~~t e~ted except from th-? south—southeast through the south—

~~~~~ ~ Wt’ .

p1.. ~iffraction
13 

is the phenomenon by which energy is trans—

r’itted latorally along a wave crest . Near an island or breakwater , the

~ ‘~ves J r ol~~~ i te  in to  the sheltered area in the lee of the structure.

In a dist-~r ed—scale model , refract ion and f lf f ract ion cannot both be

~~ ~~~~~ .~caied simultaneously . Refractive effects depend on wave

c e l e C - i~~ a C l l ar~ a funct ion  of h /L  ( the  ra t io  of water depth h to wave-

l ength L ) .  D i f f ’ r-a t - i c n  is a function of x/L or y/L ( the ra t io  of han —

zor~~-~l ~i. ’ -tr ~ -e t~ wavelength). If wavelength is scaled according to

~~ ver i al  length scale in a distorted—scale model , the ratio h/L

wiLt  ~~ ir. exa~~ sim i litude and consequently refraction similitude will
r e — acLieved. If wavelength is scaled according to the horizontal

i ength  scale in a distorted—scale model , the ratio x/L or y/L will be

in exact s i m i l i t u d e  and d i f f r ac t ion  similitude will be achieved . In

the Los Angeles—Long Beach model study, the most important design con-

straint is that similitude of mode shapes and resonant frequencies of

osc illa t Ln be precisely achieved . The governing Helmholtz equation1

f~~r harbor oscillations is

f- (h ?) +f(h }a)+ ~~~~~~~~ ( 1)

where

x,y,z = axes of a rectangular coordinate system fixed at the
mean water surf ace

= loc al surface elevat ion
o = angular frequency

g = acceleration due to gravity

Since the same equation applies in model and prototype, Equation 1 may
be written as
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where the subscript p represents the prototype and r , the scale

ratio of model to prototype. From inspectional analysis, the coeffi-

c ients of Equation 2 must be equal, or

h h
r r 2 /
2 2 rx yn r

a ft~~- d iv id ing  through by T1r Equation 3 indicates that a hydrauli c
model may ‘be distorted for proper simulation of harbor resonant oscilla-

tion frequencies. The angular frequency may be written in terms of

w~. ‘~‘1 e ng th  and water depth and Equation 2 indicates that the wavelength

m’ait be scaled by the horizontal scal e ratio. Wave height , however , may
be scaled by the vertical scale ratio.

25. Therefore, us ing  the hor izontal scale rat io L
r 

for wave-

length , d i f f ract ion and harbor osc illation frequenc ies will be in
simili tude but refraction will have a scale effect due to model dis—

t~ rti r. . For shallow—water waves where the wave celerity is governed

by the local depth , model distortion will have little effect on re—

fracti~ ri. The equation for wave celerity C from small amplitude wave

theory is

1/2
c = (

~ 
tanh kh) ( 1 4 )

where k is the wave number , 2ir/L . As the wave period increases ,

tanh kh approaches kh and , for shallow—water waves, the ce1e~ ity
becomes

C = (gh)~~
2 

(~~)
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-r el’o~r~ iy, for shallow—watt~ waves , model dis tortion has a neglig ible

effect n wcive refraction . The ratio of celerity cn ] e u ~~ated from Equa—
t i~~n 1. t o  the shallow—water approximat ion  of Equat ion 5 is shown in

Figur e 9 as a func t ion  of wave per iod for water depths of 39, 50 , 100 ,

and 300 Ct (for both t I n  prototype and the  di ctn rt ed—scale mode l ) .  As

indicated by Figure 9, the dist rt ion scale effect on wave celerity is

negligible ( < 1 .3 %  c tt  300 ft )  for T ? 120 sec . At depths less than

300 Ct , the wave period above whirl . ~he wave c elerity remains relatively

constant (i.e. C -
~ V~~) decreases. The shape of the offshore topog-

raphy also influences wave refraction patterns , and if the wave front
propagates approximately normal to the o f f sho re contour s, refract ion

pa~ terri~ may ‘be similar at periods much less than the lower limit in-

dicated for 1.3 percent accuracy by the shallow—water celerity

approximation.

26. Due to the model distortion , the time scale ratio T is
r

affected by the choice of vertical or horizontal scale for wavelength.

The angular wave frequency is

= = (gk tanh kh)
2
~

”2 (6)

Using the horizontal scale for wavelength , the t ime scale ra t io  can
then be wr i t t en  as

2 1/2
tanh ~~~~~

- h~
T = L  (7)r r 2r

tanh — hL m
m

wher e th e sub scr ipt m refers  to mod el quantities. The equation can

also be w r i t t e n  as

2s 1/2

T = L 
~~~~~~~~ 

(7 a )
tanh — h

\ L~ pj
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where n is the model distortion. As tanh kh approaches kh , the

t ime scale ratio may be approximated by

L
T 

r 
(Tb)r (h)l/2

For an average depth of 39 ft, the prototype wave period calculated

from Equation Tb is within 1 percent of the period calculated from

Equation 7 for T > 85 sec . In a distorted—scale model where refrac—

ti~~n is the most s ign i f i cant effect  and wavelength is scaled by the
vert ical  scale , the time scale rat io is:

T = ( h ) l/2  (T c)

27. In summary, for analysis of wave—induced harbor oscillations ,

the  preceding di scussion of s imulating refract ion , diff ract ion , and
resonant f requencies  of osci l lat ion in a distorted model indicates  that :

a. Wavelengths in the model should be scaled by the hori-
zontal scale ratio.

b. The t ime scale ratio from model to prototype is depen—
den t on wave period arid water depth and is given by
Equation 7.

c. The harbor is relatively well protected from long—period
wave attack except from the south—southeast through
south— southwest.

d. Refract ion in the distorted—scale model and prototype
will be in similitude (to a very close approximation)
for longer wave periods (say, greater than 75 sec).
However , at shorter wave periods , there may be some
refraction scale effects that require adjustment in
either the wave generator position and/or wave height
in order to ensure similitude of’ wave refraction.

Results of a detailed wave refraction analysis are given in the next

sections for distorted— and undistorted—scale conditions.

Wave Refraction Analysis

28. A detaiLed wave refraction analysis was conducted for the
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offshore area using an analysis procedure l14 
that calculates wave orthog—

onals w i th th e usual assumption that wave energy i s not transm itt ed

along the wave front perpendicular to the wave orthogonal . Wave height

H is given by

H = K K H . (8)
r s i

where

K = refraction coeff i ci entr
K = shoaling coef f i c ient

H. = in i tia l  wave height

Bottom reflection is neglected since this effect is normally not sig-

nificant for small slopes. Bottom friction and percolation also are

neglected15 sinc e their effect  is minor in the prototype for small
amplitude, long—period waves. As a part of the procedure , a second—

degree polynomial is fitted ‘by a least—squares technique to 12 points

in a rectangular gr id with a square mesh surround ing the area through
which the orthogonal is propagating .

29. The accuracy of the polynomial representation of complex

of f shore  topography increases as the number of points in the rectangu lar
grid increases. Ti~o rectangular grids were used for prototype condi-

tions in the wave ref ract ion analysis:  Grid 1 covers a large area with
a wide grid spacing ; Grid 2 covers a small area adjacent to the harbor

with  a more detailed grid; and the boundaries of the two grids are shown
in Figure 10. The wave refraction data from Grid 1 are used for the

in i t ia l  wave orthogonal data in Grid 2. Grid point spacing and gr id

s ize  were :

Grid No. Point Spacing, ft  Grid Siz e, f t

1 97140 360,380 1418,820

2 1675 110,550 x 187 ,600

Depth data at each grid point were obtained from the U. S. Coast and

Geodetic Survey (now National Ocean Survey) Chart 5101 for Grid 1 and

Chart 51142 for Grid 2. Grid 2 data also were used for the physical
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GRI D

Figure 10. Location of’ wave refraction Grids 1 and 2

model wave refraction analysis with depths limited to a maximum of

~00 ft mllw.

30. Wave refraction diagrams were calculated for 15, 20 , 30, 145,

60, 75, 90, 120 , 180, 2140, 300, and 360 sec using Grid 1 for waves ap-

proaching from the south. Plates 1_14 show the refraction diagrams for

wave periods of 15, 30, 60, and 300 sec. Refraction patterns for the

remaining periods are similar . The diagrams show the effect of Santa

Catalina Island on wave refraction at the longer wave periods. Strong

convergence of’ wave energy seaward of the Queens Gate ‘breakwater en-

trance is vividly illustrated . The model limits also are shown in

Plates 1—14 and have been selected to ensure that the convergent zone

is included within the model area. Within the strong convergent zone,

diffraction effects not accounted for by normal wave refraction analyses
16,17 . .become quite significant and refraction coefficients are no longer

valid. The convergent zone, although not as pronounced , exists for a
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wave period of 15 sec as well as longer periods and is a resul t of the

convex bottom topography and submarine canyons. The —300 ft mllw r-nn~~

tour encloses the convergenc e zone.

31. After selecting the model limits based on the preceding wave

refraction data , a more detailed analysis of wave refraction was neces—

sary within the model limits. Using Grid 2 (Figure 10), new wave orthog—

onals were started (using initial conditions based on the data from

Grid 1) for selected wave fronts. Wave refraction diagrams again wer ’~

calculated for 15— , 20— , 30— , 145— , 60— , 75— , 90— , 120— , 180— , 2 140— ,

300— , and 360—sec wave periods. Examples of these diagrams fur 30, 60,

180 , and 360 sec are shown in Plates 5—8. The orthogonal convergent

zone is shown in more detail in these diagrams. At the lower periods

( approximately 15 to 30 sec ) the refract ion diagrams ind icat e that the

convergent zone is approximately focused on Queens Gate. As the period

increases, however , the focus of the convergent zone shifts slightly

eastward along the Long Beach breakwater. Provided wave periods are

greater than approximately 75 sec, refraction patterns are s imi lar  near

the convergent zone. The wave orthogonals do not directly overlay sinc e

the orthogonals were started from varying locations al ong the wave fron t

selected for each wave period due to refraction occurring seaward of the

initial wave front used for the detailed analysis. Similarity of re-

fraction patterns (for T > 75 sec ) is primarily due to the effect of

depth on wave celerity discussed in paragraph 25.

32. The shape of the wave front for 15— , 20— , 30— , 145— , 60— , 75— ,

and 360—sec wave periods immediately after  the wave fr ont enters wi thin

the model limits and approaches the —300 ft mnllw contour is shown in

Plates 9—11. The 15— and 20—sec wave fronts are relatively straight bu’

the 30— and 145—sec wave fronts are starting to curve as the refractive

ef fec ts  increase. For longer wave periods , shape of the wave fronts is

similar near the —300 ft mllw contour . However , near the east and vest

model lim its wave front shape varies with wave period . This variation

is due to the effect of Santa Catalina Island , the two submerged canyons ,
and nearshore topography at the east and west model l i m i t s .  The varia-

tion also can be seen in the large grid wave refraction diagrams shown
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in Plates l—~4. In general, bathymetry near Santa Catalina Island causes

the wave orthogonals passing the island to bend northwestward as the

period increases. Nearshore, the orthogonals tend to bend perpendicular

to the offshore topography as the period increases. The complexity of’
t hese effects precludes a consistent trend in wave front shape (as a

function of period ) near the model limits. It will be illustrated later

c hat differences in wave front location at longer wave periods (in the
j rototype) seem to be balanced by the effects of’ model distortion and

limitation of model depths to —300 ft mllw, and consequently , a single
wave front position can be used in the model for longer periods.

33. The effect of model scale distortion on wave refraction was

initially investigated using Grid 2 with the grid point distance scaled

by the horizontal scale and depths by the vertical scale for the follow-

ing condi tions :

Condition No. Distortion Ratio Vertical Scale Horizontal Scale

1 1:2 1:100 1:200

2 1:3 1:100 1:300

3 1:14 1:100 1:1400

As indicated above , model distortion ratios of 1:2 , 1:3, and 1:14 were
considered . Change in model scale with the same distortion ratio pro-

duces ident ical refraction patterns and is not considered . The 1:100

vertical scale was near the minimum scale ratio necessary for measure-

ment of’ small amplitude waves. Typical examples of distorted—scale

wave refraction diagrams are shown in Plates 12—23 for conditions 1 to

3 at 30— , 60— , 180— , and 360—sec wave periods. The distorted—scale

refract ion analysis also included the 15— , 20— , 145—, 75— , 90— , 120— ,

2140— , and 300—sec periods. The initial data for orthogonal azimuth and

wave f ront  start ing location were taken from the results of the

undistorted—scale (prototype ) Grid 2 wave refraction analysis. Com-

parison of the distorted—scale wave refraction diagrams indicates that

wave refraction patterns for the 1:3 and 1:14 distortion ratios are

similar for all wave periods. However , at 15 and 30 see, the wave
refraction pattern for the 1:2 distortion ratio varies significantly
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from the two larger distortion ratios. At and above 60 sec , the refrac-

tion patterns are similar for all three distortion ratios. Also , com-

parison of the refraction diagrams for the prototype with the corre-

sponding refraction diagrams for distorted—scale condition s at 15— ,

30— , 145~~, and 60—sec wave periods indicates that the prototype and

dis to r ted—sca le  refract ion will be similar above approximately 60 see;

but near 60 sec and ‘below , the location of the wave front for distorted—

scale conditions is affected by the distortion and must ‘be adjusted in

order for model wave refraction to simulat e the prototype refraction.
314. Due to the results of the preceding analysis of dis tor t ion

effects on wave refraction , a model distortion ratio of 1:14 was selected .

The 1: 1,4 distortion ratio minimizes the model area and does not signifi-

cantly increase the period range over which adjustment of the in i t ia l

model wave f ront is necessary for refraction similitude. It was clearly

i l lustrated that there was a negligible d i f fe rence  in refract ion scale

effects when changing the distortion factor from 3 to 14 ; however , there

was a difference for a distortion ratio of 2. Thus, the onl y question

is whether to choose a distortion of 2 or 14. The cost reduction

achieved by the large reduction in model area (a factor of 14) using a
14 distortion ratio greatly outweighs the relatively modest technical
advantage of slightly smaller refraction scale effects. This is es-

pecially true when the refraction scale effect can be corrected (as is

the case here) by a change in the model wave front position. Since the

wave refract ion convergent zone is inclosed within the —300 ft mliv
contour , the underwater contours were reproduced out to this contour .

The submerged canyons near the east and west model limits are not re-

produced (below the —300 mliv contour) and adjustment of the initial

model wave front to compensate for the decreased depths in the canyon

areas is necessary .

35. Adjustment of the initial model wave front position was ac-

complished by an iterative procedure. A wave front location and wave

orthogonal azimuth were selected, a refraction diagram calculated , a
comparison made with the refraction diagram calculated using Grid 2 for

the same period , and the process was repeated until approximate
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simil itude of wave fronts and orthogonal azimuths was achieved seaward

of the breakwater and adjacent to the convergent zone. The initial

prototype and adjusted wave front locations are shown in Plates 9—1 1

for 15— , 20— , 30— , 145— , 60— , 75— , and 360—sec wave periods. Also shown

in Plates 9—11 are the comparisons of wave front positions for each of

the wave periods seaward of the harbor breakwater after the convergent
zone has formed.

36. In general, the prototype and model wave fronts near the
breakwater compare closely at the lower wave periods and reasonably well
as the period increases. For the longer periods shown in Plates 10 and

11, the model wave fronts tend -to diverge slightly from the prototype
near either end. While it may appear that minor shifting of the initial

model wave front would result in more exact agreement , the prototype

wave orthogonal azimuths along the wave front also must be simulated
and the intial wave front shown represents a compromise ‘between the

requirement s that ‘both wave front position and orthogonal azimuth should

‘be in similitude. Examples of the agreement between prototype and model
or thogonals are given in Tables 1 and 2 for 20— and 75—sec wave periods.

As indicated by the azimuth data, the maximum variation of the model az-

imuth from the prototype for the 20—sec wave period is 9.1 degrees with

an average variation of 3.9 degrees. Four of the ten 20—sec orthogonals

have a model azimuth less than the prototype. For the 75—see period ,

the maximum azimuth variation is 8.1 degrees. The variation for the

rema in ing ~ T ~~thogona1s is less than 5 degrees and the average varia-
tion is 2.8 degrees. Five of the thirteen 75—sec orthogonals have a

model azimuth less than the prototype.

37. The adjusted wave front location shown in Plates 9—li is

composed of’ straight line segments corresponding to the length of each

unit of the wave generator. The straight—line segments also affect the

accuracy within which the wave front location and orthogonal azimuth

can be matched.

38. As indicated in Plates 9—il , the initial model wave front

locations for 15— , 20— , and 30—sec wave periods show little variation ,

especially in the central sections of the wave front near the —300 ft
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contour ; thus , in the 15— to 30—sec range, an average of the three ini-

t ial  wave front locat ions was selected for the i n i tial model wave front

location . Similarly, an average wav e front was select ed for the 145— to

60—sec range . These average ini tial wave fronts are shown in Plate 214

along wi th  the i n i t i a l  model wave front.  for the 75—sec and above wave

period range . As shown in Plat e 214 , the average of the in i t i a l  model

wave front for the 145— to 60—sec range is shifted sigrificantly f rom

the 15— to 30—sec average initial wave front along the western limit of

the wave front . Additional model wave refraction analysis was neeersary

to determine the initial model wav e fr ont to be u sed in  the t r o n~;it ~on

from 30 to 145 sec . The wave front selected as a result of the ~d1itional

analysis for 35 sec also is shown in Plate 214 and provides a moc-th

transition from the 15- to 30—sec range to the 145— to 60—sec range.

The additional analysis indicated the average 145— to 60—sec model wave

front was acceptable for a 140—sec period.

39. Wave heights at each of the wave generators also were calcu-

lated in the refraction analysis. The prototype wave height was cal-

culated using Equation 8 at a location seaward of the convergent zone
and within the —300 ft contour . Then, normalized wave height s along the
wave front  at the wave generator were calculated using model ref ract ion

coe f f i c i en t  data. The normalized wave heights for each of the 114 wave

generator units at 15, 20 , 30, 145, 60, 75 , and 90 to 360 sec are shown
in Table 3. The shoaling coefficient  has not been used in developing

Table 3. There is a shoaling coef f ic ien t  scale ef fec t  in the model

(due to the scale distortion and method of scaling) which will be ac-

counted for in analyzing the model data; however , shoal ing does not

affect  the normalized wave height at the wave generator.

140. Normalized wave heights tend to reach a maximum near wave

generator uni ts  10, 11, and 12 in the 15— to 30—sec period range ; but
at 145 sec and above, the maximum normalized value occurs near wave

generator un i t  12. Location of wave generator un i t s  in the 15— to

30—sec period range are shown In Figure 11. The shift in the maximum

normalized wave height to wave generator unit 12 Is probably due to the

increased northwestwar d refraction near Santa Catalina Island discussed
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Figure 11. Location of wave generator units
1 to i14 in 15— to 30—sec period range

in paragraph 31. ~he minimum normalized wave height along the initial

model wave f ront  occurs at wave generator unit 2 and is probably due to

the effect of the submerged canyon on the western side of the harbor

area on wave ref ract ion-. The normalized wave height data also indicate

that the height of the wave front propagating into the Los Angeles

Harbor area is less than the height of the wave front propagating into

the Long Beach Harbor area. For a 15—sec wave period , the refract ion
analysis indicates that for an initial wave front, the wave height at

Angels Gate should be approximately 140 percent of the wave height at

Queens Gate. If the variation in wave height along the wave front is

not simulated , the resonant frequencies in the harbor area will not be

a f f e c t e d  but resonant response amplitudes and the wave energy dis t r ibu-

t ion  could ‘be a f f ec t ed .  Thus , it was planned to simulate the variable

height along the wave f ron t .
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~i. A brief summary of the conclusions from the wave refraction

analysis are:

a. fanta (‘rltalina Island has a significant effect on wave
refraction , particularly at the longer wave periods.

1. A convergent zone forms seaward of the ~ i dd l e  and San
Pedro breakwaters  over the 15— to 360—sec period range
i nc lu ded in the  analysis.

c. Ref rac t ion  patterns were similar at and above a wave
period of about 75 sec near the convergent zone.

d. For scale distortion ratios of 1:3 and 1:14, the calcu-
lated refraction patterns were similar over the 15— to
360—sec period range , but for the 1:2 dis tor t ion ra t io ,
the calculated r efract ion was signif icant ly d i f f erent at
lower periods.

e. Near a wave period of 60 sec and ‘below , the calculated
refraction patterns for distorted scale condi t ions
chang ed signif icantly from the calculated prototype re-
fraction patterns , and adjustment of the in i t ial wave
f ron t  in the model was necessary.

1’. A model distortion ratio of 1:14 and a vertical scale
ratio of 1:100 were selected to mi n im ize mod el area and
to provide a vertical scale ratio where accurate model
measurements could ‘be assured.

~~~
. The position of the initial model wave front must ‘be ad-

justed to compensate for distortion scale effects  and
for refraction caused by bathymetry at depths greater
than —300 ft mliv (limit of model bathymetry).

h. Normalized wave—height variation along the prototype wave
front is significant  and should be reproduced in the
model wave tests.

Model Wave—Height Attenuation

142. Wave s in a model may be attenuated by surface tension , inter-

nal friction , and friction in the bottom boundary layer . In the wave

pe riod range to be simulated in th i s  study, surface tension ef f ec t s  in
crease as the wave period decreases; and for a model wave period of

5 sec , near the minimum to be generated in the model, the effect of
surface tension on wave celerity is less than 0.1 percent.lB Internal

friction effects decrease as the va~e period increases, and for the

0.5—sec  model wave period , the wave—hei ght attenuation from wave

314



generator unit 9 to the Long Beach breakwater is less than 3.2 percent.

1 ur  a 1—sec wave period , the height attenuation is less than 0.2 per-

cent- . Using an average harbor depth of 39 ft, the 0.5— and 1—sec wave

periods represent  prototype periods of 114.14 sec and 37.0 sec , respec-

tively . The wave—height attenuation due to internal friction was cal—
19culated from

2
t ~&i vt/L (9)

where N
t 

is the wave height at time t and v is the kinemat ic  v i s—

cc s Jt y .  The kinematic viscosity was assumed to ‘be 1.059 (lo s) for 70° F.

143. The attenuation of wave height for a progressive oscillatory

wave with distance x due to friction in the bottom boundary layer may

‘be calculated from Keulegan ’s equat ion 2°

= e~~
X (10 )

where

3/2 1/2 1/25ii v T
I (11)

21 . I~7rh 4irh
L ~sinh — + —

and T is the wave period . In developing Equation 11, the width of the

wave cr est is assumed to be many times greater than the depth in a rect-
angular channel of uniform cross section. The attenuation factor at
various periods for two locations is tabulated below. The first attenu—

at ion factor column is for a wave traveling from wave generator unit 1

in the 145— to 60—sec position to the San Pedro breakwater which has a

min imum wave travel distance. The second attenuation factor column is
for a wave traveling from wave generator unit 9 to the Long Beach break-

water and is representative of the maximum wave travel distance before

enter ing  the harbor .
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Attenuation Factor ,

San Pedro Long Beach
Period , sec Breakwater Breakwater

15 0.99 0.99
20 0.99 0.97
30 0.98 0.914
145 0.97 0.92
6o 0.97 0.93
15 0.97 0.93

90 0.98 0.914
120 0.98 0.95
180 0.99 0.97
2140 0.99 0.98
300 0.99 0.98
360 0.99 0.99

1414. The maximum variation in the attenuation factor for the

two travel distances is 0.05, indicating that variation in travel dis-

tance for the present case has a relatively small effect on wave—height

attenuation. The wave height may he varied along the generated wave

front to correct for the small var ia t ion in wave—height a t tenuat ion  or ,

when comparing model wave heights with prototype heights directly , the

observed model wave heights can ‘be increased to reflect , attenuation in

the model.

Wave Reflections

145. Wave reflections may occur from the underwater topography

seaward of t h e  harbor , from the breakwaters, and from the harbor side
slopes. In th e jr totype, wave ref lec t ion  from the underwater topog-

raphy and the breakwater would propagate seaward; but in the model,

waves ref .’- ted from these sources may also re—reflect from the model

w’tv~’ geni~Ira~ or and possibly affect the incident waves. Reflections f ”m

tb ,. model side slopes within the harbor may affect2’ the amplitude of

harbor osc H lat , i - n s and should be correctly simulated . The wave reflec—

t i on “ffi ’-ient C is the ratio of the reflected wave height 1-i tor r
the incident wave height H. or

36



H
c = — ~~

- (12)
r H.

1

The r e f l e c t ion  c o e f f i c i e n t  varies from 1.0 for total reflection to 0.0

for no reflection . In general , the magnitude of the reflection coef—

f’iciont will depend on geometry , composit ion of a structure, and m ci—

deflt wave characteristics such as wave steepness nIL , (n is the local

water-surface elevation) and relative depth hIt near the structure.

14t . Reflection from the offshore contours was estimated using a

theory developed by Rosseau22 which provid es an ana lyt ical  solution for

the reflection coefficient . The development of the theory also is de-

scribed in Reference 16. Bosseau ’s theory requires no assumptions con-

cer n ing wave f orm other than l inear small amplitude progressive waves
pr r-agating from +~~ in a canal of variable depth as shown in Figure 12,

and that. the ‘bottom profile may be described ‘by a specified function

:uch that the depth approaches H
2 

as y goes to —~~~ and h
1 

as y

goes to ~~ . The solut ion i s not valid for a discontinuous change in

slope; however , the Rosseau contour can approach the shape of a discon-

t inuous sloped step in bottom contours. An incompressible nonviscous

f lu id i s assumed and the solution is obtained using a conformal mapping
technique.

14~~. In the bottom contour reflection analysis, the following
t hree cases wer e consid ered for a typical model depth variation with a
length of 50 ft and a change in depth of 1.5 ft:

A Z

Figure 12. Rosseau canal
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Depth h 1 , ft PI-p th 14, , f t

1 2.0 0.5

2 2.5 1.0

3.5 2.0

714e:,e L i e j - t n s  are representative of steep m a d e I — J -~~th  ohauges seaward - -ç

~he harbor brt :ikwater . In Figure 13, a compar is on of the Ro sseau con —

‘-ar with ~he bott cn contour for Case 1 shows that the Nosseau contour

:‘l sely fits the bottom slope. The comparisons for (7ases 2 arid 3 are

mi lar.

0 ________ 
,
,_~~~WATER SURFACE

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 2 0  0 20 4 ’) 60 80 100 20

HOAI Z ON TAL D ISTANCE , F T

Figure 13. Rosseau contour for Case 1

148. R e f l e c t i o n  coe f f i c i en t s  for various model wave periods ca l cu -

lated for the three cases are given in the following tr . . ’bulation:

Model Wave
Period , sec Case 1 Case 2 Case 3

0.75 <0.01 <0.01 <0.01

5.00 0.20 0.15 0.10

10.00 0.29 0.21 0.13

Using an average depth in the harbor area of 39 It, the wave per iods  in
the table correspond to 26.0— , 199.9— , and 1400.0—sec prototype wave pe-

riods. The reflection coefficients range from essentially 0 in the
ow er wave period range to 0.29 for Case 1. The reflection coefficients
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r all t h ree  c-aces , h ow e v er , i n d i c a t e  that wave filters in front of the

wave genera~or will be requir e-i at l uger periods to attenuate the

hei gtS f t l i ’  r . f l ’ t ’ l w a v e  from changes in the offshore topography .

The j e r i  1 range over  which wave filters will ‘be required is also af—

1. -e t ed by reflection from Ibe harbor breakwaters snd model sidewalls.

~~triy c e c t i -o n s  of the cteej m olel depth changes are oriented such that

the wave is reflected toward  the model ’s perimeter walls , and wave ab—
c rbe r s  will be required along the walls to attenuate these reflections.

149. Wave reflections from the distorted—scale harbor breakwater

also may require  a t tenuat ion  by the wave filters. Two—dimensional wa-re

flum e tests  conducted in the 20— to 100—sec prototype wave period range

(described in paragraph 56) to det ermine the ref lec t ion coef f ic ien t  from

the riddle and Long Beach model ‘breakwaters indicate the ref lec t ion co-

efficient varies from approximately 0.14 to 0.6. Two—dimensional flume

tes ts  were not conducted above 100 sec due to flume length li mi tat ions .

The model wave reflection coefficients determined from the two—

dimens ional tests are g iven in Table 14 for 20— , 30— , 140— , 50— , 60— , 79— ,

8o— , 90— , and 100—sec prototype wave periods. The reflect ion coeffi-

c ients  given in Table 14 are for prototype wave heights of approximately

1 ft and for approximately 3 to 14 ft. Design of the model ‘breakwater is

discussed in more detail  in the following ‘breakwater t ransmiss ion sec-

t ion . Two—dimensional tests were not conducted for the San Pedro break-

water section; however , the reflection coefficient should decrease with-

out an impervious core.

50. To evaluate the effect of side—slope distortion in the harbor

area , two—dimensional tests in a 2—ft—wide flume with a flapper—type

wave generator were conducted for a typical prototype side slope (Fig-
ure 114 )  with a vertical wail down to —5 ft and a l—on—1.5 slope from

—5 to —50 ft at a 1:25 scale. litill—water level during the tests was at

+5 ft. Wave data from a moving wave gage were recorded on strip charts

during the tests. Reflection coefficients were calculated from

H — H
C
r

=
H + H  (13)
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where

Ha 
= wave he ight at the an tinode  of the wave envelope record ed by

the moving wave gage

H = height at the node
n

WATER LEVEL WA T E R  L E V E L

~~~~ 
~~~~~
/

‘
~A T*s FT

- 
-. 

—60-60

TYP I CAL PROTOTYPE HARBOR SIDE SLOPE D ISTORTED-SCALE MODEL SIDE SLOPE

Figure 114. Typical prototype and model side—slope section

51. The ref lec t ion  coe f f i c i en t s  calculated using Equation 13 for

various periods are as follows.

Prototype Wave Prototype Wave Ref lect ion
Period , sec Height , ft Coeff icient

20 0.93 0.814

30 0.96 0.80

140 1.05 0.78

50 0.97 0.78

60 1.214 0.75

In sne cases , harmonics observed on the strip chart wave record made

determination of the wave height at the node H
n 

difficult. Generally ,

In  t IF presenc e of harmonics at the node , the reflection coeff ic ient23

was actually higher than that calculated from Equation 13.

52. If the typical side—slope section is considered as a smooth

slope wi th  a ‘--on—1.5 slope, the theoretical reflection coeff ic ient , cal-
culated from the Miche theory21 for wave ref lect ion from a plane sloping
beach , is 1.0 for the periods of 20 sec or longer and wave steepness

values H/L included in the experimental test series. For a fiat side

slope, the r ef l ec t ion  coefficient  is usually modif ied  by an empirical
coefficient (<1) which is constant for a given structure. For a flat
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sid e slope , i value~ of 0.9 can be used and the resulting theoretical

reflection coefficient for small wave steepness (as in this case) is 0.9

at periods of 20 sec and longer . Allowing for experimental error , the

calculated ref lect ion data from the two—dimensional wave t~ sts for the
typ ical side slope and the theoretical reflect ion coeff ic ient  for a flat

side slope are in good agreement and indicate that the typical side

slope selected (ver t ica l  wall down to — 5 f t  and a l— o n — l . 5  slope ) may be

considered as a plane l— o n — l . 5  side slope for calculation of the reflec-

tion coefficient .

53. In the distorted—scale model, steepness of the typical side—

slope section will be increased ‘by a factor of 14 to a side slope of 1 on
3/8 as shown in Figure 114 . Again considering the distorted—scale side
slope as a plane slope , the theoretical reflection coefficient is 0.9

for small wave steepness in the 20—sec and longer wave period range.

Thus , no modification in the shape of the distorted—scale side slope is
nece ssary for simulation of prototype reflection in the distorted—scale
model.

514. The surface of the typical side slope modeled in the two—

dimensional wave tests was smooth. In the harbor, many side slopes are
covered by a protective layer of rock. However , the size of the rock on

the side slopes is small relative to the wavelength. Experimental

data25 with various rel at ive roughness values indicate that the slope
protect ion will have l i t t le ef fec t  on the ref lect ion coef f i c ient , and

the slope protection was not reproduced in the model .

Wave Tran smission

55. Long-period wave energy may enter a harbor either by penetra—

~ 1on through rock—till ‘breakwaters or diffraction through harbor en-

trances. Wave penetration or transmission through the harbor breakwater

is especially important in the case of Los Angeles and l ong Beach Har-

bors due to the long extent of the breakwater. Energy transmission

through the breakwater will affect harbor resonance and should be simu-

lated in the model. Two—dimenijonal flume tests were conducted to
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estimate the wave tr ansm ission coeff ic ient of a typical sect ion of the

Long Beach breakwater (illustrated in Figure 5 with the top of the im-

permeable section at an elevation of —214 ft). Typical prototype dimeri—

sions (diameter D) of the Class A and Class B rock are 14.~ and 1.8 ft.

respectively. The breakwater section was modeled at a 1:20 scale with a

~- r) totype water depth of 50 ft. Wave transmission tests were conducted

in a 2—ft—wide flume approximately 150 ft long with a flapper—type wave

generator . The wave transmission test series was conducted in the 20—

to 100—sec wave period range. The wave period range was limited to

100 sec by the wave flume length. The wave transmission coefficient

was cal culated from

= (114 )

where H is the transmitted wave height. The calculated transmissiontm
coefficient for the 20— to 100—sec period range is shown in Plate 25 as

tue curve for u n d i s t o r t e d — s c a l e  c o n d i t i o n s .  The t ransmiss ion  coeffi-

c ien t var ies  from 0.17 for 20 -sec to 0.2 14 for 100 sec .

56. A wave transmission test series also was conducted in the two—

dimensional  f lume for three d i s to r t ed—sca le  breakwater sections with a

1:100 ve r t i ca l  scale and a 1:1400 horizontal scale as shown in Figure 15.

The three breakwaters tested included a cross section composed entirely

- f the larger (Class A) rock scaled by the vertical scale ratio , a cross

section t,nnpc~sed ent irely of the smaller (Class B) rock scaled by the

vertical scale ratio, and a cross section with Class A and Class B r c k

scal ’ -i by the vertical scale ratio. The calculated wave transmission

c o e f f i c i e nt  for  each of these three cross s e ct i o n s  is  shown in Plate 25.

As shown by the wave transmission data in Plate 25, the section composed

only of the larger (Class A) rock has a higher transmission c o e f f i c i e n t

over the period range than the undistorted—scale cross section , and the

section composed only of the smaller rock has a lower transmission coef—

ficierit . However , the wave transmission coefficient for this breakw&ter

section composed of Class A and B rock agrees closely with the data for

the undistorted—scale section. Therefore, this  breakwater sect ion was
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Figure 15. Typical section of model break-
water ; distortion = 14 ; rock sizes scaled

using vertical scale (1:100)

selected for installation in the model for the Middle and Long Beach

breakwaters. -
57. As shown in Figure 5, the San Pedro Breakwater has a solid

granite cap but does not have an impervious core. The rock size is
Class A or a typical dimension of 14 . 7 ft. The vertical scale ratio of

1:100 also was used for selecting rock in the San Pedro breakwater .

Without the impervious core or the smaller (Class B) rock , the San Pedro

breakwater should have a larger transmission coefficient than the other

two breakwaters. Using the following equation26 developed by Dr. G. H.

Keulegan for wave transmission in the prototype

H . H .
1 2.11 1

(15)
tm

where AL is the length through the breakwater structure; the wave
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transmission coefficient for a 1—ft wave height and an average length at

middepth of 128 f t  is 0.63. Equation 15 is valid only for long waves

where the wave celerity may be approximated by /~~ . Equation 15 indi-

cates the transmission coefficient will increase as the wave height de-

creases. The complete equation without the long wave approximation can

be found in Reference 26.

Wave Absorbers and Filters

58. Wave absorber in the Los Angeles—Long Beach Harbors model is

composed of 2—in. —thick , 2—ft—wide layers of rubberized hair. Three

adjacent rows of rubberized hair are stacked alon g the perimeter of the

model for a total absorber width of 6 ft. In a previous study,
27 the

d iameter s of the hairs were found to be , for th e most part , approxi-

mately 0.00051 ft and the rubberized hair material had a porosity of

0.96. The wave height  t ransmit ted through the f i l t e r  may be calculated

from the following equations developed by Dr. G. H. Keulegan :27

H 
1/2 

H 
1/2(

~
) =

~
+
~~

) ~ (16)

where
H
0 

= initial wave height in the filter

H
1 

= f inal  wave height befor e leaving the fi l t er
E~L = length of the filter

= 5. 14 (LT)~~
2 ( 17)

for a kinematic vi scosity of 0.9 (l0~~ ) .
‘9. From Equations 16 a n l  17 and assuming a re f lec tion  c - s e f f i —

d en t of 1.0 for the model wall , the  rat io of’ the inc ident  wave height

to the final wave height for a 0.05—ft model wave height transmit-ted

thr ou g h the rubberized hair to the model wall and reflected back through

t ie hair again in model depths of 0.5 and 3.0 ft is:
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H /HModel Wave 1 0
Period , sec 0 . 5 — f t  Depth 3 .0—f t  Depth

0.614 0.01 0.06
1.09 0.01 0.09
1.56 0.02 0.10
2.03 0.02 0.11

2.52 0.02 0.11
3.714 0.02 0.12
5.01 0.02 0.12

10.0 0.02 0.12

Equation 16 has been confirmed with experimental data in the 0.77- to

1.91—sec wave period range ‘but has not been confirmed with experimental

- lata in the longer period range. The preceding reflection data indi-

cate that 6 ft of wave absorber along the model perimeter will ‘be suffi-

cient. Provision has been made in the model for an additional 14—ft

thickness of wave absorber if required for future wave tests. The wave

will  also be part ial ly reflected from the front surface of the rubber-

ized hair as the wave first impinges on the hair , but liES experience

with rubberized hair wave absorber in a previous hydraulic model in—

vestigat io~i
2 

of oscillation in Port Hueneme Harbor , Cal i forn ia, indi-

cates that surface reflections will not adversely affect  the generated

wave heights.

60. In the tidal headbay area of the model , the width of t he wav e

absorber has been decreased to 14 ft. The decrease in width will allow

for tidal inflow during circulation studies without modif icat ion of the

absorber. t’he remaining wave absorber will not adversely affect normal

tidal circulation.

61. Two—dimensional wave flume tests also were conducted for

design of wave filters to be placed in front of the wave generator for

attenuation of waves reflected from offshore topography and the harbor

breakwate r. The wave filter test series was conducted in the 2—ft

fl ume with a f lapper—type wave generator. The filters were made using

sections of 2-in. —thick rubberized hair retained in metal frames and

suspended on edge in the flume . The frames were mad e from angle iron

with a 6—in. -square wire mesh holding the hair In place. The frames

were 1 ft apart in the flume and tests were run with 2, 14 , and 6 filter
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t r L m e sections placed in series. The wave—height transmission coeffi—

c i e n i t s  t~-r the t e s t  configuration are shown in Figure 16 for the 0.5— to

1 _ sec model period range. The data show the transmission c o e f f i c i e n t s

are small at  0.5 sec but rise rapidly to approximately 3 to 14 sec and

then :itinue with a gradual increase in the remaining period range.

i t -  ~iata for two f i l t e r  sect ions in series are shown only in the 0 . 5 —  to
._sec range.

62. Arrangement and choice of the number of f i l ter  sections to
be used will be ‘based somewhat on experience gained during model opera-

tion . Initially , it is anticipated that in the shorter period range

(up to approximately 145—~ to 60—sec prototype) ,  the wave travel t ime

between the generator and the breakwater will ‘be sufficient to allow

ime for any resonant oscillations to form in the harbor and for measure-

ments to be taken prior to arrival of any re—reflected waves from the

wave generator. Therefore, wave filters may not be needed in this

period range. , Above this period range, however , various combinations of
the filter sections will be required .
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4 FI L TER SECT IONS

~~ 

T EP S ECT IO N

MODEL W A V E  PERIOD , SE~

Fi gure 16. Wave transmission coefficient for rubberized
hair f i l t e r  sections
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PAR T I I I:  MODEL WA VE GENERATOR OPERATION
AND PERFORMANCE REQUIREMENTS

t — ~~~. I r a  p hysical  model s tu-ly  of resonant  response in Los An~ e 1es

aud Long Beach Harbors, the wave generator shoul d:

a. Be capable of generating waves with a prototype ;-eriod
ranging from approximately 15 to 600 Se’ .

1. Have a small variation in the generate-I w ave  period arid
height between wave generator unit to unit.

c. Be capable of defining the response over a narrow ~eriod
band.

d. Be capable of generating a var iable wave height alo-n r- t}i-

wave front .

e. Be capable of generat ing a curved wave front.

614. In the period range where the time scale is approximated for

shallow—water c o n d i t i o n s  by Equation 7b , the t ime scale ra t io  is constant

at 1:140. Variation in the generated model wave period of 0.01 sec w - u ~ - i

corr espond to a prototype var iation of Q• 14Q sec . Results  of a f i n i t e

element analysis of’ resonant response in tue  Los Angeles and Long Beach

Harbors29’3° indicate that the calculated maxirwo wave—hei ght amplifica-

tion may occur over a re la t ively narrow perio -I band as shown in Fig-

ure 17 (adapted from Reference 30) for prototype data gage 5 located in

the southeast bas in near Berth 232. A variat ion in the generated model

wave period near the maximum response may t end to mask the actual maxir -um

respcns’~ amplitude. Similarly, vari at ion in the generated wave height

w ill a f fec t  the level of incident  wave energy in the harbor and could

affect the maximum resonant amplitude. Generally, past WEf studies such

as the hydraulic model invest i gat ion2B of Port H U I  neme , flaliforniia, in—
dica e t h a t  the physical  model tends to respond over a broad er per i od

band and at a lower amplitude where a sharply peaked maximum res ni:ust

response is calculated numerically. The wave generator should , however ,

have a s u f f i c i e n t ly small generated wave period vari ation to adequately

d e f i n e  the response within a relatively narrow period band .

65. The necessi ty for v a r i a t i o n  of th e generated wave hei ght
along the wave f ron t  and a curved wave front has been discussed in the
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Figure 17. Calculated wave—height amplification at prototype
wave gage location 5 from numer ical harbor oscillation analys is

(adapted from Reference 30)

wave r’ .=tr’aI ’tiur i analysis section of Part II. Prototype wave height s

~v c r the l~ -w f requency port ion of the 15— to £00—sec period r ange  are

qu ite small and could not be measured accurately in the model; therefore ,

ir~crea:L’~ wave he ights will be used during the model 1 est series and the

wOve response data will be normalized. The increase in, wave height

should be ‘~ im ited to the wave—height range in which the increased height
w : l l  have l i t t l / ’  e f f e c t  on the wave form.

U-. In evalwLt ing the effect of an artificial in”reao ” i i i  w i ’~’ t

h L ’ i~~u~~, the second order ~‘to kes wave theory,
31 

where the ratio f water

d ep t h  t .  wa v .-1 *’ni ~ t,h is 1/10 or larger , may be used; and for a depth to

wa’jel -ra~th ratio of ‘ess than 1/10, cnoidal theory may be use!. The

se’ ni - i t Ier Stokes theory predicts that for a finite ampl i tude  wave ,

the amp li t - i - Ie ~f’ the crest. is larger than the trough amplitude and the

form of the W i l e  ‘S o t .  is more peaked and shorter than the trough. At a
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d e 1- t h  ‘o wavel’ w~th ratio of 1:10 (prototyp e period of approximtt ’ely

1414 s e ’)  
* 

t h” r a t i o s  ct  the wave crest amplitude a t o  the wave he i ~ht

for hei~ ht ratios of O.025h , 0.05h, 0.lOh , and 0.20h where P is equal

the average d ep t h  of 39 ft are:

Wave—Heig ht  Crest Ampl i tude  to
R a t i o  Wave—Hei ght R a t i o

0.025 0.52
0.05 - - 0.,3 - -

0.10’ ~ 0.56
0.20 - 0.62

The preceding variation will be the maximum in the range h/L > 10 fLr

the second order theory .

67. For a :r ’ totype period of 100 sec , the h/L ratio is 0.11 for

the 39—ft average Wsl-th. The wave crest ampli tude to wave—height ra t ios ,

again for wave heicJ~ts of 0.025h, 0.05h , O.lOh , and 0.20h where h

equals the average harbor depth are:

Wave—Height Crest Ampl i tude  to
Ratio Wave—Height Ratio

0.025 0.56
0.05 0.62
0.10 0.70
0.20 0.78

At longer periods , the wave crest is more sharply peaked (smaller wave

tro srh amplitude) for each wave—height ratio.

(P. The effects of finite amplitude on wave celerity may ‘be

x ~m a t ~’ l  by

C = (gb)
1 2 

(i + (18)

for waves -1’ long length where the curvature of the profile is small.

For the depth to wave—height ratio of 1:10, the ratios of the wave Ce—

lerity to the shallow—water approximation of wave celerity (Equation 5)

for wave height s of 0.025h, 0.05h, 0.loh , and 0.20h where h equals the

average harbor depth are:
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Wave—Hei gh t
Ratio : 0 ’ I

0.025
0.05 1.02
0.10 i. - .
0.20 L07

The effect of the finite amplitude increases ~~~ a ’ -  wa ve ‘
~~

pi I ~~~i - 1 ’ -  in-

creases and has more e f f e c t  on the surface wa ve  • ‘. ~~~ a wa ve ce-

lerity . In order to m i n i m i z e  the effects of’ finP#’ aoo 1jt-~de , t h e  maxi-

mum wave heights for long—period waves in the tar P- r area shooLt Le

limited to 0.20h and , where possible, less thani fl.l0h. i -n ’  the 1:100

vertical and average depth of 39 ft , the maximum wave hei,’ht in the

model thus should be l imited to 0.07 8 f t .

69. As a resul t, of the preceding o p e r a t ion a l  c r i t e r i a, on e l e c : t r c - —

hyi=’auii c wave generator  was selected for the model s tudy.  The WOVE’

generator is composed of 114 units with 15—ft wave paddles. ~Le sec4 ions

may be positioned to approximate a curved wave front , as indicated in

P1a~~ -~ 9— 11, and the  wa ze hei ght may be varied for each wave generat or.

A t — f t . n it of the w av e  generator wi t, h the frame , wave paddle , -ari d

h,y-iraul ic power su~ ply i s . ,-h ow~i in Figure 18.

70. A mechanical  wave generator with an electric motor and me-

chanical linkage similar’ to those presently in use at WES was consid—

er e ; h - ’ -w e v ’- r , the tie cI’Ssity for :-;m:i ’l l variations in the generated wave
p en ’ i d , d i  f f i c u  i t y i n  set , t i :ig an extremely exact wave paddle stroke , and

t h e  r ’-~~u i  r ’ I ’ml ’n i t  I ( - r  mora l wa-;~ pe r iods  near 0 .5  sec precluded t he i r  use.

~Iso , a - ‘ - i s v ’ - - :  wave frI -nt . w i t h  wave—height  variation along the wave front

w-si ld he d ’i f f i ’ u l t  - - h t a l n  with a mechanical wave generator . A pneu—

ma t-  1 ’  w a v e  ~ ei i erat or  was ‘oTi sidered f r ’ use in the model study and sev—

er ti modifications of ’  ~ pilot pneumatic wave generator were constructed

afli e v a l ua t e d  i n  a two— I imer i s iona l  wave f lume (10 ft wide with a 3—ft

water Iepth). Durinit’ the “v alua t i on , osci l la t ions  of the pneumatic
chamber produced a secondary wave of approximately 0.8 sec on the

pr imary  wave form above approximately 2 sec . The he ipht  of the

seeo n Iziry wave was of the same order of magnitude as the wave height

to be used in the model study . Several methods (principally addi t ional
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F I i= ire , . F i i  ‘ 1 i’ U I so i 1 Ic wo’ a rI ‘r’r ’ r sec : n w i t h  ‘am , w v ”
a I I c’, an I t i ./ 1i” t~ I ‘ - ‘ 1 N  I”

t ’rar e— ! S O ’  n~~~, b’t~’f l ~~~ , a~~ 1 i , ro) w a -  trio 1 1 0  al o f f  r ’ ‘ e l i ”  i . ’ ’

the  ;‘ c nAu’i , ’i,- w /~ i ’ w a ’ ’ ’ ,‘ A S  a .- st ’ n . I’ ‘ ‘‘‘so ‘=
~~ u ’ ~~’ at  ‘ ri  ‘I

sub_ taut :‘~~ L ‘‘ , ‘ ‘ti ‘ 1 and a ‘R 1 i ” ’’ , t e fi ’  i’~ wa 5’’ 1ui r~’ I ‘

10-5 ’- probl ‘ n . .  C n o ’ pir’nt I , t h’ ne il’ ’ tic ‘ ‘:, ‘ ‘‘ ‘ ‘  r a: - ‘ ‘ - L  w’  ‘ i t

I r e f  f i r  t h i s  ru ,)ec t  rn I ’ l  i nv e s t i~’’o ’ I n . h o 1~~’~~ ’ e d t , - ‘ , ‘ion is

val lu - n  ly for the i i ’  n , ir:’i l  ic c’~ h era ~~
‘ a nf  - c i -  i ’ I a i o n s ider’ ’:

W ES a n t  t’ t’ ‘ 1 ’ :  ra t l i  r large l a t i n 1’ r’’ i r i ~’ ~
‘ ~i r  1 ‘in i , ii i i  1 , t ii-

- - n s i - l e r ” I  as ~y ’ r i ’ ’ r ” i l y ‘i~~ p1 - 
‘ ‘ i h i  to I I ’ ’  i ’ ’ i t  I C  W O V  1 ‘0 ‘a

71. A:’ a to ’ i ‘ t ’ + i l l  n’ ’ ’ f i t ’  J r ,  15’ , Ic W ’ I ’ O ’  1T + S i ’  r ’ i t

- r i a i : ’ s is , arid conn i Ier a,’ the ‘ I .‘ - n  ‘‘ ‘ - r i o  I i n , ‘ ‘ r h’ I r a  i i i —  ‘ v , ’t ‘as

a n ’ ’ - - ’ ’ - n i t  y e a r ’ , t r ’ ~ e l e c t r ’e h y d r n t i t  ic ~ ‘ ‘ ~~~‘ ‘ l  ‘ i ‘ ‘ ‘ n ’ ’ w i , ’

:;‘‘ i e ’ t q - d  I :  - ‘i’tl i -’c i n .  I n j i t l a l  :/, ‘ 1 111 1 c i ’ s ”  1 , i n i i ~ i i ’ w

er ’a ’ - ’ ,r’ Wa ,;  I - sire ‘ - i ’ l l ’  I ‘ - - r i , t r ’~~c ’ ’ ‘‘ I  0t Wi , ’ u - i u g  a I i g i t  t i  l v  ‘C r’ oll~~ 1

u ’ t ’ i r t t - r’ (hy—Ir ’ i141 i c i y  u n  I~ ’n’ t o t  t a ‘it t h e  w’ ‘1 1 1 1 1 ’ )  w i t  ii a

sit i -- ni 1’or~’I ba k ‘u!t to I syst ‘‘n: . An y’ r I d - i t  i a on ’ t 10 I l o t . general ‘ c -~’
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w i t h  a d ig i t a l l y  c ’ - n t r u ,i , led actuator  indicat ”d that the eler ’tr ’oI~,’ fraulic

wa’, ’- ~ , -ti erat -n ’ W OO feasible but the digitally controlled actuator -lid

not provide su f f i c i e n t  v e l o c i t y  response in the high— frequency range.

To ir : n rove the actuator r e s pon s e , the final wave generator design~ ~ t i —

ci Ie ;I a n t  c i  cc t no chy -.1 saul li ’ a ’  ,ia t , ot ’  w i t h  ar t  analog s e r v o c c - nt r o  11 c r ’  as

1 w:. in Figure 19. The main components i n  eac h dr ive  ::ys1c’m are ‘ to’

l ’ OWE R Si,PPLY

Figure  19. fohematic diagram of electro—
hydraulic actuator system

a - - to ter’ with servovalve and linear voltage differential transformer

( LVDT ),  ser’vocont,roller , bylrriulic power supply, and interconnecting

“ J ’ ’t rical cables and hoses. The electrohydraul ic actuator systems were

- t J l I i f ’ - f  ‘by a private contractor and the wave generator frames and wave

paddles were designed and built at WES. Performance requirements for

~- -och u i  t t ~~ ’ l~4 actuator systems , including the controllers , were that

each no , tuat , ur  :;ystt’nt should:

a. Respond over a frequency range from 0.001 to 2 Hz.

b. Have a displacement of +6 in. at 0.001 Hz and ±1.3 in. at
2 Hz in response to a sinusoidal command input signal.
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c. Be capable of respond ing t u  any command signal frequency
and amplitude which does not exceed the +ô in .  lisplace_
ment l imi t  or the v e l oc i t y  l imit  correspond i ng to
+1.35 in.  at 2 Hz.

ci. Paintain a static actuator position error of lea:; than
+0.Or in.

‘t : t intain a peak—t o— ~isak displacement error with in  1%
r e l a t i v e  to the command s ipna l  ampl i tude over the
ampl i tude range of ± 1.2 to ~~ in.  in t,he frequency range
f r i m ° . 001 to 2 .0  H z .

f .  Have a tin-se Jar  betwc ’t ,-n the e lec t r ica l  input  con ’rol
si gnal and the mechan ical actuator displacement of not
more than 20 deg at maximum displacement wi th a phase
lag varia tion from cycle to cycle of not more than +1 r1ei~.

~~ ,. 
Have a pha se  lag d i f f e r e n c e  from actuator to actuator
not to ex ’ eo l 14 deg at  maximum displacement.

In the preceding performance requirements , no specif ic requirement is

, iven for maximum frequency variation; however , the actuator must follow

the  command signal displacement within the limits imposed by requirements
e and f. The performance requirements for the wave generator were

se1ecte~l so that the wave generator can be used in other models or wave

flumes with similar operational requirements. The wave generator is

car-able of generating wave heights (paragraph 73) in excess of those

t hat will probably be required for the Los Angeles—Long Beach model ;

however , the wave—height capability may be needed for future studies,

m t  the 0 . 5— to 1.0—sec period range , the maximum wave he~ght will prob-
ably be steepness limited .

72. The wave hei ght and force required to generate a particular

wave for the 3—ft water depth in the Los Angeles—Long Beach Harbors

model can be est imated using small amplitude theory and neglect ing the

effects of viscosity , turbulence, and leakage around the wave paddle.

The development of the theory is described in Rel’erence 32 and is sum-

marized briefly in the following section, The velocity potential ~
for waves propagating in the +x direction is given by

= ~ ,2- 
[b ct cosh (m z)e ° + ~ 

n=l 
b cos (m

n
z)e fje

_iot ( 19)
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where the center of the coordinate system is at the base of the wave

paddle , y is the p i s i t i v e  upward , b and b are c o e f f i c i e n t s, s

is the ampl itude of the displacement of th e wave paddle , and

2o h
(19a )

The coe f f i c i en t  m is defined by

m g  tanh m h  = ~
2 

(20)

and to is defined by

tanh m h  = ~
2 

(20a)

The velocity potential satisfies the boundary conditions that the free

sur f ace is at a constant pressure, the velocity of the wave paddle and

~he water ~djacent to the wave paddle are the same, and the vertical
v o l - c i t y  across the x—axis is zero. The velocity potential and its

first derivatives arc- finite in the reg ion

0 < x

and

0<  z < h

and the coefficients b
0 

and b are evaluated through the boundary

condition that the horizontal wave paddle and water velocities be the

same.

73. The generated wave height is given by

z = h  
(21)

X -”~~

or , having evaluated b
0
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IL = 2b cosh m h  (21a)

The pressur e fluctuation per unit width along the face  of the wave

paddl e may be evaluated fr om

p P [ ~~~~~ + g ( h~~~~z)
] 

(22)

or

p = _ [P~ sib
o 

cosh m z  + pgs ~ cos (rn z )]  e
_ 10t 

+ or (h — z) (23)

The first term in Equation 23 represents the dynamic pressure on the

wave paddle and is composed of a res is t ive  part in phase wi th  the wave

paddle velocity and an inertial part in phase with the wave j a i d i s

acceleration . The second term in Equation 23 represents the hydrostatic

pressure on the wave paddle, and , in the Los Angeles-Long Beach Harbors
model , is canceled by the water pressure on the rear of the wave paddle.

7)4 .  The force F per un i t  width is given by

F =i P dz (2 ) 4 )

Substituting from Equation 23, Equation 2)4 may be rewritten as

F = _ (iF
R 

+ F
1
)e
_10t 

(25)

where F~ is the resistive force and F
1 

is the inertial  forc e defined

as

pgsb
F = ° s i n h m h  (26)

H m0

m h
F
1 

= pgs b~ sin —i-’ ( 5 7 )

n l  n

The maximum force F
m 

during a cycle i s
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Fm 
= (F ~ + F~)~~

2 ( 27)

‘F ’ tt ’ wave ~~‘ni’-rato r SOti  be open’ated in either a piston or f1~ pper mode

as slit wr, in Uigci r~’ 20. The solutions for b and b are dependent
0 n

FLAPPER MODE LEGEND 
~~~~~~~ 

PISTON MODE

~~~~~~~~— ——-~-—‘——~~~ DIRECTION OF WAVE ~ PADD LE MOVEMENT

r,,,,, ~~~z,,,,i W A V E  PADDLE

Figure 20. Wave generator piston and flapper modes of wave genera t ion

on t h e  mode of opera t ion ; therefore , the wave height and maximum force

will vary with the mode of operation. The maximum calculated wave

height that can be generated and maximum force on the wavepaddle are

clo wn in  Figures 21 and 22 over the 0. 5— to 10.0—sec period range.  The

max imum wave he ight occurs near 1.25 sec for the flapper mode and near

1.75 So c  fun’ the piston mode. The decrease in ampl i tude  below these

periods is due to the decr eased length of the max imum stroke as the
periol decreases. As indicated by Figure 21, the max imum calculated

height for the larger wave periods in the flapper mode is approximatel y

or:’~—half the height in the piston mode. Near 0.5 sec in the short—

per iod range , the wave heights approach the same value.

75. Selc’c’tion of the wave generator mode of operation , either

flappe r or p iston , is somewhat at the discreti on of t he model oper ator ,
provi dcl a sufficient wave height can be obtained in the flapper mode.

However , the calculated vertical profile over depth of horizontal

ve loc i ty for a wave is more nearly matched by the velocity regime gen-

erate ! by the p iston mode at wave periods larger than approximat ely
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I ,0

.~OOE~ *A~~E ~~ER 2. SEC

Figure 21. Calculated maximum wave height in the piston
and flapper modes

— PISTON

~~~- f F c  *AV E PFRtOD , St

Figure 22. Calculated maximum force for each wave generator section
in the piston and flapper modes
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1. ‘~5 sec’ in tFi~’ model.  A r a ns i t i o n  region near 1.75 see is agges~~1’i

for the  change from flapper to p iston mode. The theoret ical  wave v e i n s —

it~ pr ’  - t i l e  calculated from cmiii amplitude wave theory for 1.75 sec is

sh wr in F igu i ’ r ; 23 for  a — f t  water depth.  The wave veloci ty  is r ot’—

m a l i c e d  ‘by the surface velocity . Also shown in Figure 23 are the vei -a ’ —

ity pr’s-files fi r the flat-per and piston modes. At lower p e r i o d s ,  the

wave velocity profile tends to approach the flapper velocity profile

r~d at longer periods , the piston velocity profile. Without a transi-

tion point from the flapper to piston mode , a calibration of the wave

g’:nieroto:’ for wave height  versus stroke would be necessary for tlv’se

wave periods used with both modes.

76. Equat ions  21 and 27 for the wave height (excep t. over a

~te-i range) and wave force have not been verified
32 

experimentally.

,\vaiiable data32 do ind ica te that leakage around th e wave gene rator may

s ir n i t ’icantly a f f e c t  the generated wave he ight , and the wave genor’atnr
m ist  be e al i b r a t e d  experimentally for wave height versus stroke. A s o ,

mu ’ lol i ot a  from test runs with the wave generator indic ate per f-or r ~;tr ’ e

r” ’quirement e of paragraph 71 for a 1 percent peak~ tu_lo;ti’ -Iisplacemnerot

0 -
VELOCITY PROFILE

I — T H E O R E T I C A L  W A V E

I ——— F L A P P E R  MODE

~ 

PISToN MODE

N O R M A L I Z E D  V E L O C ITY

Figure 23. N rmol 1 s r I  theoret ical , flapper mode ,
:tr ~ i p 1 stun t rn do ver t ica l  wave veloci ty p r f  i It ’s

for a 1.75—sec model wave in a 3—ft Iopth
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err -r re at , I vt ’ t i  l it - 5 ttitfl t t t c l  signa l am! i t - i - i t ’  may be di ffie sl~, to mi .  in—

am  - - i s ’ c i t ly ,  and th i s n ’ e q u i  r r ’ rn ’r i t  may have to be re laxed sil l rht -

: 1 : ’ r1g n .  :el ‘ration.

r o t a t o r  Frame Des ign

77 . the ‘ c c ’; v . - r ’ - r ’ t , - sr - s a l - n o -  i O fr ame for each uni  t . is cart s 4 ru e t e l

of ,it~ ’ O -  iral cr” steel with w - l ted joints. The fram e is 10 1”

I - v  t ’
~ wid e I ~~. 1 ft hi gh. I- runt and end e levat ions of the frame

‘ h -  w a i t  p a i d  is ~r’ t shown in Figure 2)4. The f rame is mounted on

-v  ~ve1 c a t  ~-r ’ r r t r ;i , when i n  pos i t i on , can be leveled using a e r e w _ t y !- r

r ,~ i ;~~ cble legs. the frame includes a drip pan ro prevent con~~a m i r .a t i ~~r

of water in the model in the event of a hydraulic f lu id  leak .

78. The wave paddle is driven by two 2—in, drive rn-l .a at points

L .5 ft from the ends of the wave paddle. The drive rods are chrome—

coated stainless st ee l  and each rod i’ s supported by t V  bronze bushings 

C$OSSARM 43S(MSLY

U ~~ z 
~~~~

— 

W~~t PADDLE 

~~~~~~~~~~ 

/
/

— 
~~~~

- 

-

- 
. 

- 

}
FRONT ELEVATION

~:r ~~~~~~~ 

~~~~~

It~D LLEVATION

Fi gure 2)4. Sectional views of the wave generator frame
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- t i n t e d  on an 8—in. channel section. The h t,tom sf I le wave a dd le is

c i t j p ’t r t e u  by two auxi l iary  dr ive ro~t s  ~t, points Ie .01-i I” from t t ~~- -ncl : r

of 1 wave paddle. The force from the actuator is t ransm ite I • he

rrivo rods by an aluminum crossarm assembly  shown in FIt~~r’ o 71u , In the

; j , - t c n mode, the auxi l iary  drive rod is connected to the ‘russarm as—

~.-mh1y .  In the flapper mode , the auxil iary d r ive  rod is connected to

‘ r e  s up l - )rt frame and the wave paddle rotates about the auxiliary drive

r piano ! connection at t-he wave paddle.

‘ r ’ ~. The wave paddle is 15 ft long and 3.75 ft  high , and is made

~ of by 5—in , rectangular aluminum tubes. The tubes are open on

•‘ ru i o reduce the buoyant uplift force on the wave paddle. The

~ ct  octor pushes against a reaction block welded to the support frame

i t t - I ~ h -  aluminum crossarm assembly to drive the wave paddle.

80. I t t  wave generator frames were initially painted with a lead

p n et’ ‘ -sat ar t ! a l a t ex  enamel surface coat ; however , they have recently

b ’s, r n  tinted with a coal tar epoxy on the basis of recommendation*

f r-am i te U. S. Army Construction Engineering Research Laboratory (CERL)

i - ic ‘i ld i t i o n a l  corrosion protect ion .

* I’lephone c mrn uru i ’ n r t  iOn l ’ t  woer Dr. H. W. Whalin of WES and Mr. Bob
,~ 1i t noon of CEBL.
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PART IV: MODEL DATA ACQUISITION AND CONTROL SYSTEM

System Requirement s

81. The extreme complexity and large size of the Los Angeles—

Long Beach Harbors model as well as the anticipated volume of model

data to be collected have forced a’bandonment of conventional techniques

ol’ mod el  data ac luisition and control and model data analyses. For ex-

ample, manual procedures for collecting and analyzing this model’s wave

data would require approximately seven man—years to reduce and analyze
the ant icipated volume of data without considering the efforts to man-

ually collect these data. To meet the demands of this model, an auto-

mated data acquisition arid control system (ADACS ) with supporting soft-

ware for model control , dat a acquis i t ion , and analyses has been designed ,
implemented , and checked out.

82. In the model , the var iables to be monitored during harbor

oscillation studies are water—surface elevation changes and water ve-

locity . Based on past experience , prototype wave data, and this modelt s

scaling relat ions, the range of model wave periods is expected to be

0.50 t o  10 sec with the minimum per iod of 0.50 sec posing the most

stringent constraints on ADACS design . The expected maximum wave height

to be monitored in the model is about )4.0 irs . (0.333 ft). Wave period

resolution of 0.01 sec and wave—height accuracy of ±0.001 ft are desire-i

capabilities of ADACS with ±0.001 ft accuracy being the most restrictive

requirement for system desi gn.  For design purposes , the upper l imit  of

the velocity variable is less critical than the lower or threshold value .

Model velocities as low as 0.05 fps may be of interest  in th is mo~le1.

The desired threshold velocity is 0.01 fps which is a stringent require-

men t for ex isting model velocity sensors and is very restr ictive in

system design . In addition to meeting the requirements of the above

variables , automated controls for electrohydraulic actuators (wave

generator units) and calibration of the wave gages are required capa-

bilities of ADACS.

83. The following characteristics and requirements were put
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for th  as des ign c r i t e r i a  w h i c h  mi s t , br ni t , by an ADACS for use in the

Los Angeles—Long Hooch hydrau l ic  model st u d y .

a. t.t- del w’~ve ch r t r ’ : t ’t e r i s t i cr ; .

(1) V’cvr - fre-4 antci.’s tic high as 2 H z  (wave period range
1’ 0.50 t 0  25.00 Se e) .

(2) Way” br ig ht ,; itt ~er r i t in g  range of 0.01 to 0.5 f t .

( 3 )  Wave—h .-i~~ht a’c’ i r’c’y of ±0.001 ft.

b. Wave Gages.

(1) Var iab le  nur ,b ’-r  -f wave gages not to exceed 50.

( 2 )  W a t e r— s u r f a c e — p i e r c i n g ,  parallel wi re , res is tance—
type gages.

c. Sampl ing techn iques.

(1) Data collected over at least 20 wave periods.

(2) Sampling frequency variable and high enough to defi ne
the first three harmonics of the 2—Hz wave frequency
(minimum sampling rate of 60 samples/cycle).

(3) Minimum time delay (not to exceed 6 msec between
sampling d ig i ta l ly  the f i rst  and f i f t i e t h  wave gage
during any one scan of the 50 gages , and th is t im e
delay should be constant and independent of the
sampl ing frequency.

( 4 )  Time inte rval between scans of all gages should be
controlled to within a few microseconds.

d. Recording modes.

(1) Digital recording of data f rom all 50 channels in
binary code with provisions for BCD recording of
spec i f i c  information regarding test ident i f ica t ion
and data analysis.

(2) Digital data recorded on 9—track magnetic tape with
IBM compatible record format.

(3) Continuous analog recording of 50 channels.

(4) Time correlation of dig ital and analog recording
modes.

a. Calibration of wave gages.

(1) Efficient and accurate means of cal ibrating the wave
gages before a series of wave tests.

(2) Recording of calibration data in digital and analog
modes.
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f. l~’ave generator cont ro ls .

(1) Provide a sinusoidal analog voltage whose amplitude
can vary within ±10 volts full scale (F.S.) at
0.05 percent F.S. increments and whose period ( fre-
quency ) can change over 0.50 to 25.00 sec at 0.01—
sec increments.

(2) Capable of varying the number of cycles or total time
of control signal for generator units.

£‘ Mobility of system .

(1) Entire data acquisition system to be sufficiently
mobile to service various hydraulic models from dif-
ferent locations with a minimum effort and cost in
moving and installing the system.

(2) ‘ irr~pact in ter fac ing and panels for wires to wave
gages in  model , thus allowing eff ic ien t  mob il i ty of
wove e:tges for expedient relocation within the model.

h. Environment for systeri .

(1) ADACS is housed in a e~ntrolled environment whose
terrjerature ranges from 65 to 75 °F and humidi ty
ranges from 40 t o  55 percent .

(2) Energency notit’ication of appropriate personnel if
temperature and humid i ty  change beyond speci f ied
range.

System Configurat ion

84. The system configurat i on (F~~~ut ’e 25) ol’ ADACS consists of

the following subsystems :

a. Digital data recording an.I c irutrols .

I. Analog recorders and channel selection circuits.

a. Wave sensors and interfacing equipment .

ci. Wave generator uni ts  and control equipment .

85. The di gital data recording and control subsystem is bas ically
a minicomputer (1 jisec memory cycle time )with the following charac-

teristics and peripheral devices :

a. 32K, 16 bit words of core memory .

b. Analog to digital pack featuring 6)4 analog inputs
(±10 volts F.S.), 1e5 kflz multiplexer , and 12 ‘hit (in-
cluding sign ) analog to digital (A/D) converter.
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Tnt t’r’vaj, timer with a 1 psec counter.

i .  A long line adapter and a universal controller.

~
- . ‘:‘~ dir e ct . merriory access channels,

t ’ . Hi -ving head disc with one removable platter abd one non—
rem vab le  p la t ter  ( 1.1 mi l l ion  word storage capaci ty,
100 ke transfer rate).

~~~ . -tignetic tape controller with two 9—track magnetic tape
units (25 in./sec , 800 bpi , 10 kc transfer rate).

h. Teletype unit with  keyboard/printer and 10 cps paper
tape reader/punch.

1. 96 sense and control lines.

, j .  Matr ix  e lect ros ta t ic  printer/plot ter  (pr in t : 1620 lines!
mm , 132 char . / l ine , and 128 char . set; plot : 4 in./ sec
and 100 s t y l i/ i n .) .

86. The analog recording subsystem acts as a backup for ADACS

and a visual display for operator inspection of analog signals from wave

sensors. This subsystem has manual or automated selection and control

of f ive 12—channel oscillographs.

87. The wave sensor subsystem includes the following major corn—

portents:

a. 50 wave—height sensors and stands.

U. 50 channels of signal conditioning equipment .

c. Power supplies.

ci. Manual and automatic calibration equipment .

88. The last subsystem , wave generator and controls , is composed
of the following major components.

a. 14 wave generator frames, crossarm assemblies with drive
rods , and wave paddles.

U. i4 electrohydraulic actuators with linear voltage diffei —
ent i al transf ormers, hydraulic power suppl ies , and hy-
draulic controls.

c. 14 servovalves and servocontrollers.

d. Interface from servocontro]iers to ADACS .

Eac h u n i t  of’ the  wave generator (refer to Part III) utilizes the elec—

trr )hy h1’rwlic actuot r for d r i v ing  the wave paddles  throug h the rr ossarrn

assembly and drive rods. The electrohydraulic actuator is controlled

hy the  st - ’r ’ v c i v ; i l v e  and servocontrollor which  accepts ADACf command

(6
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Figure 27 . Parallel—rod wave sensor

irtc ru lse accuracy and stability ) and to the physical conf i gurat ion ( fo r

automated calibration).
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ultr ’astable power supplies  and be t te r—than—average  signal to noise
ratios are necessary . The carrier source for the wave sensor bridge

na :t in t a ins  a var ia t ion of less than 0.025 percent for a 10 percent power—

l ine v a r i a t i o n . The noise in th e system is less than ±5 my for ±10 v

fu l l  range.  Thus , the signal to noise ratio is —6 (- db. To m a i n t a i n

t h i s  si gnal to no i se  ra t io , it is nec essary to use shiel ded cables

wher’ever possible , to d i s c r i m i n a t e  select ions of grounds , to use h igh—

~u al i t y  components , and to hav e a good maintenance schedule.

91. To convert the water—elevat ion dat a in millivolts to water—

surface elevations in feet , each wave sensor must be calibrated. The

capability of automatically calibrating the wave sensors (maximum of

25 rods simultaneously ) prior to collecting data also is provided by

AiiACI . In order to calibrate each set of parallel rods , the voltage

from the signal c o n d i t i o n i n g  equipment is monitored and recorded as the

parallel rods are moved vertically a known distance into or out of the

water .  A precision , linear—position potentiometer is located on the

wave sensor stand and is coupled directly to the parallel rods by a
gear-train driven electric motor . By moving the coupled wave sensor and

potentiometer wiper vertically with the electric motor and by monitoring

the  output volt age from the potentiometer , the wave sensor can be moved

a precise distance. The electric motor for each wave sensor is con-

trolled by a control/sense line and a relay contact. The minicomputer

controls the vertical movement of each wave s~ nsor by actuating its

associated control/sense line. The central processing unit ( cpu ) acts

as a voltage comparator by monitoring the potentiometer voltage and

comparing it with a reference voltage which is determined from desired

displacement and potentiometer calibration. When the voltage compari-

son is sat isfied , the control/sense line is reactivated , the electric

motor stops , and voltage samples from the rods and potentiometers are
a c j u t  red.

9A . By systematically moving each wave sensor through 11 quasi—

equally spaced l o c at i o n s  (Figure 30) over the range of the rod length

used , voltage versus known displacements are obtained from which a

calibrat ion curve for each sensor can be calculated and recorded on
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l” l ’St’ c- 30. Asheru ot ic of wave rod cal ibrrj t i  oi
procedure

mog r t ’cu t ic  tape or ’  disc . After  collecting the calibrat ion data , the min i—

c um i -u t e l ’  analyzes these data by least—squares f i t t i n g  ii set of curves

( l i n e a r ’ , j u ;i - i r at i c , or spline ) to the dat a , determining the best order

of fit , art-i c’omj-arin tg the maximum deviation of the best l i t  w i t h  a pre-

v i ou s l y  acceptable value for th i s  maximum deviation . If the f i t t e d

curves are not acceptable , the minicomputer  flags that channel in the

c’d i b r a t i o n t  record on the magnetic tape or disc for further analyses.

Ai gj malfunct ioning sensors are listed on the teletyp e i’or the operator

to -setermine the required action (i.e., accept present calibration,

clean hal rods , recalibrate, e t c . ) .  Having completed the cal ibrat ion

rn- to , the ori ginal cal ibrat ion data for each set of parallel rods and
I-ot c -r it iomete r  as well as the calibration coefficients are written into

a f i le  on magnetic t;q’c: 11’ d i sc .  Analyt ical  cons ide ra t i ons  of ca l ib ra—

t ,i ’n curve f i t t i n g , accuracy 01’ referenc e potentiometers , and repeatabil-

ity te:;t of c a l i b r a t i o n  procedures have demonstrated that an accuracy

of ±0 .001 f t  in wave he ight is obtainable.
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Data A c q u i s i t i o n

°‘i. D u r i n g  t h e  acqu i s i t ion  mode , wave data fu r’ a specified wave

‘ - i t s I ti - -ri at the wave generat u t ’  are col lected from a max imum of 50 wave

sensor : , rc”c- r’-ied on analog st . n ’ i p  char t s , d i g i t i z e d , and rec u r - Ia - i  o r

rc _-~gr e t ic  I : t } ’~ cr d i sc  f’ i - r  fu r ther  analyses.  In add i t i on , actua ’- or - i i : : —

p l acemen t  data from the i~. electrohydraulic wave generator units are a’ —

- j - i ir ’-i . The sampling scheme is quite flexible and can be tai l -  red fu r

d i t ’ l’a; ’ t - n i t  a c :l - l i c at i on s  wi th  maximum thru—put  ra tes  th t - o r e ti c a l l y  l im i t e d

l y the multiplexer rate ( l~5 k Fl z )  and allocatable b u f f e r  size.  However ,

1’:-; ’ sp e c i fi c  types of t ests , the execut ion  t ime of a p p l i c a t io n s  soft w; ;o’

a:td P’- sj-ec I fled number of discrete u’arnples jar wave period reduc e the

maximum thr”i—~ ut rate.  The present sampling scheme used f r  each wa .’~-

sen :s-n ’ 1;: 60 -liscrete voltage samples equally sj ano-I ‘ -var ’ each wove

j er ’i~~l 1’ r a predetermined ri -imber of periods. The minicu:rnj-uter s :tlculatrr

I t  i I n i u t  parameters  t h e  required t i m i n g  interval between m u l t i p l e x e r

scans to provide the correct sampling rate and initializes counters for

let*’rmining completion of wave tests. In addition , i t  controls  the

start irtg of the wave generator units , generates and updates t,he coru t c_”a l

s ign a l  t c  th ’’  WtiVO generator  un i t s , lags the beg i r t n t i r 1 g  of data : iequ isi—

Lion  by a s p e c if i e d  number c f  wave periods after starting the generator ,

and j rovides  t i m i n g  pulses  for synchron iz ing  and con t ro l l ing  the analog

recorders. At,  completion of the acqu is i t i on  mode , the c a l i b r a t i o n  data,

wave data , -t n !  actuator displacement  , i a t ,;i ( par’ag~’aph 9 5)  have been re—

curler! in both analog and digital f,-n’m . These data with a header for

test identif ’ication and pertinent parameters are’ available in binary form

from disc fur  direct analyses by the m i r t i c o m j - ; i t  en ’ or on magnetic f - a p e  in

a format suit,abl’~ for backup analyses on the WEll Honey’well ~—6~ 5 computer .

Wave Generat or Contr ols

9)-r . Through the digi tal to analog converter, ADACS provides t o

the wave generator an electrical command signal that drives the elec—

trohydraulic actuator at a given frequency and amplitude f
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disp lacement  . The ;0’t uot n - ir ’ i v e t ;  ‘ h’~ wave i - o i l ’ !  I e wh ich  01 -r t e r n  t es a

wad. er wave 1t~ t has: th e  .;: m ’ - f r equen cy as t h e  ac tua to r  :~~i u1 0 w’ v’’ he I g h t

propor t ional  to t lie ac tuator ’ s di~ i - lso ’rnan tt. rTi~~ , 
‘ -n t ro l  :: ign: ’ l is a

-I— c analog v o l t a g e  tha t  can ‘~‘;t l’y b u ’t w e o n t  10 v . The f i r s t  1-~5; ’i 1 t ’ i ’m

u - f ’ the contr ‘1 signal  con be varied 10 ge r ; -s ’ t ? ‘ t h e  i ’ - - i t i r o  I w a - i ’ -  r t ’t ’ i m t ’

s ~ -
‘!
~ as monochromatic , spec t ral , or a r t y  ‘ a’— l~ -; - - t i ’ -  a t  we, ’ - fu-t’a . The

onl y r e s t r i c ti n t - u i  the form of t h e  c u n i  r - 1 si c i t  I is th ’- m axi m -tm ‘;aioc—

i ty  l i m i t a t  i u n  of t h u  elec t r - : u h y - r r ’ ;ul  is t~~ t u i ; t  S system . -“ - -i’ i n i t i a l

wa v e tes t s , a s inusoidal  -Jr mo n ochr iun ;c i t i c  wave f — cm wi l l i i ’  ‘i r °i , ‘~~ i

wi th in  the d e s i r e!  range of wo’i ’- ’ f r equencies  ar i d  h e i~~h t s ,  no ir : i’  ‘i i ’ n i s

on actuator response exist .

95. The desir e - i  analog c ommand signal t’ r ’ u, ro AI ) d f l t ,  is  a p j  1 l o u  -

the wave generator control  u n i t  (Figure 31) which  pr ’  v i - l e s  l~t par al l e l

WA V E A;  ‘~ , SEP ,’ P~ ’R~~ -
GE N ERATOR AMP L I FIER UMI~~ POW E R
:‘cPOAQ L UNIT SPAN CONTROL AMPL I FIER A Nt ’ 1

rn
~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ >—~~~ ~~~~~~~~~.

A DACS

‘ v : 1 , 1 ;  ~ SE~~ 
H

- - * IR 0 1 1 1 ’  wU ~ 0

0

N

I t  N , U} R - ~ t1; I A Y I R u I  I, 
- -

ELECTRICAL APd [ OSCIL L Y P L~-

HY DRAULIC -- —

U- ME CHANI C AL
t ’ ,- M)DU LAT ~ D ~~~~~

Fi gure 31. Schematic of wave geni ’r’ a tu n’ c -jit n ’ - l s

inverted u u u t .p;tt signals. These output s ignals  are : t l , t u s t~~- i  f - -i ’ select e - l

du i e s c e n t  and a m p l i f i c a t i o n  levels and then are a~ p l  led to t h e  input sf

their n’ t ’ s j i eu ’t , iv e  scaling amplif ier  of the servocont n ’ e l i t ’ r .  It is in

this section of l t t ’  ::ervocontrolh th the span cont ro l  j-- - t en t i o m e t e r

tha t  the system is calibrated for a ± 6 . 0 0 0 — in ,  s t roke for a ~l0 . 00 O—v

c ommand si gnal . This  cal ibrated command signal along w i t h  the  a c t u a t o r
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~~- s i t  ion  I t ’  I lc i , ’k Slk ’rl :Ii is o p j - l i t - l  ~~ - - the summing j unc t ion  of the servo—

n ’ - -  ‘~r . TL’~ - L I 1 I , b r : i i t ’  t u:, -1 ’ these  two s ignals  is then app lied to a

0 - - c ’s’ .; l l f I t ’r w ! , t - - : ~ is : : ‘iit’ t l u i e  for d r i v in g  the coil of the servovalve,
‘l ’b t t ’ , ; - r v -  - v o l  - i ’  c it t t’ - - I S  t h u  1 1 w  - u f ’  hydrau l i c  f l u i d  to the cylinders in

h i .‘ ‘i u ’t I t t  tour ; t P u: ’ , ‘ bit ’ - I I  5 t u  las erneni t - -1’ the piston is proportional to

‘ n ’  t ’ l , ’ ~’ t n ’ j s ; t 1 c -arti s t - i  s i g n a l .  The actuator pos it ion  feedback trans—

- i - i c r , a l i n t e t i r  va r i ab le  d i f f t r ’e r t t i a l  t ransformer  (LVDT),  prov ides a

a - l - t l ’ t t a - I  —k ilt : ou tpu t  wh ich  is proport ional  to the actuator position.

T h i s  t”. ’- l h a c k  cig rt ’ti is demodulated and then calibrated for a scale

f , - ’ t u r  of approx ima te ly 1.66 v/ i n .  Therefore , the feedback si gnal along

with the  loop gain is used t - ~u st a b i l i z e  the closed loop electrohydraulic

::ystem , thus  ensuring that the actuator tracks the command input within

‘he lesired accuracy.

96. In add i t ion , the feedback signal is applied to the analog

u l i g i t al  converter  ( ADC ) of the ADACS where it is used to compute the
response of the electrohydraulic system with respect to the command sig-

nal. From the electrohydraulic actuator response (stroke ) and model

cal ibrat ion data of wave he ight versu s actuator stroke, the wave height

of’ the generated wave for a specified frequency can be determined,

Data Analysis

97. Data analys is may be per formed by either th e minicomputer  or
by the Honeywell G— 635 of the  Automatic  Dat a Processing Center at WES .

‘ ‘ l ien :t t i c a l l y ,  the procedure f or wave data ana lyses is as follows :

:t.  Program i n i t i a l i z a t i o n .

(1)  I n t j - u t ~ t e st  parameters and option flags .

( 2 )  Read and i t - - ic ic le  data f i l e s  on magnet -ic tape or disc .

(3)  Demu it i plex data f i l e s  and scale data.

I. Wove record analyses.

( I )  H and T - f

( 2 )  H, , , , ,

(~~) H where x is a specified percent of the highest
wave hei g h t s , normally x = 0.333; thus , H

113 
is

s i g n i f i c a nt ,  wave height .
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( 14 ) Option to plot wave height s versus time .

c. Fourier  analyses.

(1) Autospectruzn .

( a )  Ampl i tude—frequency.

( b )  Energy.

( c )  Spectral smoothing.

( d )  Plot s of above parameters.

(2) Cross spectrum.

( a )  Energy.

(b) Coherency.

(c) Phase.

(d) Plots of above parameters.

d. Least—squares harmonic analysis.

(1) Amplitude and phase for specified wave period.

( 2 )  Rela t ive  phases and ampl i f i ca t ion  factors  between
gages.

(3 )  Analysis  of residual variance.

(14) Graphic output of above results.

98. The analys i s  of actuator displacement data is basically th e

above least—squares harmon ic analysis from which can be determined th e
ac ’tur t fs,r response. The results of the data analyses can ‘be plotted by

elet ’t ros ta t ic  p r in t e r/p lo t t e r  on minicomputer  or by pen plotter or CRT

Iot ter (microfilm and hard copy) on the Honeywell 0—635 system . b”cr

,cacbt mo-lel test , orig inal data and analyzed results of all tests  are

‘:‘t’monenitly stored on magnetic tape and disc f i les  for future reference

~r t i  data  t able generation for reports , etc .

99. With  the analyses of wave records from various harbor loca—

t i ns , a m p l i f i c a t i o n  fac to rs  or harbor responses for various input wave

cu n i ul i t i o ns  are estimated . These results provide the hydraulic engineers

w i t h  t he  l,u r t : : i c  data whereby t,he effects of various proposed expansions

‘irid rn - i i f i c a t i o n s  to ex is t ing  harbors can be evaluated.
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PART V: CONCLUSIONS

100 . i - a s ’ -  i ri ~ l t t - ’ design considerat ions discussed in th is  re—

~~
‘ :‘t , i ’ is c u n t c ’ l ; i - l ’ - ’ !  t h a t  a 1:100—vertical— , l :1400—h orizontal—scale

1 - ’ n ’~ i” I  0 1 ’ Los ~n g ’ ’ l e s  a n d  Long P e a c h  Harbors will accurately

si t ’ . a ’ e 
~~~~~

‘ - ‘‘ , : t  w av e  5u  -n ; d i t . i o n i c  so that e f f ec t s  of proposed harbor

a I l l  Yons :1 ;  l e  as’u ’u r a t e l y  evaluated. All predominant par~~~eter s

( i ” ’~~ ’ ‘ ‘ ~~~fl , sP- al I ’ , - I i  f f r a c t i u ’n , viscous f r i c t ion, reflection, t r o t , : —

m i s s i c t . ,  l ’ t ” ! - - ;‘ oscl l la ’l - ; ,, inc iulert i waves , etc.) have been adequately

“ I — rn t u e . - ! ( e i ’ t ’ t ’ ao ’ tt ’ :i:i y ~-z’ a n ’ t i f i c i a l l y  by adjustment of the model

a a :  ‘, t ’ ’ t .  tn, - ”. ). Ta, ’ ’  : ~f’ ex i s t ing  conditions should be con—

in  ‘ ed in ~~ lo l , ’, - to -~~l t  air a base I ’s-i’ comparison. The model can then

be used i t ,  a Se ! I  “ i vo  mo- r e  to evaluate various proposed m o d i f i c a t i o n s ,

‘ P  st ’i ’,’ - 1 t  i~~i z i n t g  t is ’ harbors desi gn from both a cost and a functional

w Ol . ~~u t , ’ t : ’ i ’ i I  f’uture uses of the model not previously discussed ,
I n - i  l u  I ’’ - ‘ t r i e s  o f :

i .  Di spersion of ef f luent from speci f ic outfa l l s  in the
harbor compl ex .
-: .i O i i t t t t j  waves.

C .  h t ’t ’ -u ’t s c- f  v a r ious  coastal structures from Point  Fer ’n i n
to Hur t ’ ington Beach.

I.  f f f” i ” ,~~ if tt r t , i f i c i a l  o f f shore  is lands or l and f i l l  sea—
w’ tn ’ -l of the ex i s t ing  harbor breakwater on tidal circula-
t i o n  and wave c o n d i ti un s .

e. Ti lol cir u ’ii i otion in areas such as Huntington Beach ,
Bolsa Chica Wildlife Reserve, Alamitos Bay,  etc .

1’. Ef fec t  of van s - i t s  fu ture  harbor mod i f i c a t i ons  en t idal
and wav e phenomena.

j~ . ‘I’ lie physical envir :tnment in the harbor and surrounding

1. Wave and t i , l t t i c i r ’~’u l at i on  in the proposed Down t own
Marina and Queensway Marina.
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14
heftection Qcaf:’ i c -  : - - r u t ,: t o - n ’  the Distorted—Scale Mi ddle

ii  10 t’ , sc ’ h Breakwaters

u -  Wave Prototype Wavr’
t n  s - s  Height , ft Reflection c ’ u , e f f ’ i c i e r t t

20 0.9 1 0 .6 i e
2.15 0 .50

30 1.26 0. 1414
0 . 141

i t S) 1.15 0. 143
3. 1’) 0.~.5

50 1.00 0.148
14.114 0.51

n _I 1.02 1j 5 2
3. (5 0 .149

iF 1.03 Cc .39
3.93 0. 146

80 1.31 c 146
3 .14 6  0 .52

90 1.214 - o. 148
- .38

100 1.55 0 .39
3.81 0. 142
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APPENDIX A : NOTATION

a Wave amplitude
a Wave cr est amplitude

b ,b Coefficients in velocity potential function
C Wave celerity

C Wave reflection coefficient
r

C~ Wave transmission coefficient

D Typical rock dimension
e Base of natural logarithms

F Force
F
1 

Inertial force

F Maxiniuin force
m
F
R 

Resistive force

g Acceleration due to gravity

h Water depth
h
1 

Water depth at deep end of bottom elevation change
h
2 Water depth at shallow end of bottom elevation change

H Wave height

H Average wave height

H Wave height at antinode
a
H
1 

Initial wave height

H Wave height at node
H
r Reflected wave height

H
t Wave height at time t

HCH Wave height for closed harbor

H Transmitted wave heighttm
H~~s Root—m ean—square wave height

H
0 

Initial wave height in wave absorber

H
1 

Final wave height in wave absorber before leaving the absorber

I Imaginary number

k Wave number

K Refraction coefficientj
Al



K Shoaling coefficient

L Wavelength

‘
~r 

Length scale ratio

in Solution of m g  tanh m h  =
in Solution of in g tanh in h = —on n n
n Model distortion

p Pressure

R Wave—height amplification factor

s Wave generator stroke amplitude

t Time
T Wave period

T Average wave period

T Time scale ratio
r

x ,y, z Coordinate system with x ,y in the horizontal plane and
z vertical

a Dimensionless parameter

B Variable

t~L Width of wave absorber

ii Local water—surface elevation

v Kinematic viscosity

p Water density

o Angular wave frequency

Standard deviat ion of the wave height

Standard deviation of the wave period

~ Velocity potential

Subscrip ts:

in Model value

p Prototype

r Scale ratio of model to p~ototyvc
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