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Contract Nonr-710(05) between the University of Minnesota, St. An~-
thony Falls Hydraulic Laboratory and David Teylor Model Basin, Bureau of Ships,
Department of the Navy, provides for an experimental investigation of cer-
tain types of laboratory equipment necessary for studies involving gravity
waves. -

Initially three items in particular were suggested for detailed
study, namely: : '

(1) wave absorbers
(2) wave filters

(3) wave generators.

In accordance with the expressed interest of the Sponsor, the studies
under the initial proposal were largely restricted to an investigation of wave
absorbers. A limited number of tests were conducted on wave filters, primar-
ily to obtain ini‘omatidn which would contribute to the study of absorberse
Studies of wave generators were confined to a review of available li'beratﬁre
on this subject. Under the initial proposal one project report, 'Laboratory
Surface Wave Equipment, A Summary of literature," was prepared; and a second
project report, a translation of selected articles on wave generators, was
made available for the use of the Sponsor [13] [3]*0

The program under the second proposal has been xfestricf;ed to wave
absorbers with the primary objective of providing experimental data to assist
in the design of an efficient, inexpensive absorber of minimum length for the
proposed Maneuvering Basin, |

Initial, comprehensive experiments were conducted in a small wave
channel and later tests were performed in a large wave channel. The main ob-
ject of lafgeuscale 'besté was a check on possible scale effect which might
exist in extrapolating the small-scale data to larger facilities. | '

The present Project Report describing studies performed at the St.
Anthony Falls Hydraulic Laboratory is intended to provide a summary of re-
sults of studies in the small facility, a channel 6 in. wide and LO ft longe

The primary experiments involved measurements of wave characteristics (such

*Numbers in brackets refer to bibliography on p. 81.



as wave héig‘ht, length, profile) and coefficient of reflection for various
types . of filters and absorberso The more important experimental résults are
'presen’eed to show the relationship between wave attenmation and wave 1emgt'h
and filter length for wave filters, and the relationship between coei‘ficient
of reflection and wave steepness and wave length for wave absorbers., . .

The main body of the report is devoted-to a sumary descrip‘oa.on of
the mosi:. important variables affecting wave absorption which might be of help .
in designing a filter or an sbsorber. As tests of filters were l:‘x.m:v.ted to
those which would eontmbute to the study of wbsorbers, the i‘ilter da‘oa are -
not as comprehensive as m:.ght be desired, :

In the final part of the body of the report under ’ohe headmg "Ap-

plied Study," a ‘sunmary of tests is given which led to the prelminary design

of ‘the prototype absorber, This design was 1ater modified\ after: complet:.on
of large=scale testss . : e

More detailed analysis of the experimental data of wave attenua'h:.on
and coefficient of reflection for various filters and absorbers, , as well as
other pertinent information, is inecluded in the Appendixese Thus, Append:\.x A
describes the "arti] ficial viscosity" theoretical development 3 Appendlx By the
experimental apparatus H Appendix C, the testing technique; Append:xx D 'thev
measurement of wave reflection; Appendix B, the photographic comparison of
wave energy dissipation on impermeable and permeable absorbers ; Appendix. F, o
the experimental data grouped under various subheadings, ' ' '

The project was under the general direction of Dre Lorenz Ge Sfb,raﬁb,
Director of the St. Anthony Falls Hydraulic Laboratorys €. Ee Bowers s as~
project leader, supervised the studies and reviewed this reporte, Edward Sil-
berman initiated the “artificial viscosity" theoret:.cal development. ‘The
study was condusted and the report written by John Be Herbich, James M. Ross
made significant contributions to the project in early stages of the work, »
‘particularly with regard to test procedures and the preliminary program. Most
of the experimental work was done by Jurgen Ziegler, Re Baumeister, and D.
Husby. Manuseript preparation was performed by Nancy Do Nyrop, under the
general direction of Loyal A. Johnson.
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ABSIRACT

Léboratory wave studies are of importance in explaining the naturel

phenomena, determining the remedial measures for harbor protection and beach

erosion, and providing design information for various laboratory wave instale-
lationss | |

The objective of the research reported here was to investigate the
basic equipment and methods associated with laboratory wave studiess of ’par--
ticular interest was the investigetion of wave absorberse A liniited study
was conducted on wave filters, primarily to obtain information which would
contribute to the study of absorbers. Studies of absorbers included imper-
meable-beach types, as well as permeable types such as gravel, crushed rock,
wire-mesh, perforated plate, round-rod, triangular wedge and rectangular bar,
or a combination of these. Observations and analysis indicatgd that the wave
‘absorption depends on wave characteristics, such as steepness (HI/L) ~and
depth-to-length ratio (d/L), as well as the absorber characteristics, such
as surface slope and shape in the case of impermeable absorbers; and -surface
slope, shape, volume, and porosity in case of permeable absorbers. For selec~
ted wave conditions absorbers with reflection coefficients (HR/HI) "as low as
0,02 were developed during the studies, Filters were developed which pro-

~ duced severe attemuation of the incident wave without causing excessive re-

flection. Howevery additional studies will be necessary to provide adequate
design information for wave filters,

The absorber studies in a small channel led to a preliminary def-_n-

sign of an efficient, inexpensive absorber of minimum length for the proposed.

Maneuvering Basin at the David Taylor Model Basin. The preliminary design
will be checked in a large test channel, '
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EYPERIMENTAL STUDIES OF WAVE

I. INTRODUCTION

Because of the large number of uncontrolled variables affeoting

ocean waves, it is very difficult, if not impossible, to study the nature,

behavior, and effect of waves in the field. Therefore; laboratory investie
gations are of great importance in providing explanations for natural phenome

ena, determining the remedial measures for harbor protection and beach erosion, |

and facilitating design for larger laboratory installations. In the laboras
tory the variables can be isolated and studied systematically in two- or
three-dimensional modelss

The objective of the present study was to investigate basic equipt-'

ment and methods associated with laboratory wave studiese Three items were
suggested for detailed study: wave generators, wave filters, and wave absorbe

ers. In the study of the absorbers the special emphasis was on the procurement .
of information to assist in the design of wave absorbers for various David

Taylor Model Basin installations, in particular, the Main Towing Basin and
the proposed Maneuvering and Rotating-Arm Basins. In the initial study a

limited investigation was conducted on wave filters, primarily to obtain ine

formation contributing /j\:o the study of absorbers. Studies of wave generatore
were confined to a review of available literature on the subjects :

A survey of the available literature on filtere and generators res
vealed that published informetion is quite limitede Some types of wave £4le
ters and absorbers were either installed or briefly investigated at various

research establishments, but very little quantitative information on thelr

performence 1s availables The results of the survey were prepared in the
form of two project reports, one covering 'bh.e sunmary and bibliography of
literature and another describing laboratory wave genara'borcs [13][3]

Limited experimental studies of filters indlcated that wave attenu=
ation depended upon wave characteristics, such as steepness, depth~of=channel.
to length-of-wave ratio; and filter chavacteristics, such as length, density,
and roughness. Filters were developed which produced severe attenuation of

*Numbers in brackets refer to the bibliography on p. 81.
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the incident wave without ca;zsing excessive reflected waves, Howevei?; the _"
study of filters was not as comprehensive as desired and has ‘not provided
adequate design information. ' ‘

Studies of wave absorbers indicated 'bhat the effici:ericy also depended
upon wave and absorber characteristics. Wave stuepne'ss and depth~-to-length
ratio are important, as well as shape and surface slope in case of mpemeable
absorbers; and shape, surface slope, volume and porosity in case of permeable
absorbers. After determining the primery variables, the study was dn.rected'

toward the developmmrb of an efficient absorber of mlnlmum length for pro= o

posed installations. A preliminary design was developed using build:.ng Mma=

terials o:.E’ reasona‘ble coste This design, based on the tests in the beine
channel, is considered prelmnary, as a possible scale effect m:pght exist in

~scaling wp the small models Tests in the large facility 9 £t wide," 250. £
long, and 6 £t deep ‘Wlll determine the scale effect and should provide a sound,
basis for the design of a pmtot'ype absorber.

TI. WAVE FILTERS

&, Ceneral Remarks

One of the main differences between laboratory waves and prototype |
waves is that in the laboratory, waves are produced at a finite distance from
the model S‘tracture; while the prototype waves may be considered generated an
infinite distance from the prototype structuree Similarly, in the 1abofa%ozy,
waves reflected from the model travel toward the wave-generating device which -
in turn acts as a reflector and returns the reflected wave to the model strue~
ture. The reflected wave superimposes on the generated wave to form a wave
profile which might be very different from that desired. This condition does
not exist im the prototype because the reflected wave, propagated seaward, has
a large expanse of water in which to decay. |

In the laboratory the difficul‘i;y due to reflection might be avoided
or diminished through the use of a wave filter between the model and the gen=
erating deviceo, An efficient filter would absorb part of the wave ‘energy‘ and
reflect 1ittle or not at all. Filters might also be' used to improve the
quahty of the ineident or generated wave by reducing or eliminating harmomcs
of the mainwave, In addition, it is possible that filters may be beneficial in
reducing transverse waves which sometimes develop in laboratory wave channelse



A review of available literature [13] revealed that published ine
formation pertaining to wave filters is quite limited. The following types

- of filters have been investigated at various research establishments:

1, Perforated plates parallel to chamnel walls at Neyrpic Labora-
tory [2] and Vieksburg Waterways Experiment Station [9]e

2. Cellular wire mesh at Vicksburg Waterways Experiment Station.

3. Vertical, circular cylinders tested by Costello at the Univerw
sity of California [L].

lile Plate filters tested by Meyer at Louisiana State College [9]e

The only experimental data were reported by Costello and lMeyers
Costello was primarily interested in the effect of various configuration of
vertical, cireular cylinders (piling) upon oscillatory waves. While the data
obtained are of interest in the study of filters, their application is quite
limited because the spacing of cylinders was so small that considerable re-

flection occurrede The data obtained by Meyer were for relatively short file

ters with very low damping characteristics; it appears that these filters were
too short to yield satisfactory results. For a more detailed review of these
studies, the reader is referred to SAF Project Report No. 38 [13].

Be Theoretical Considerations

At present, two published theories are available which are of ine
terest in the analysis of filters. One was proposed by O'Brien and Chaffin
[12] and another developed by Biesel [2). O'Brien and Chaffin's theory can be
used in computing the energy loss of a wave in a channel of finite depth and

widthe The energy loss due to friction against the bottom and sides of the
channel is calculated and deducted from the wave energy. Dissipation of energy
through viscous action is assumed. The velocity distribution in the boundary

layer is adapted from a development by Lamb for a case of an infinite plate
oscillating parallel to itself with periodic motion in an infinite fluide
The velocities outside the boundary layer are obtained from the theory of
gravity waves on the surface of a frictionless liquid, and it is assumed that
the wall friction has no other effect than to reduce wave heights and energiess

Taking the origin of coordinates at the intersection of the stille
water surface, and one wall with x measured in the direction of wave advance,




¥ downward, and z perpendicular o direction: oi‘ wave advance, the theory

of :Enation]ess waves to a first approﬁ.mation yields as the maximm veloc:!.«-'
‘Lies at any depth, ¥, ' '

vﬂ) {cwh [ (27/£) (d.j-f»s*-) 1 } ()

maacj;hml.lfxbrisztal velocity = ﬁy = : (

T/ e ey
o H ' inb. 2r/L) (d = o
- maximum vertical v.elocity u vy Ll 3 (WT ) { i :;/(;ﬂ:ﬂ) y)] } (2 ) .- |

where T 4s- i.he wave period, I :i.s the wave length, d is the depth af )
water measured frem stillewater level to the battom, and H is 'bhe heﬁ.ght
of wave from erest to trougho The dissipation of energy per rc;ycle per 'anit "
length of channel is -

~ N= —;— vl 61(uy=d:) dz,+2,o (-uy ,"'“Vy). dy (3}

whare _p :i.s the density of water, v is ‘the kinematic wr.’e.acbsity, ‘and . b. ':Is.
the breadth of channeb

The total emrg diss:.patian occum'ing in a channel of length 8,
per unit of time, is equated to the difference between power entering the

. reach at x = @ and the power leaving at x-= &,

o 4 N S
areroers [ g S

'whei'e ' P Ls the pwer tranaported into the reach at x = 0 and P is 'bhe.'

T

'pewer 1eaving the reach at x = &,

me ‘the above equations both H and P ¢r OF wave height and

| 'power leaving the filter, can be calculated; howwsr, the applicat.n.on of" ﬂl:l.s ‘

'bheory is restricted to plate filterse

o The second theory was developed by B:.esel for computing the damp-‘
ing characteristics of filters.s Biesel mploys Euler's equat:.ons for irre~~
tational motimn of an idaal incompressn.b]e flun,d and he assumes tbat thafamw "
acting om a fluid are due to gravity and viscous friction. He develops a



solution for the following boundary conditions of wave motion in a channel
of finite depth:

(a) V&% =0

m -0 . for ym-d |
o o (5)

() p = constant for y = n(x)

or

S ~
_a_(k.f)\cb-o-g f .Qj.)_ at =0
it a Jy

where ¢ is the velocity potential, A the permeability coefficient ( A > 0)

and g the acceleration of gravitye

» These boundary conditions must be satisfied by the complex potential
developed to represent the damped wave motion. Biesel shows that the velocity
potential function for the flow passing through a wave filter, it

ap o-e-B mEe : . |
¢ = cos Bm(y+d) coshm (y + d) sin (mx -ct)
m sinh md - ' ' '

(6)
aIcre-Bmx - . _
+ — sin B m (y+ d) sinhm (y # d) cos (mx ~ot)
m sinh md : S

does: satisfy the boundary conditions if the following relationships exist:
| sin 2 B md.
1 + . .

(3 sinh 2 md
B sin 2 B md
sinh 2 md

A= Bo (7)

1 -

and _
B sin 2 £ md

sinh 2 md

8
sinzﬁ md ®)

co'sh2 md



where a; is the incident amplitude, o = 27/Ty m = 2n/L, and B the damp~ -'
ing coefficient, From these equations it is possible to determine m and
A when o and £ are knowns

It seems apparent that the form of the surface profile may also be |
detemmined by making use of the potential function developed by Bie%el.

L gy ey ofeT PN | .
B — = : cos B m (y + d) cosh m(y + d)cos (mx-c 1)
g Ot gm sinh md . ; . :
a;[o?euﬁmx- | o I
¢ . sin Bm(y +4d) sinhm (y + d) sin (mx =ct) (9)
gn sinh md | i

where 7 is the surface elevation end the ether tems are as previOusly dem
 finedo ' S .

It can be séen that the latter factor of Eg. (9) describes the varie
ation of the profile with time and position. The first factor indicates the

variation of the profile as a function of the .t‘l‘l.tex-\,o-wave length ratio.
For the case of the wave he:.gh’c this can be expressed as

HT - .
e B o ~ (10)

where H’I’ is the wave height tra!asmitt@d, and the other symbcls are as pree
viously definede ' o

2m
If m #® o= and x = § 18 the filter length,
L
."| 8 | . ‘ . o

iy

Hence, the value of [, the 'damping coefficient, can be calculated from the
experimental datae

Biesel's theoretical development does not indicate the internal meche .
anism of wave attenuation, mor is it self-sufficient in the detemination of
damping when only filter geometry is knowne Although the solution of Bicsel's
equations necessitates the use of experimental data, the theory provides a



method of comparing the general performance of various filters in terms of the
damping coefficient [ and possilly the permeability coefficient A o The
primary objection to the solution is that it assumes the resistance of a fil-
ter in the form of viscous friction, whereas wire-mesh filters exert a fomm
drag on the flowe In this case, the energy loss may vary as a function of
U (V = velocity) where n may not be the first power as assumed by BieSele

An attempt was made during the present investigation to develop a
theory pertaining to the damping of a wave by a permeable filter and reflec-
tion from such a filter. The ultimate objective was the applicability of the
theory to permeable absorberss

The difference in entrant and exit energy was equated to the rate
of energy dissipation as computed from the dissipation function. From this,

~the damping rate was expressed as a function of known wave characteristics

and an unknown apparent viscosity v's The detailed analytical development
is given in Appendix A, It was presumed that v! would be descriptive of
the damping qualities of the device and constant for a particular filter,
Therefore, once the value of v' had been determined for the permeable mediwn,
it was hoped that the rate of damping for the filter could be calculated for
given wave characteristics. This theoretical study will be referred to here=
after as the "artificial viscosity" development, Consideration was given to
wave reflection produced by the filter but no satisfactory theory has been de=-.
velopede

Co Experimental Studies

The brief experimental studies have been restricted to plate~type
and wire-mesh filters. No tests have been conducted on perforated-plate fil=
ters which might be considered in a separate class. Plate=~type filters were
selected for comparison of the experimental data with O'Brien and Chaffin's
theory and with BieSel's theory, and tests on wire-mesh filters were made in
connection with the Martificial viscosity" development and Biesel's theorys
Figures 1, 2, and 3 are the photographs of two types of filters which were
subjected to limited tests. Wave attenuation was the primary measurement in
these tests for various values of wave length, wave steepness, and filter
characteristics. Variations in wave steepness were not as complete as de=

sired because of the limited time availables



to O'Brien and Chaffin's Theowy

‘m& effect of wave damping due to side-wall and bobtom friction in
a G=in, channel 1o shownin Pigse b and 5. Thooretical cwrves » which are also
Indicated dn the sume graphs, were compubted following 0Brien and Chaffints
theory. The vesults ludisabte thab there 18 good agreement betwesn OXPOY=
mental data and & theory developed by 0'Brdew and Chaffin for wave attermae
tlon in & chammel of findbe width and depths

/
2¢ Blesel's Theory

Paste were parformed on plate £ilters deosigoed to permlt variations
in the length of the filter fiom 2 4o 6 P4 and variations in the transverse
spacing belwesn plates from 3/2 o 3 incheos, The domplng coefficient B was
caloulated from the aporinsnteld dsrba 7 fag Bge (A1) for varieus plate filters
and was found to have not a constamt bub & veriable value, Figurve 6 indicates
that B warisd greatly with the wave length L (particularly for wave lengths
below 3e5 £t) amd varied only slightly with the length of filter, In Fige 7
a comparison is mads belween experimeubsl data and the damping coefficiente
The theoveticel curve was caleuwlated using the damping coefficient [ taken
from the akperinental date for L = 3,3 £5 snd sssumed constant for all values
of Lo The agrevment is considered geed snd 1% eppears, within the limits of
this study, that the wave dawmping can be predieted quite accurately for plate
filters fow lounger wave ieagbbs (Je5 o 555 £t im the model). However, the
avallable data are not adequate to make definiie eonclusions, and it is also
ot known whether acourate predictions can be made for wave lengths shorter
tham L = 3.5 £,

3o BArtificial Viscosity® Theory

I an ablbempt to verify the “artificial viscosity? theory (Appendix
A), experimental. data were collested for wiresnesh filters, The results ine
dicated that the eppavent viscosity v? werles greatly with L, slightly
with € and H/L, and almost mobt et all with ¢/Le As ' should be ine
dependent of all variables for a given material, it was concluded that the
basie theory hag reeelved some support from these tests, but obher tests, pave
ticularly im a larger model, are necessary to wverdfy ibe

As am altermative, an empirical expression was developed giving the
relationship between weve attemmation emd leugth of filter-te-wave length



ratio (£/L). An empirical plotting is presented in Fige 8 and it indicates
an expression for wave attenuation of the form

iy

where A and B are constants. The constanﬁ appears to be determined by
the filter material and B by the initial wave heighte. For the No. 8 wire-
mesh filter the expression is ’

e A7 RS (22)

H

_L . G3e08h (£/1) - 0.062» (13)

HT :
and for the Noe U wireéﬁesh filter

“I . 04856 (£/L) + 0,198 S ()

iy

e Variables Affecting Wave Attenuatlon

Limited experimental and analytical studies have :md:Lcated that wave
attenuation depends on the wave characteristics and filter characteristics, -

" Wave Gharac‘oeris’oics

The primary variables are wave steepness HI/L and thé ratio of
depth of water to length of wave d/Le In most instances the wave attenua=
tionwas lower for low-steepness waves (H,_[/L = 0,03) than for high-steepness
waves (HI/L 0406), but only limited exper:.mental data were obtained. The.
effect of depth-to-length ratio on wave attenuation was brlei‘ly surveyed.
Figure 9 indicates that the wave attenuation was h:Lgher for low wave lengths
(or high values of d/L) than for high wave lengths (or.low values:of . d/L)e
In Figs 10 a comparison is made between wave attenuation for plate filters
and wire-mesh filters. It appears that both plate and wire-mesh f:thers could
be used to produce significant wave attermations values as h:l.gh as 75 per cent
and 30 per cent were measured for the wire-mesh and plate types, respectivelye
The mesh~type units appear to be advantageous where the filter léngth is lim-
ited and reflections from the filter are objectionable. However, the available
data are not adequate for a thorough comparison of the two typess



io

' ‘be- Fi..tter Ghamutex*ls tles

‘.i‘ha va&vmblaa aff’ea ting ware. attenuation are the length of ﬁlter, '
, -'l;he s01idity vabie and plate spacing (in the case of plate filters), poropity
of the Pilter (in case of & wive-mesh £ilver), and rovghnesss In genera‘l, the -
~ longer. me:l donser the £ilber, the h‘i.gh@. the enorgy loss., Figure 1l presents

_’uhe effeect of 'L@mm of filber on weve abbemuablion for pla’ua t‘ilterm A come

pa:fﬁ gon is md@ on the same. graph betwes experimental data and thaoretical .

values compubed i’nmuwlm B“Bzﬂ,en and Chaffin's theory, Good agrement was
obtained belwsen theovetisal and exmperimental values, particularly for L -
3630 £% (d/L = 0u287)s -

Tmﬁ‘ma 12 @umpm HOR Wes mﬁm bolwsen wave attemation ag a i’metion s

of wa"m 1@&9%% f’ox plats ‘F1Tt60s and wiresnssh £1 Lteras It appears t‘hat i’or SRR

aglven longth the wire-nesh wni ts are considerably more effmtim Fiaure -
13 presented addi. tional. data for wire-mesh filters for wave 1angths 1.8 and

2,0 £i, respectively, azad ‘various values of wave 3‘3'}86})!1388@ The unit conw -
rstmcﬁed_ of Hoo 8 wire mesh with 92.3 per cent porosity appeared to produce
highest wave attemation for a given wa wa lsngth and wave steepnes.& (Figa '13b):;l g
however, it also caused highest reflection ( /Hm) of b@W&en 013 and 0,18 4’
as compared with mmjk cmmﬁmmted 6f Moo }4 wire mesh for which HR/H.I m"
observed between @a@l@& and @»{3‘{5’3 Wave reflection is apparently a tunc‘bi,on
| of the demsity of the fi lter and the reswltant rate of attenuation, as well
a8 the solidity ratio of a 'tmaweal fransverse oyoss. sectiomne

Be Conslusions

" The experﬁmental studies @:,f’ £ilters pewfoxmed to date are not e
*i:.enswe Memgh to pmw,de adequate dea&;lgm information, However, several gene
- eral conclusions mgh'f:, be drawng
& Filtors eéﬂa‘.ﬁa@'dm&@pm which will produce severs é,ttema-'-
tion of the incident wava mi‘hm% excessive. mflectiena '

o Wimwme»m !iltem cEBUBS. highw wave attenuation than plate-
typa £ilterss ‘

eo The vave &z%emmﬁi@n for wave £ilters depends on wave char-
acteristics (smpmzas # lamg%wm-vdepm r&tio) and filtar eharacte;ru
is'bi@% (:L@ngthy density, rough;waa)o _ ;



de Within the limits of the studies performed to date, good
agreement was obtained between experimental data for plate filters

and a theory developed by O'Brien and Chaffin for wave attemmation

in a channel of finite width and depth. ‘
oo Limited experimental data prohibits definite verification
of BieSel's theorye - '

fo Additional studies of mesh-type and other types, such as

. perforatéd plate filters are necessary for the determination of
adequate design information. S
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III. WAVE ABSORBERS

Ko’ General Remarks

Wéve absorbers are usually required in laboratory wave experiments
to prevent reflection of the generated waves from the extremities of the test
channel, Absorbers, as considered for laboratory use, may be of several types'

l, Impermeable beaches: Variables include the slope, shape,
" and roughness of the beach,

?, Permeable beaches: Variables include the slope, shape,
volume, and porosity of permeable material.

3, A combination of (1) and (2).

Lie Special devices: This classification might include items

such ast
a., partly submerged horizontal cylinders,
b. overflow troughs,
c. submerged barriers and similar ‘defriCGs, and

d. rods of various shapes forming a sloping beach.

A survey of literature on the subject of absorbers revea.ls. very .

little quantitative information. However, in recent years studies of the ab-

‘sorbing and reflecting properties of beaches have produced some 1nformat10n_
of interest in the design of laboratory absorbers. This work is concerned- .

primarily with relatively impermeable beaches. Schoemaker and Thijsse [lh]

have published experimental data on smooth impermeable beaches with both con- -

tinuous and discontinuous slopes. Their tests covered varlatlons in. the beach

slope and length-to-depth ratio of the incident waves; however, the. ei‘fect of--

variation in steepness of the incident wave was not: studieds . Laurent and
Devimeux [8] have made investigations of three types of discontinuous slope
impenneable absorbers.s The conclusion reached from this study was that higher
wave reflections occur for low-steepness waves. Healy [5] also studied im-
permeable beaches with a continuous slope for variations in steepness and
length-to-depth ratio of the waves and for variations in beach slope. Some
of the data from Schoemaker-Thijsse and Healy's studies, as well as from the

present study, are reproduced in Figse 1, 15, 16, and 17. The Beach Erosion

Board [1] reported the results of tests on the reflection of solitary waves
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from both permeable and impemmeable beaches. The results indicated that the
pemeé‘ble beach is a much better absorber tham an impermeable beach of the
same slopes However, application of the results to the present study is some
what limited because it is difficult to determine the magnitude of reflections
which will result if a continucus train of waves is used in place of a solitary
wave., Design studies of a rubble wave absorber by Straub and Hudson [15 ]in
connection with a harbor study, indicate that for a constant surface slope

the percentage « @f'_abagmni-mn_ﬂ*‘ i‘,.n'* dent—wave —energy —is—a function of the

s

volume of rock in the atmmuma

The :reacler is referred to Sty Anthony Falls Hydraullc Iaberatory
Project Report No. 38 [13] for a more detailed review of available literature.,

Bo Theoretical Considerations

Several theories, which are at present available, were reviewed for
their applicability to the analysis of absorber performance; these are the
theories of O'Brien and Chaffin, B:Lesel, anid Miches Of these, Miche's is the
only theory developed for conditions approximating a laboratory abserber.

Miche developed a theory to determine the reflective capacity of
beaches by considering bo*bh the slope and beach roughness. He was concerned
with essentially mpemeable-»type beaches. His theory did not take into ac-
count the vertical flow through permeable beaches $ hence it pould not be used.
in evaluating permeable absorbers. However, Miche's development is of value
in evaluating impermeable absorbers and as a means of eompansen of pemeable
sbsorbers with impermeable or permeable absorbers of the same shapes A& short -
resume’ of his theory follows,

Can51der1ng the ideal case of a perfectly smooth barrier fo::mng an .
angle a with the horizomtal, he developed analytically a formla for the
maximum wave steepness in deep water which will be tatally reflected by such
a barrier

' {20 s:i.nza | '
8014& T ™ _ o '(15).

where 8 is the maximum wave steepness (in deep water) which will be to-
tally reflected by a smooth barrier, From this he deduced that waves steeper.
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than SOM would be partially reflected and those flatter than BCIM would be
totally reflecteds

The part theoretically reflected (R') has then the following value:

) v
Rt = — 3L i4h i< 1 ' (16)
5o

where SOI = incident wave steepness in deep watere

To account .for a rough or permeable barrier, Miche intreduced an
intrinsic coefficient p, apparently independent of the slope of the bar«
rier, which varies from unity for perfectly smooth slopes to 0433 for rough,
permeable barriers. The effectively reflected part (R) will therefore be
equal to

R = pR! 3 S .-*(17)'

iy

where HR is the reflected wave height and H.. the incident wave h_eight.

I

It was thought that the experimental evaluation of Miche's coeffi~
cient p might provide a means of comparing various absorbers, both perme«
able and impermeable, Permeable absorbers considered were made of Nos L,
Né. 8, and Noe. 16 corrugated wire mesh; perforated plate with 37 and 60 per
cent voids; natural screened gravel, passing 1-1/2-in, and retained on 5/ 8-ine
mesh; and crushed limestone rock, passing 3/L~in. and retained on 1/l-ins mesh,
and passing 2-ine and retained on 3/8-in. meshe Two impermeable absorbers ‘
were also considered, one of a flat sloping-beach type and another of parabolic
beach type. | L |

Inall cases, both for permeable and impermeable absorbers, p '. was
found to be a variable, dependent on wave steepnesse To give _ah example, the 3
values of p were plotted against the wave steepness in Figse 18 and 19.
Figure 18(a) shows the results obtained for an impermeable absorber; Fige 18(b)
for a corrugated wire-mesh absorber; Fige 19(a) for a perforated-plate ab-
sorber; Fige 19(b) for a screened-gravel absorber; and Figs 19(c) for a crushed=

rock absorbere

It is interesting to note that very low values of the intrinsic co=

efficient were obtained for highly permeable materials such as wire mesh or
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perfomted pla’ces. The actual values were between 0,22 and 0,01 for ‘SOme of
the absorbers te.s,ted, as compared with Miche's lowest value of 0¢33 for rough, .
permeable barriers, which is another indication of high absorption ei‘f:xciency
for wire-mesh or perforateduplate absorberss

C. Experimental Studi.es

The general prégram followed can be divided into 'Wd partse

(a) K& vasic study of variables a:f‘:fectxng the wave rei‘lecmon
and wave absorption in order to procure general absorz'ber desn.gn :J.n~
formatione

(b) An applied study to facilitate design of a wave absorber '
for a prbposed facility at the David Taylor Model Basin,

1. Basic Study

The experimental study has indicated that the reflect:.on coeff:.cien‘b |
(ratio of reflected wave height to incident wave height HE/H ) depends on
the wave characteristics and the absorber characteristicse '

ag Wave Gharactezisties

The primary variabl&s are wave sleepness HI/L and the rat:l.o af
depth of chamnel to length of wave d/L, In most instances the rei‘lectmn
coefficient was much higher for low-steepness waves (H/L = 0,01) than it
was for highesteepness waves (H/L = 0.07)¢ This may be partially explained
by the fact that the high«steepness waves may break as they pass onto the abs
sorbers The effect of deptheto-length ratio (d/L) on the coefficient of
reflection was ‘br:.efly surveyeds Figure 20 :md:.cétes that for a particular, -
absorber, constructed of perforated plates, the coefficient was approximately
constant for d/L values between 30 and 0,80, while. it increpsed fairly
rapidly for values below 0,30, It will be noticed that to obtain the data
for higher d/L values, the depth of water in the chamnel was “increased to
12 inches, In Fige 21 a comparison is made for a part:.cular absorber be=-
tween tests in 9=in, and 12-in. depths of water for a 2-ft wave (d/L values;
of 06375 and 0¢50 or deep-water waves). Almost identical results were ob-.
tained in these testsa

Figure 22 presen’as tests on two other types of absorberso -an ime
permeable=beach, 22(a)3 and a square~bar absorber, 22(b). Based on the abOVe -



tests it appears that the d/L ratio does not have a significant effect on
coefficient of reflect.:.on for higher d/L values (d/L > 0.3 or medium and
deep-water waves)s For lower d/L wvalues the reflection coefficient in-
creases with decreasing d/L values (d/L < 0.3 or shallow-water waves)e
Tt would be logical to assume that for shallow-water waves (/L < 0a5) where
the orbital particle motion extends to the bottom of the channel, the d/L
ratio would have a significant effect on coefficient of reflection for dise
continuous-type absorbers. ‘

b. Absorber Characteristics

Variables affecting the efficiency of a permeable part of the abe
sorber are the slope, volume, porosity, and shape of the absorber.

1) Effect of Volume of Absorber

Figures 23, 2l, and 25 illustrate the effect of variations in
the volume of a pemeable absorber upon the reflection coefficiente
The absorbers were constructed of corrugated wire mesh with a slope
of 30 degrees. The slope, porosity, and depth remained constant
throughout the teste The volume of the absorber was proportional
to its length except for the shorter absorbers. The data were plot-
ted as a function of volume of absorber, and the approximate length

scale was also indicated.

It was anticipated that as the volume of absorber was decreased
the reflection coefficient would increase, at first gradually and
then rapidly for low values of volume, However, in most instances
there was a pronounced dip in the curves, which resulted in better
efficiencies for intemmediate=length absorbers than for very iong
ones, MAs the length was decreased still further, the reflection
coefficient increased very rapidly; the sharp increase in the coef=
ficient occurred as the water-line length of the absorber approached
zero, - Figures 23, 2k, and 25 represent the results obtained for ':wavé
steepnesses of 0,01, 0403, and 0,07, respectlvely. Several wave
lengths were tested for each steepnesse It is expected that var:l.a-
tions either in porosity or slope of absorber would produce differw
ent results. Figure 26 presents the results for absorbers of the
same porosity as Figs. 23, 2L, and 25 but with a surface slope of
L5 degrees. A similar dip of the reflection coefficient was also
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observed in thls case for intexmediate~length absorbers. Figures ‘27
and 28 are photographs of a wiresmesh=type absorber used in early
tests of permeable absorbers. '

2} Effect of Slope of Permeable Absorbers

Figures 29, 30, 31, and 32 illustrate the effect of variatioh -
in surface slope upon the reflection coefficient of a wiresmesh abe
sorbers The porosity and volume of the absorber remained conStant'

as the slope was varied., The somputed z*ei‘lection coefficient of -
an. impermeable absorber, as well as experimental data for wiré-;lnesh, .
crushed-rock, and impeméable absorbers, is “shown for comparison
purposess The permesble absorber is farmore efficient than the ime
permeable one, even though the porosity end volume of the permeable .

absorber do not représent optimm selections. Other tests of perw
meable absorbers with slopes of 12 to 30 degrees have resulted in
lower coefficients than the corresponding absorbers in this serdies,

Variations in either porosity or volume would prodﬁce different
curvess however, the data shown are indicative of the trends to be .
expected. ' '

3) Effeet of Porosity of Absorber

Early in the experimental'progrsm it was realized that porosity
had a congiderable effect on the coefficient of reflection for pers
meable absorbers. Inorder to show the effect of porosity on the co-
efficient of reflection, a general graph was prepared presenting |
the data for various permeable absorbers, such as screened gravel, -
crushed rock, perforated plates, and square bars (Figso 33 and "31;)1;,
on the same graphs the theoretical values for an impermeable beach
are given. All absorbers, except a square~bar absorber, had a cone
tinuous slope of 22 degreess the square~bar asbsorber had a discone -
‘tinuous élope and consisted of a permeable layer backed with an ime
permeable beach, The porosity of screened gravel, crushed rock,
and square bars was LO, 46 to 52, and 73 per cent, reSpeCtiveiy,v
while for perforated plates the porosity was between 93 and 99 lper’
cent, A single curve for one selected wave length (3030 £t) was
drawn through a1l the datas; As no experimental data were available
for porositiesrbetween 0 and 40 per cent, between 52 and 73 per cent,



and between 73 and 93 per cent, the shape of the curve is somewhat
arbitrary. However, it appears that for a comparatively short abs
sorber of a 22-degree slope (model length 2 ft 8 in.) porosities
somewhere between L6 and 96 per cent are desirable if reflections
are to be minimizede '

An effort was made to determine the effect of porosity on the
reflection coefficient in the range above 93 per cent porositye
Perforated plate was selected for these tests in preference to wire
mesh because the porosity could be easily controlled and it wés
thought that the metal plate or concrete panel-type construction
might be of value in the prototype installation. The porosity was .
varied by changing the size and spacing of holes, thus‘affecting_'
the plate-void ratio as well as by altering the spacing between'v
plates. Figures 36 and 37 present the results of tests in which the
porosity was varied between 93 and 99 per cent. The reflection co=-
efflclent was a minimum for porosities between 93 and 99 per cent;-
however , it is possible that a minimum could very well be below the.

value of 90 per cent.

The optimum porosity depends on the other variables, such as . v
slope and volume of absorber, However, the choice of slope and
volume of absorber used in this series of tests was based to a cons
siderable extent upon the prototype space limitations and as a re=
sult these data should be of interest. The data of Figse 36 and 37
are for incident wave steepnesses of 0,01, 0.03, and 0407, and for L
wave lengths varying from 1e25 to lehO ft. ’

In general, a higher reflection coefficient was obtained for“.*
flat waves than for steep waves; short waves produced less reflecs
tion than the long waves. For a specified porosity, the data can
be plotted as a function of wave length or depth-to-length ratio
to illustrate this effecte It will be noticed that two sets of
curves are shown for the plate absorbers: one for absorbers made
froﬁ plates with 60 per cent voids (solid lines), and another from
plates with 37 per cent voids (broken lines) (Figs. 36 and 37)s The
shape of the curves is similar in each case, but units with 37 per

cent plate voids caused lower reflections within the limits of this
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study, It is difficult to explain why data for plates with 60 per
cent voids do not agree with data for 37 per cent voids for the same
porosity, except that the spacing of holes might be a ‘sig'nifigén'b
factor, It is interesting to hote that experimental data for one
wire-mesh -absorber with the same shape and volume agreed very well
with the data for 37 per cent voids,

A photographic record of waves attacking various types of ai‘;-u

sorbers, bobh permeable and imperneable s 18 presented in Appendix Fe
L) Effect of Shape of Absorber

Tt is a welleknown fact that a long, flat, impermeable beach"'
constitutes a good absorber, but due to a large space requirement

such an absorber would not be practical for most laboratory instale

Jations,

A brief investigation during this study was made to detemmine
the effect of shape of absorber, isc., whether the length of ab-
sorber can be reduced, par'hicularly for deep-water waves (d/L > 05)
where the orbital particle motion near the bottom of the channel
is negligibles Two types of absorbers were considered: absorbers
with contimous slopes (e.ge, parabolic in shape), and discontimous
slopes (ee.go, units with a sudden bresk or change in slope)s Para-
bolic, impermeable absorbers have sometimes been employed in labor-
atory wave facilities, but no data have been obtained on their efw
ficiency., The main advantage of the parabolically shaped absorber |
1ls that for a specified length a flatter slope near the water surface
cen be achleved than would otherwise be possible with a single cons
tinuous slopes The parabolic slope can be approximated by a series
of straight lines which may in some cases simplify constructione
In a discontimuous-type unit, the toe of the absorber is removed;
this type might be visualized as a very crude approximation of a
paraboliec type, but it is considerably easier to constructe

Tn the present study, tests were conducted on parabolic and
discontinuous=slope units, both permeable and impermeable. Figure ‘
39 illustrates data obtained for parabolic~type absorbers. An ime
permeable unit caused high reflections for the wave lengths tested
and the addition of a layer of permeable material (wire mesh) to
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the original unit proved to be very beneficial, With wave lengths
shorter than those tested the parabolic shape would probably be
somewhat more efficient, with the reflections dependent to a con=-
siderable extent on the nominal slope in the vicinity of the water
surfaces ’

Figure 4O illustrates discontinuous slope absorbers. 4 discon~
tinuous permeable absorber, which produced fairly low reflections
even though the length was quite short, is shown in Fige LO(a)e In
an effort to reduce the amount of pemeable material, a unit shown
inFige LO(b) was tested. Inthiscase the permeable material (wire
nesh) is backed with an impermeable plate. ' | o

Further tests were made to determine whether the permeable ma=- - '
terial should be backed with an impermeable or perforated plates A
comparison of absorbers with an impermeable and perforated beach. Z'LS. :
presented in Fige Ul. The absorber backed with an mpemeable beach

is considerably more efficiente

2., Applied Study

The applied study was conducted to provide design information for

an absorber for the Maneuvdring Basin at David Taylor Model Basine The ine
formation contained here is not as complete as might be desired for someone

designing a discontinuous absorber of short length; however, this part of the:
report describes in a step-by~step fashion the study leading up to the pre-

Lliminary design of the absorber.

Tt was specified by the Sponsor that the depth of water will be 20 ft
and that the waves ranging in length from 3 to LO £t (4/L = 647 to 0,5) with

" steepness of 1/100 (0,01) to 1/15 (0,067) were contemplateds An absorber

efficiency corresponding to that of a S-degree impermeable beach was considered
desirable. It was further specified that the absorber length should be a
minimum and preferably not in excess of 25 to 35 fta

The specified length proved to be the most impor‘ban’o lirn:L’oat:Lon,

and after a review of available literature and initial tests on both permea= .

ble and impermeable absorbers, it was concluded that an absorber of permeable
type would be most satisfactory for the specified conditions. °

The majority of tests of the applied study were conducted on per-
meable or partly permeable units constructed of crushed rock, wire mesh,
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perforated plates, inclined rods, and square and rectangular barse & number
of tests were performed on an impermeable~type absorber to compare with availe
able theorycand to investigate the techniques used in experimental studiese

8o Porosity Effect ‘ e
Wire mesh and perforated plate had been used in permeable absorbers
in the basic tests. However, because of high prototype cost of such‘gn abe.
sorber, other materials were considered which might be less expensiwfea Tests

were performed on screened gravel, crushed Tock, square and rectangular bars
(representing slotted, precast, concrete panels ia the prototype); some thought -

was given to.other materials such as conerete blocks, building tile, and sime . N

ilar products, Permeable materials of this type were not fully investiga.’ced.
in the basic study; therefore, brief tests were conducted on the effect of
porosity on reflection coefficient for a selected design of discontinuous~type
permeable absorber shown in Fige h@(b)o To decrease prototype. ceéﬁﬂ,' the
thickness of permeable layer was reduced to approximately one-half as shown-
in Fig, L2s The absorber tested consmted of a pemeable layer backed with
an impermeable beach of 12~degree slopeo Two materials selected i‘or the tests
were crushed rock and square bars; thus the permeable layer consisted of crushed
rock passing 1«1/h in, and retained on 1/2<in, screen for one absorber, Figf,’f
h2(a), and Oe¢l-in. square bars spaced to form a permeable medium of uniform
porosity of 73 per cent for another absorber, Fig. L2(b), Figure 42 presents
the data obtained for both absorbers, The low reflection coefficients ob=
served for the wave lengths of interest (L = 1,0 and L = 2,0 ft) were the
first indication that a short~length absorber constructed of comparatively lowe
cost materials might produce a satisfactory design for the prototype instale
lations

It will be noted in Fige L2(a) that there was an increase of coef= N
ficient of reflection for wave lengths 3.3 and Lol £t for higher wave steep=
ness (HI'/IZ‘. > 0404)s This was due to the fact that waves of such length and
Steepness uprush over the sloping beach of the absorber and part of the wave K
breaks at the back walle If such is the case, the absorber should be rede-
signed to prevent the crest of the wave reaching the back wall, »

It might be appropriate at this time to raise an important point
regarding the construction of crushed-rock absorbers, In order to obtain &
porosity of between 50 and 52 per cent, a narrow=size gradation of crushed
‘rock is required and failure to control the size and placement might reasult
in higher reflectionse
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'The porosity of a square-bar absorber was arbitrarily choSén as
73 per cent, and it was not known whether this represented the optimum value
for this type of absorber, Since extensive study was not possible because of -

. time limitations, only one more set of tests was performed with the porosity

of the square-bar absorber increased to 79 per cente Figure Ll presents
the experimental data for the absorber of 79 per cent porosity and in come
paring the data with that for an absorber of 73 per cent porosity, Fige 42(b),

it appears that the increase in porosity has not improved the absorber's effi-

ciencye.
b, Slope Effect

The effect of slope on coefficient of reflection for permeable ab=
sorbers was described earlier in the report (chapter II, p. 28). As the study
covered only continuous-slope-type absorbers, therewas a need for additional
experiments for discontimous-type units. The selected absorber consisted oi‘.‘. :
a permeable layer, constructed of O.l-in. square bars spaced to form a medium '

of 73 per cent porosity. Figure L5 summarizes the data obtained for slopes

between 12 and 30 degrees., Within this range the absorber with a 12-degree
slope produced lowest reflections. The complete data for a 12-deg'fee slope
absorber of this type are given in Fig, 42(b). It will be noticed that this
absorber of comparatively short length produced reflections below 10 per cent -
(HR/HI< 0.1) for depthsto-length ratio. (d/L) between 0.227 and 04754

ce oShape Effect

It appeared from the basic study that the most economical absorber .
for the specified wave characteristics of the David Taylor Model Basin ine
stallation would consist of a discontinuous- or of a parabolic-type unit in -

- which the permeable layer is backed with an impermeable beache The first

question to be answered was whether the area under the upstream part of the
sloping permeable absorber should be sealed off or not. The comparison of '
data presented in Figs. Ll and 46 indicated that there was little, if any,

’différence in the coefficient of reflection for the range of specified wave

characteristics (L< 2.0 ftin the model) whether the area under the -upstream
part of the absorber was sealed off or ‘not, With the objective of reducing
the reflection coefficient, additional tests were performed with a layer of
permeable material placed in front of the vertical seal plate. It appeared
from Fige L7 that slightly lower coefficient of reflection was recorded for
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the model wave length of 2,0 ft (corresponding approximately to a prototype
wave length of 40,0 f£i) when the pemmeable layer was present in front of the
sealing plate. As was expected, “there was no difference for the shorter wa%re
lengths ('L = 1,0 and 1.5 £t). |

Next the effect of location of the impemeable backing plate with
respect to the water level was briefly studied, The square~bar type ‘absorber
was employed in these tests. The effect of raising the absorber was to dew

creage the reflection for the 1- and 2-ft long waves “and increase ‘the reflecw
tions for the 1.5-ft long wave. The resulbs of the tests presented in Fige 48
were not very conéluuive, and it was felt that the exact location 'oi' the ime
permeable beach with respect to the water level could be recommended only
after completion of tests in the 'i,arge facility.

% test was also performed on an absorber having a seml=parabolic
instead of a flat, discan_tlnuous slope, but no improvement in the coeff:tgn.ent
of reflectionwas observed (compare Fige L7(b) with Fige L9). A flat, discon~-
tinuous slope would be easier "to constructe

The final experiments in the smallescale chaunnel were performed with
the principal objective being to determine the optimum velue of thickness of
a permeable part of the absorber as a basis for the large-~scale tests.

The thickness of the permeable part of the absorber wasv varied and
experimental data obtained for the Following prototype thicknesses: 3-3/h in., -
7=1/2 ine, 1 £4 3 ine, 2 £t 6 in., 3 £t 9 in., and 5 £t O inch, The permea=
ble layer in front of the absorber was eliminated in order to simplify the
tests and to investigate the thickness parameter only. The data are presentéd
in Figs, 50 and 51 for prototype wave lengths of 40,0 £t (L = 2,0 ft) and
2holy £% (Lm = 1,22 ft), respectively, Individual graphs of reflection cogfm
ficient as a function of wave steepness for a given thickness of pemeable
layer and various wave lengths are presented in the Appendix F (Fige F’aao.);.
An inspection of the data indicated that the choice of an optimum thickness
of permeable layer was somewhat difficult because 80 many parametefs would
have to be considerede In addition, in some instances (Figs. 50 and 51) the
curves have several reversalsin slope and were, in general, not as cbnsistent
as might be expected. ©Some of the variations were probably due to reinforces

ment and cancellation of reflections from various parts of the absorber, in .

which case wave length and geometry of the absorber were important parameters.



dnother variation was caused by the mechanism of energy loss at the absorber;
thus for stme values of wave Steepness the wave was breaking, while for the
flatter waves the primary loss was caused by an oscillatory flow through the
permeable mediae While the small-scale data indicated trends and approximate
reflection coefficients, it appeared that they were not adequate for selection
of thickness of pemeable layer for the prototype absorber. For the longer
waves (L =2 £, L p = 20 £t) the date indicated that a prototype thickness
of pemeable layer of about 5 £t may be desirable, For intermediate~length
waves (L = 1,22 b, Lp = 2li,ly £t) it appeared that a thickness of elther
0.75 £% or 2.5 ftmight be scceptable, Inthe latter case intermediate values
of thickness did not produce as good results as the two values noted, par=
ticularly for lowssteepiess wavese On the basis of these tests and others '
with other materials it can be concluded thet for the specified absorber length
and for the anticipated range of wave characteristics the thickness of the
permeable layer should not exceed 5 £ and the optimum value may be somewhat
less than this value. The J.arge-seale tests should be of great benefit in
determining the optimum thickness, provided a suf‘i‘:Lc:Lent number of wave lengths
are testeda

Do Prelmlnary Prototype Des:Lgn

Final recommendations can only be made after completlon of tests
in the large facilitye However, it appears that the most efficient unit of
minimum length (cons:.del ing only building materials of reasonable cost) could
be constructed of either crushed rock or slotted, precast, concrete panels re=-.
sembling square or rectangular bars in the model. Because of difficulty :.n
controlling the placement of crushed rock (and thus porosity of the absorber)
which might result in high reflections, it might be desirable to use a un:Lt
constructed of precast, concrete panels for which the reflection could be prea
- dicted with greater certamntya

In general, the design should follow the sketches shown in Figsa 52
and 53 which have been developed in conjunction with the sponsSolrs The ab«
sorber would have a discontimous surface slope of 12 degrees, 'bhé pemeable
iaart to be constrtié‘bed on top of an impermeable, cliscontihuous beach of the
seme slopee. Two items had not been settled on the basis of small-model data,
the thickness of permeable layer and the necessity of permeable material in
front of the absorbers However, the large~scale model should provide adequate
design information,
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The porosity of permeable material should be between 50 and 55 per
cent for crushed rock and between 70 and 75 per cent for the rectangular barss
The size of crushed rock should probably be bei-ween 3 and 3=1/2 ine 3 rectangue
lar-bar, precast units should consist of 2« by 2=1/2~in. bars in panels of
convenient size (probably 7 by 12 £4), ‘

A question might arise as to how much better a pemeable absorber

of this Lype will be than an impermeable absorber of the same shape and length, -

Some tests were performed in the 6wm chammel 1o determine this, and Fig, Bl

indicates that reflections from an inpermesble absorber would be very high
foi 1 ow«»steepness_wavesa (HI/L = 0,01), bubthat the reflectionwould be high'
but not necessarily excessive for highesteepness waves (HI/L = 0s05)0 It
should also be emphasized 'that the prototype absorber was designed for the
specific waves (a/1, values 0_, 5 40 6,7) and such an absorber would cause
considerable reflection in case of sl;allw«wa*ter waves (d/L < 045)0

BEs Scale Eff@ct

K11 experiments covered by the present report have been conducted .
in a glass-wall chamel 6 in, wide, 15 in. deep, and L0 ft long. Generally,
a water depth of 9 in. was used, except for a Limited number of tests with a
water depth of 12 inches, With a channel of this size it has been possible
to cover a fairly wide range of conditions quickly and economically, The final
studies will be condueted in a much larger chammel 9 £t wide, 6 £4 deep, and _
250 £t long to provide a sound basis for prototype recommendationse The ree
sults of these studies which would cover both erushederock and bar-type abw
sorbers will be the subject of the next project report.

Some of the earlier tests were conducted without concern for scale -
ratio as the prmaxy objective was the determination of the comparative lme
portance of several varlables involved. However, in some studies an approxie
mate scale ratio was desired, For this purpose it was assumed, as an app'z'o'}d.r-—'
mation, that grav:a’oy and inertia forces are of primary importence and, as a
consequence, that the model and prototype can be related according to Froude's
law., It is thought that the mechanism of energy loss in absorbers might be
due to breaking, friction, form drag, or due to all three combineds Tm addie
tion, part of the wave energy will be reflecteds For impermeable absorbers
the wave energy is dissipated by breaking and :fri@-tion,‘ or both, . The prbporu
tion of energy dissﬁ.pé'bed by each action would depend on wajie steepness and
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beach slopes For example, steep waves would dissipate principally by break-
ing; flat waves, by friction in running up the beach slopes

For permeable absorbers wave energy is dissipated by breaking, frice-
tion, or form drage The proportion of energy dissipated by each action would
depend on wave steepness, beach slope, nature of permeable medium and 1ts pors
osity. For example, the lower the value of porosity, the more a permeable
absorber would approach an impermeable absorber and the form~drag loss would
be less and loss by breaking‘and friction will be correspondingly greaters

" In the case of wire mesh, perforated plates, crushed rock, and bars, it is

expected that form~drag loss will be predominant by far for low-steepness

waves and that both breaking action and form-drag losses will be responsible - -

for absorptionin the case of high=steepness wavess If such is the case, the
dimensions of absorbers would be scaled up according to the Froude's law to

give prototype valuese

The Froude number may be expressed as

v
F =

%L - - (18)

where V = velocity, g = acceleration of gravity, and L = leng'th.;_ B

Tnthis case the most significant ratio is the depth of water, de
v {
Therefore,

F = — - (19)

where C = wave celerity.

If the Froudé humbers of the model and prototype are to be the same

vJegd, o Ve dp

where subscript m describes model, and subscript P, pfo’ootype. . And the

length ratio is

dm 1
Lr T e = e (21)
d 20

p
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The ratio may be used, with reservation, to estimate the prototype

length of the absorber corresponding to some of the models tested.

T

Conclusions
le Basic Study

a. The efficiency of a wave absorber is dependent upon the
characteristics of the incident waves as well as the characteristics

P LI O PO, RPTAL,

2y
Wb VIO QURVLVEL O

be The length and height of the inc:a dent wave and the water
depth are important, but one of the most significant parameters is
the incident wave steepness (wave height/wave length)e The low= -
steepness waves (H/L~ 0.01) are much more difficult to absorb
than the high-steepness waves (#/L =~ 0.07), This canbe explained
in pért by the fact that tﬁe steeper waves usvally break, dissipating
considerable energys whereas, the flat waves may be reflected with-
out breakinge In the latter case the energy loss and corresponding.
absorber efficiency are dependent upon frictional and turbulenﬁ
losses on the surface and interior of the absorber,

ce The efficiency of an impermeable absorber is dependent upon
the surface slope, roughness of the surface, and the shape of the
absorber.

do The efficiency of a permeable absorber is dependent upon
the volume, surface slope, porosity, and shape of the absorber, -
Variations in each of these items were studied as part of this iﬁn
vestigation, although not as comprehensively as may be desired. The
four variables are interdependent and, as a result, optimum values
of one variable are dependent upon predetermined values of the other
threes The data obtained provide an indication of the general ine
fluence of each of the four variables upon absorber efficiency,

e The effect of variations in volume of a permeable absorber
was studied by varying the length of the absorber while using fixed
values of surface slope and porosity (Figs. 23 to 25, inclusive)}
For the particular values of slope and porosity used, it was noted
that a welladefined minimunm volume (or length) existed; volumes less
than this amount resulted in high reflections. '



fo Similarly, for selected values of pdrosity and volume the
surface slope was varieds It was noted that, in general, the re~
flection coefficient was a function of the slope, with high reflec~
tions resulting from steep slopes (Figse 29 to 32, inclusive) s

gs The effect of porosity was studied using two dii‘ferenﬁ mas
terials: gravel and crushed rock (porosities from 4O to 52 per
cent), and perforated plate (porosities from 93 to 99 per cent)s In
addition, limited tests were performed using wire mesh of 95 per
cent porosity and square-bar units of 73 and 79 per cent porositye

A slope of 22 degrees was used, and the volume was a constant (Figse -
33, 3L, 36, and 37)s The lowest reflection coefficients, and corre-

sponding best efficiencies, were obtained for the higher porosities,
particularly in the region from 73 to 96 per cent.

he In case of permeable absorbers for a/L values greatef‘

than 0.5, instead of a flat, continuous slope, a parabolie or a dis~ '
continuous slope can be employed to advantage. There will be no .

improvement in coefficient of reflection as compared with a flat,
continuous slope (of the same slope as that of the parabolic or dis-
contimious absorber near the water line), but the length of absorber
and the amount of permeable material will be greatly reduced. |

2. Applied Study

a. If the length of the absorber is not restricted, it is
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possible to use a very flat, impermeable slope (slopes of the order . -

of 5 degrees to 10 degrees)s However, if the length is restricted,
requiring much steeper slopes (say of the order of 10 to 30 degrees),
it is necessary +to construct the absorber of permeable materials,

or a combination of permeable materials and an impermeable beach . .

(iees, permeable layer overlying the impermeable beach) if high re«

flections are to be avoided. A discontinuous-slope absorber of this‘
type appears to be the most economical for the pro'posed prototype
installation (Fige 52)e :

be For the conditions specified by the Sponsor a discontinuous =
slope-type absorber consisting of a permeable layer backed with an
impermeable beach, a 12-degree surface slope appears to be the most
favorable (Fige U5)e
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ce The reflection coefficient for absorbers made up of a layer
of permeable material over an impermeable beach varies with -the
thickness or volume of the permeable layer, The mimimum ‘thickness
for the pi"bposed prototype absorber, as well as the necessity of
permeable material in front of the absorber will be determined by
tests in the large facilitys On the basis of the small-sealé tests
1t appears that the maximum thickness to be considered ého_uld be 5 fta

&’. The permeable layer can be constructed from either crushed
rock or slotted, precast, concrete panels; however, a narrow size
gradation of crushed .f*ock would be required, and failure to control
the size and placement might result in high reflections. Therefore,
it might be desirable to build a unit employing pre'acast’,' concrete
panels for which the reflections could be predicted w:f;th' greater
certainty, '

e; In addition to variables discussed under section ld of ‘the |
conclusions s the ’1Q"ca+,ion of the impermeable beach underlying the '
permeable part of the absorber is importé.nto The exact location of
the impermeable beach can be recommended only after céfnpletién' of
tests in the large facility; however, it appears that for thé range'
of wave characteristics of irfterest to the Sponsor (8/L = 647 to
0.5 and HI/L = 1/15 to 1/100), +the location indicated in Fig, 52
would be most favorable. : ’

fo The tests in. the large facility will cover the most prom-
ising absorber design (Fige B2)w Both crushed rdék ‘and a’ wooden
model of precast, concrete panel beach will be employed in these
tests. The final absorber design will be based on tests in the large

. facilitye
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MARTTFICIAL VISCOSITY" THEORETICAL DEVELOPMENT
FOR WAVE FILTERS

The development describes the wave-damping rate due to a filter

vhavmg vertical boundaries. The difference in entrant and exit wavee-energy

rate is equated to the rate of energy dissipation as computed from the dissie
pation functione The dissipation function is developed from the Navier-Stokes
equation for two=dimensional viscons flow, From this the damping rate may be
expressed as a function of known wave characteristics and an unknown Hortifie -

cial viscosity," v'e

Consider a filter of length Ax in which the wave ‘amplitude is

. changed by an amount Aa. Invicid fluid is assumed and a shallow~water wave
' is considered heree ' |

The rate at which enexgy crosses a vertical plane perpendicular to I
the direction of the wave is ' :

/2 g ,oi,aac

g
where -
C ' 2nd
g 2 "~ sinh 2md

Hence, for a unlt width

1 o 2mad

Rate of influx of energ:y -8 pgl C |1+ - |
N i sinh 2md

, 1 , > 2md -

Rate of efflux of energy = -— g pp (a +Na)~ C |1+ _ )
W ginh 2md |

1 2md
or, net rate of energy inflow = = — g pfaAa c |1+
‘ - : 2

sinh 2md

The rate of energy dissipation for a filter is

3w /ove  /ov 0w\
W, =p2 || ——] +2| = +| — +—
+ Ox oy ox 0y



=
]

: a0 [cos (mx =~ o t)vcc'oth nd =~ i sin (rb;cj-» a*b)‘] ,

or
w'ﬁ'aG{ [ (cos mx cosh my i sin mx sinh my) cos ot
# (sin mx cosh my # i cos mx sinh my) sin cr‘b] éo‘oh nd
-i [_(sin mx cosh my + i com nx s:nh my) cos ot
\ w (cos mx cosﬁ my - i sin mx sinh my) sin Ut] }
‘Therefore, the real part of complex potential | . | @: |
¢ = a [’éos mx cosh my coth md cos ot
+ sin mx cosh my coth md s:i.h ot
4 cos mx sivh my cos ot + cos mx cosh my sin ot ] |
Now

u-'-'-:;zﬁandv‘—‘-é-i’--
x

oy
and it follows ‘that

Ou _ -
—éa- = asz [ cosh my coth md + sginh my] cos (mx =~ ot)
x ' _
and
-é--- = = alm [ cosh my coth md 4+ sinh my] cos (mx = ot)
¥ : v _—

Therefore, by squaring and adding, the rate of energy dissipa'tioh is 'obﬁain‘ed
Wy, = bty cosh my coth md + sinh my| -

2

cos? (mx. s ot) + [sinh ny coth md # cosh my] sin® (nx =« o) }

and the total rate of energy dissipation
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Ax o
Wi=_[fwidam {néwiwm
- sinh 2nd 5 2 coth md |
Wi=ha0m#{[ (coth” md # 1) + (1 - cosh zma)]
Lim .

. )
+ -h;- [(sin (?mA x =2 oc%) + gin 2 o t) esch md]}Ax

And the average value of dissipation is equal to

W.,, =a 02 3 [ sinh 2md (cotha md + 1) = L4 coth md sinh2 md_] Ax

iA
or v
Wi, = 2a202m3y(co1;h md) Ox - (2)
Equating (1) and (2) gives
: 2md 3 '
-ugpda:{l-i- ]=h#m0acothmddx
sinh 2md .
or
da L/ mc coth md
- = - e dx
5 g [l . 2md ] -

: sinh 2md
Integrating gives '

_ L v m>C coth md
'Zl.oge a= - x + constant

g[l+ 2md ]
sinh 2md

Letting a = a o when x =0, and substituting C =/ - tanh md for celerity

we have

h v m?
Pt c[l’ 2md ]xuoger
+
sinh 2md
or
a, L v n? x

L}

1oge
a c [1 N 2md. ]
sinh 2md
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Coor

a - o o h, v' m2 x : .,
e = gxponential < e - ; — - (3)
9 ) c [1 PR ] |
' © sinh 2md

'm_d the ' the artificial vﬁl;scosity

. -ao'-' 1 L | .
v = log, ~= ' “(ly)
¥ a 2K $ : :
Where
R 8 n°
c.x.~[1+ . 2nd ]
sinh 2md

Hence ,'value of v can be determined for a given wave fa.lter from
Eq.- '(h)‘ Therefore, upon once detemimng a value of v for the f:.lter, "
use of any partwular wave characteristic will yield the corresponding ‘ampli=
“‘tude change for that fllter and that wave (Eqe 3).
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APPENDIX B
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EXPERIMENTAL APPARATUS

A1l the tests described in this report were carried out in a glass
wall channel 6 ine wide, 16 in. deep, and LO £+ longe Figure B-l shows the
experimental channel with wave generator at the left, two measuring probes in

the center, and wave-profile recorder in the background.

The wave generator was of the pendulum typee The bottom section was .

oscillated horizontally by a comnecting rod attached to the drive wheels Two
vertical arms supported the lower unite By shifting the upper ‘pivot points
of the arms, the lower unit was tilted back and forth during each stroke re-
sulting in motion similar to the orbital motion of the watere The stroke

"éould be varied readily. The generator was’ powered by a 1/2 hp, 1724 rpm a-c

electric motor and was capable of producing waves up to 10 ft long and with a
maximum height of li inchese Generator speed or wave period was readily ad-

justable through a hydraulic transmission between the motor and the wave gen-

eratore

; A capacitive-type weve profile recorder was used for measurement
of wave characteristics [7]e Wave heights were measured electrically with a-
record:.ng oscillography the deflections corresponded to the depths of submer«

gence of an insulated wire in the watere The wire acted as a small capacitor

whose capacity varied directly with the wetted area of the wire. Permanent

records were obtained with an ink-writing oscillograph on m:s.ll:uneter papers

The majority of the tests were conducted at a water depth of 9 in.,

‘although some tests were run at a depth of 12 ine in order to determine the

effect of d/L ratio and scale ratio on the coefficient of reflection, -
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Fig. B~2 - View of the Pendulum-Type Wave Generator Installed
in 6~in. Channel
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APPENDIZX
TESTING TECHNIQUE

A, Wave Filters

The test procedure consisted essentially of taking measufements of
wave height at various points upstream and downstream of the filter. The
filters were installed 8 ft 6 ine from the wave gerierator. Two probes were
employed in determining the wave height at l=-ft intervals upstream and dovne
stream., TFigure C-1 presents a typical example of experimental data showing .

the wave attenuation caused by a plate filter.
B. Wave Absorbers

Measurements of wave reflection were made with a con‘blnuous train

“of incident waves as opposed to the method involving intermittent generation

of incident waves. The actual procedure consisted of measuring the envelope

of the standing wave by moving the precording probe at uniform Speed along the
channel over a disbhance equal to at least one-half the wave length. The values
of wave heights at the loop (maximm) and at the node (minimum) are then used
to determine the coefficient of reflection by means of the following fonnula‘v |

H ' Hn

R = —%—E-

H8 + Hn

where H P is the wave height at ‘the loop and H is the wave height at the
node., The above formula was devel oped for 1nuqo:.dal waves and l’b is real:.zed
that for longer shallowewater waves, where the shape of the wave differs ma=
terially from a sine wave, the formula provides only an appromate value of
reflection c oefficient, However, as this method provides a rapid means of
determining the magnitude of wave reflection, it was used throughou'b the study.
The development of the formula for sinusoidal waves is g:.ven in Appenduc Do

The measurements of reflection were generally made 2 ft from the toe
of “the dbsorbers This location was selected following a brief survey to deo
termine the most suitable location. Continuous records were obtained on a

paper tape recorders

A1l the studies described herein have been conducted in a channel
6 in. wide, 16 in. deep, and LO ft long.
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The testing technique was criti cally examined early in the eﬁcperi#
mental study, as :J.t was ‘thought ’ohat the follom ng factors could a.ffec’c. the
measurement of the reflectlon coefficients

(2) water temperature . ,

(b) : wlative position of absorber with respect to generator

(¢) location of wave filters with respect to the generator

(d) location of the point where reflections are measured.

(e) wratio of length of the channel behind the wave gevnera-to_r‘
to the length between absorberamd generator .

(f) method of varying incident wave height, i.ee, by varying
generator S"broke or by inserting Filters, |

Of major interest was the possible influence of reflected waves on
the incident wave. For example, the portion of the wave reflected by the ab~
sorber might in turn be reflected by the wave generator, becoming super:n.mposed
on the generated or incident wave, If the reflected wave were of sufficient ,
height, serious dia%ortion of the incident wave would resulte When conditiohs

this type exist, standing waves or c,lapot:.s develop; and if the filters
are not being used, the height of the clapotis is usually a maximum if the

space bet"ween generator and absorber is an integral number of halfawave lengths,

The magmtude af this effect can be determined by varying the distance be=
tween generator and absorber or by conducting tests in which a filter is em=
ployed to absorb the reflected wave and comparing it with a case when a filter

is nob nsede |

To study the effect of water temperature and viscosity, two tests
were carm.sd out, one with water at 3.% degrees C and another with water at
2005 degrees C, The experimental data are plotted in Fige C-3. The results
obtained indicate that temperature has little or no effect on the coeff:.clent
of reflection within the renge of variables covered by the model studies.

To study the effect of location of the absorber in the channel, measws
urements of weflections were taken with the absorber at 5 £t and iy £t 6 in. from
the end of the channel. The results which arebshovm inFig, Cely indica’c’e that
the location of the absorber in the 6~in, channel has little or no effect on the
coefficient of reflection.

Two tests were ecarried out to determine the effect of location of
filters on the coefficient of reflection, one with a filter 18 £t from the
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generator and another with a filter L £t from the generator, The experimental
data which are plotted in Fige C-5 indicate that the location of a filter has
1little or no influence on the coefficient of reflection.

In order to locate the point where reflections from an ‘absorber
shoild be measured, tests were made in which the ‘:reflection coefficient was
measured at left intervals along the channels The results which are plotted
in Fig. C~6 indicate that the coefficient of reflection decreases slightly as
the distance from the absorber increasese RN |

Other tests were made to determine the effect of the ratio of 1er'1g'th'
of channel behind the generator to the length between thev’absorb.er and the
generator on the reflection coefficient, The results which are plotted in
Figo C-7 show that the reflection coefficient is not affected by this ratios

Figure C~8 illustrates that it is unimportant whethe_r the wave height
is adjusted by varying the generator stroke or by inserting filters for the

rather low reflections encountered in this study.
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Fig. C~1 - Typical Example of Wave Afténuaﬂon Caused by a Plate Filter
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Fig. C-2 - Sample Record Showing Method of Measuring the Envelo,
of Wave. (Wave heights at the loop and at the node are indl(:ated.;>e
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Fig. C-6 - Variation of Coefficient of Reflection Along the Channel
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MEASUREMENT OF WAVE REFLECTION

The' following development is for a sinusoidal waves

Let the incident wave be

N =& sin (mx - ot)
and the reflected wave

np = P sin (mx + ot)

where m is the surface elevation, a and b thewave amplitudes, m = ZTT/L,V

x is the distence along a horizontal axis, o = 27/T, and t is time.

For the clapotis we have
n= 771 + Mr

thus m = (2 + b) sinmxcos ot - (a - b) cosmx sin ot and we havea value
at the nodes x =0, L/2, L, etc.

n=1(a=->b) sin ot
and at the loops x = L/L,’ 3L/L, etce
n=(a+Db)cos ot

The envelope of the standing wave is developed as follows:

(a+b) f-——=
(a-b) /-]\I/—\
0 & MmX
._((]—b) \—/
—(a+b)

mx=0 mx= /2 mx= mx = 37/2 mx=2
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vhere H y) is the envelope height at the loop and Hn is the envelope height
" at the node.

It follows from the diagram that

H)=2(a+Db) and (H =2 (a - b)
(%) a) "2 (@

H&'Hnghb
H£+Hn==ha

The coefficient of reflection is

b H ~H H
= _2 B =T -p
a H3+Hn HI

where BR is the height of the reflected wave and HI is the height of the

incident wave.

Also the incident wave height, or height of the wave as it enters
the absorber, is

H +H

H_I,,Zn

2

As indicated earlier this method of measuring the coefficient of
reflection is true for a sinusoidal wave. Deep-water waves (d/L > 0.5) ap-
proximate the sinusoidal wave in shape while the shallow-water waves (d/L <
0.5) approach the trochoidal;shape; thus this method would not be entirely
correct in evalunating the coefficient of reflection for shallowswater waves.
However, for the purpose of expedience in evaluating a large number of tests
and the fact that the wave characteristics of most interest were deep-water
waves, this method was used throughout the study.
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A GOMPARTSON OF WAVE ENERGY DISSIPATION BY
IMPERMEABLE AND PERMEABIE ABSORBERS

A photographic record of wave~breaking on various types of absorbe
ers is given in Figs. E=l and E-L, The time interval between each picture
is 1/16 s'ec except for the perforated~plate absorber for which the time in-',
terval is 1/10 sec. It can be seen that a 2.0-ft long wave is breaking o,n'
an impermeable beach-type absorber (Fig, E-1), while there is nb ei;idenée of
wave breaking on a wire-mesh absorber of 95.3 per cent porosity (Fig. E‘-Z)I.
There is a partial breaking of wave on a crushed=rock absorberv of L6 per éen'b_ -

porosity (Figs E~3) and on a perforated-plate~type absorber of 95, 5 per cent - ‘

porosity (Fige E=l)o

Tt appears that for impermeable absorbers the wave energy is dis- =
sipated by breaking and friction, or both. The proportion of energy dissi-
pated by each action would depend on wave S'beepness"and beachv slopes For
permeable absorbers wave energy is dissipated by breaking, :E‘ric*bion’, éndl form
drags The proportion of energy dlssa.pated by each action would depend on wave _
steepness, beach slope, nature of permeable medium and its poros:.ty. In: the
case of wire mesh, perforated plates, crushed rock and bars, if:is exp@ctéd‘

“that form~-drag loss will be predominant by far for low steepness waves and

that both breaking action and form-drag losses will be responsxble for- high

. steepness waves, pOSS:Lbly with the exception of wire-mesh absorber of high

porOS].‘tYo



106

Fig. E-1 = A Sequence of Pictures Showing Wave Breaking on an
Impermeable Beach-Type Absorber
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Fig. E=3 = A Sequence of Pictures Showing Wave Breaking on a
Crushed=Rock-Type Absorber i



Fig. E-4 - A Sequence of Pictures Showing Wave Breaking on a
Perforated Plate~Type Absorber
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APPENDIX F
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VARTOUS EXPERIMENTAL DATA

This Appendix includes,vari,oﬁs,,expgxf:’mentalf;lnvw‘rf?sitiggtiqns not de~
scribed, or only referred to, in the main body of the reports =

(1)  Round Rods and Triangular-Wedge Absorbers

In accordance with a request of | the Sponsor's reprGSentative, a

l:.mlted number of tests was conducted on absorbers consisting of round rods -
and triangular-wedge bars placed on a 6«degree ,(appromately 1t 10) slope.l .

It was indicated that the information was des:Lred for a special applicamcn
in which it was possible to employ a long absorber with a flat: slope. S

The shape and spacing of the bars is shown in F:Lgs. F-1 F—B, and-
F""ua . l.
| Tests were conducted in a 6=ine. channel at a water depth of 9 :anhes. ,
The reflection coefflclent was measured for waves with a 1eng'oh of 260 i"h and "
L £t and steepness ratios (HI/L) varying from 0.01 10 0,07+ Absprbers B
with surface slope’ of 6 degrees and 30 degfrees were testeda

Test data forthe 6-—degree slope are showyn in Figs. F-B(a) and F-—h(a). -
For comparison reasons data for an impermeable beach absorber - of the same -

. slope are also indicated, The reflections from both the round - amd trlangular .

bars, as well as the impermeable beach, are q’(ll”’&e low, the round bars havmng
a slight advantage.

Test data for the 30-degree slope are presented in Figs. 1‘03(b) and -
F-L(b), Here the triangular bars were superior to the round bars; the res

flected wave height for the trlangular bars was approximately 75 per cent of
that for the round bars » depending on the incident wave steepness and’ length._f

For comparative purposes, the wire-meshunit had a reflected wave height rang=~ L

ing from one-sixth to one=half of the triangular barse. 1t is possible that
somewhat greater efficiencies could be achleved with 'bhe bar-type units by
varying thé bar size and spacing.

(2) "Sandwich" Type Absorbers

A number of absorbers were constructed where layers of crushed rock
were separated by square~bar mats. It was thought that by doing so, it would
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be easgier to oontrol the porosn,ty of rook, and that the square-ﬁbar me'bs might
have a bemeficial effect. .The tests (Figs, Fa7 and Fa8 indlcated tha'b —bhere
is no reduction in coefficient of reflection when a "sandwich"’ type was em-
ployed, but due ‘to the difficulty of controlling the placement of rock and
its poresity, the tests are considered :anonolusn.vm In order ’oo detemine'
the comparative merits of the "eandwioh" type construction, other msterials
of uniform poros:.ty should be seleoted for the permeable part of the absorber.

Figure FawT. preeen’os ’ohe results obtained for absorbers with permeable
layers 3 in, deep and Flge F~8 with pemeable layers L=1/2 in, deep. |

(3) Gombmation—Type Absorber .

In connect:t.on with study of diseontmuoue-slope absorbers, some
tests were performed on absorbers constructed of orushed rook and peri‘ora’oed‘
plateso Figire F-J.O(e) illustrates the data obtained for an absorber with one
perforated pls,te over a 3-:1.n¢ orushed-—roek layer backed with an i.mpemeeble_
pla tes The reflect::.ons are low :E'or the 1.0~ and 2,0-ft wave- lengths, bnt an
increase of wave lengths to 343 and hok £t produced considerable reflecbions.
‘The addition of two more perforated plates Fige F-10(Db) produced lower reflec-
tions for the lJh-ft wave 1ength¢ -For comparison purposes » the da’c.a for a
similar absorber, but m’ohout perforated plates, are presented in Fige F-ll»
Figure F-13 indicates that an absorber backed with an impermeable beach was
more efficient bhan that employing a perforated plates '

(h) Gmshedaﬁook Absorbers

i

In connection with choice of materials for ’c.he permeable’ part of the
absorber, a great number of tests were per;fomed on screened gravel and crushed-'
rock absorberso The data for some of these tests are presem;ed hers. ,

(S) Perforated—Plate Absorbers

In the main body of the report (Ghap., III on p. 28) studies were |
deseribed on the effect of porosity of pemeable medium on coeff:.clent of re- .
fleotion., Perforated—plate absorbers were chosen for porosity range above
93 per cents -In oonneotien with this study, a brief test was peri’omed on
the effect of slope of perforated platee forming such’ an absorber. The tests :
showed that the absorber construched of sloping plates was more effioient for
a 3,3«ft wave, as oompa.red with a s:n.milar absorber constructed of horizontal
plates (Fig, F=18),
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(6) Parabolic and Discontinuous~Slope Absorbers

In connection with the appliéd study of short 1ength'absorbers, a
number of tests were performed on parabolic and discontinuous=slope~type ab=

- sorberse The experimental data obtained is presented in Fige F~l9e¢

(7) Square~Bar-Type Absorbers

In comnection with the applied study (Ohap. IIT, pe 31) a number of
tests were performed ona short length square-~bar absorbere _Thé experimental
data are presented in Fige 20, ‘ e



11

pghm e (g upag
it m»’ﬁﬁ?ﬁ‘@m‘mﬁgﬁm

«

Fig. F-2 - View of a Triangular-Wedge Absorber Installed
In a é-in". Channel. Surface Slope 30 degrees
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Fig. F-5 - Yiew of Wave Action on o Round-Rod Absorber. (A 3-ft wave
with H/L = 0.087 is shown approaching the absorber. Only a very low
reflection was observed.

Fig. F=6 = View of Wave Action on a Triangular-Wedge Absorber. (A 3-ft
wave with H,/L = 0.073 is shown approaching the absorber. Only a very
low reflection was observed.

117




118

Coefficient of Reflection Hs/H:

Coefficient of Reflection Hr/Hr

1.00
/L Water  Depth 9 in
|2 D 5] i
earees 3% Channel Width 6 in.
K~ Wave Length
050
O,’ <+ Impermeable Plate @ OO ft
P ob—1f-9 34— O 200 ft
—— :,) emmataatey O - - @ ' O
©) O
o
0I10 re .
X
\U\\
005 N2 . y
(¢ dls?)
(A) Permeable - Absorber. No. 93
Discontinuous
Crushed Rock | 14in.—I I/2in.
Porosity 50 Per Cent
0.0l :
0.00I 0005 00l 0.05 0.0
Wave Steepness H/L
100
Water . Depth 9 in.
Channel Width 6 in.
Wave Length
0.50 @ 100 ft @ 330 ft
‘ © 200 ft A 440 ft
g ] W\
NG GE\
N, S A ) ~El:eﬂm-AEl'
. 6 ~ A L - .ﬂA
\\~ o A \\
0I0 SO B
© © N
005
(B) Permeable Absorber =~ No. 96
Discontinuous
Crushed Rock |14 in.—11/2 in.
~and Square Bar Layers
Porosity 54 Per Cent
00l
000l 0005 00 005 0.10

Fig. F=7 = Wave Reflection fora *

Wave Steepness H/L

Rock Absorber

Sandwich® Type Crushed~-




1,00
P
4 a\2n Water Depth 9 in.
A /f Channel Width 6 in,
050 '07 Wave Lengfh
| & impermeable Plate | o @ 100ft |
I —1ft-934n——r] © 200ft
T Y
N Bl | ®©
T D1 ™
c ey
) ‘w\
= 0}
S ® o &
b=t &
@ 0I0 _
ks @®1
5
2005
]
o
o
(A)Permeable Absorber,No.9l
Discontinuous
Crushed Rock, I14—112in,,
Square Bar Plates
Porosity: 54 Percent
Slope: |2 Degrees
0.0l
000l 0005 00l 005 0lI0
Wave Steepness H/L
100
2 Square Bor Plates . ocrsd ) y2in Water Depth 9 in.
= PRI S Sl /r Channel Width 6 in.
£ £ > Wave Length
0.50 o0 Q'_L [
: | & - Impermeable - Plate @ 100 ft
i ft-934n— © 200 ft
{ b
£ =t Do gy
e
- O]
© [0 4
8 N
& olo NC
“ AV
- ©
2 N
£ 005 \
g 3
S \
(B)Permeable Absorber, No.92
Discontinuous
Crushed Rock, | 14—112in.,
Square Bar Plates
Porosity: 54 Percent
00l Slope: 12 Degrees i !
000l 0005 00! 005 0.10

Wave Steepness H/L

Fig. F-8 - Wave Reflection for a *Sandwich® Type Crushed~-
Rock Absorber

119



120

Fig. F=9 = A View of Permeable Absorber No. 65 Constructed of
Crushed Rock and Perforated Plates. (Crushed rock passing a 2-in.
screen and retained on 1-1/2~-in, screen, perforated plate 37 per

cent voids. Suiface slope 22 degrees.)
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