
, 

I r ---
; 

I 
I 
I 

ST. ANTHONY FALLS HYDRAULIC LABORATORY 

UNIVERSITY OF MINNESOTA 

Project Report No. 44 

EXPERIMENTAL STUDIES OF 
WAVE FILTERS AND 'ABSORBERS 

Submitted by 
LORENZ G. STRAUB 

Director 

Prepared by 

JOHN B. HERBICH 

January 1956 

Prepared for the 
DAVID TAYLOR MODEL BASIN 

Department of the Navy 
Washington, D.C. 

Office of Naval Research Contract Nonr-nD(DS) 



ReprodUotion in whole or in part is parmi tted 

tor .an;ypul'pOse of the Urdted States; Government 







PREFACE - .... - ....... --

Contract Nonr-'710(O,) between the University of Minnesota, St • .An,.. 

thony Falla Hydraulic Laboratory and David Taylor Model Basin, Bureau of Ships, 

D.epartment ott.he Navy, provides for an eXperimental . investigation ofcer­

tain. types of· laboratory equipment necessary tor studies involving gravi ty 

waveS 0 

1ni tially three i tams in partioular were suggested for detailed 

study" namely: 

(1) wave absorbers 

(2) wave filters 

(3) \-lave generatorsQ 

In accordance .with the expressed interest of the Sponsor, the studies 

under the initial proposal were large~ restricted to an investigation of wave 

absorbers 0 A limited number of tests were conducted on wave filters, primar­

ily to obtain infonnation Which would contribute to the study of absorbers. 

Studies of wave generators were contined to a review of available literature 

on this subject.. Under the initial proposal one project report, "Laboratory 

Surface Wave Equ.ipment, A Summary of Literature, II 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 J [3]* .. 

The program under the second proposal has been restricted to wave 

absorbers with the priJnal"Y objective of providing experimental data to assist 

in the design of an efficient, inexpensive absorber of min.inrum length for the 

proposed Maneuvering Basino 

Initial, comprehensive experiments were conducted in a small wave 

channel and later tests w'ere performed in a large wave channel.. The main ob­

ject of large ... scale tests was a cheekorl possible scale effect which might 

exist :in extrapolating the small-scale data to larger faoilities. 

The present Project Report describing studies performed at the St. 

Anthony Falls Hydraulic Laborator,y is intended to provide a· summary ofre­

sults of studies in the small facility, a channel 6 in. wide and 40 ft long. 

The primary experiments involved measurements of wave characteristics (such 

* Numbers in brackets refer to bibliography on p. 81. 
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as wave h~ight.? length,. profile) and coefficient of reflection for various 

types. of filters and absorberso ille more important expermental results are 
. . 

. presented to show the relationship between waye attenuation and waye le:~h 

and filter length for wave filters, and the relationShip between coefficient 

of reflection and l>TaVe steepness and viraVe leng·th for wave absorberso 

The main body of t.lle :repor·t is devoted··~to .a sunnnary description of. 

the most mportant variables affecting 'wave ~bsorption which might be of help . 

in deSigning a filter or an absorbero· As tests of filters were limited to 

those which 'WOuld contribute to the study of absorbers, the ·filter ,data are 

not as comprehensive as might be desiredo 

In the final part of the body of the report under the heading" Ap­

plied Study, 1/ a' SUl'llIllar;y of tests :I.s given which led to the preliminarY' deSign 
, " ' 

otthe prototyp~ absorberc This design was later InQdified\'a:f-ee1"~:eompletion . 

of large ... scale tes~ 

MOl'S detailed analysis of the experimental data of wave attenuation 

and coefficient of reflection for various fl.l ters and absorbers, as well as 

other pertinent infornati.on,. is included in the Appendixes. Thus, Appendix A 

describes the iiartificialviscosityfl theoretical developmentJAppendix B, the 

experilnerrl:,al apparatusJ, Appendix C, the testing technique; ApPE;lndix D, .. the 

measurement of 'Wave reflection; Appendix E, the photographic comparison of 

wave energy dissipation on impenlleable and permeable absorbers; Appendi.xF, 

the experimental data grouped under various subheadingso 

The project was under 'che general direct/ion of Dr .. LorellZ' G. Straub, 

Director of the tito Anthony Falls Hydraulic Laboratory. Co E. Bowers, as 

project leader.? supervised the studies and reviewed this report. Ed'l'lard 811";' 

berman init,iated the Itartificial viscosity" theoretical development. The 

study was .conduoted and the report written by John Bo Herbicho JBlIles Ao Ross 

made significant contributions to the project in early stages of the work, 

particularly with regard to test procedures and the preliminar,y program. Most 

of the exper:imental work was done by Jurgen Ziegler, R. Baumeister, and D. 

Husby. Manuscript prepa.ra tion was performed by Nancy Do Nyrop, under the 

general direction of Loyal Ac Johnson. 
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Laboratory wave studies are of importance in explaining the natural 

phenomena, detormdxdng the remedial measures for harbor proteotion and beaoh 

erosion, and provicti.ng design inforIll£lM.onfor various laboratory wave instal .. 

lation~8 

The objective of the researeh reported here was to investigate the 

basic equipment and methods assooiated with laboratory wave studies'll Of par ... 

ticular interest was the investigB.tion of wave absorbers/;!, A limited study 

was conducted on wave filters, primarily to obtain information which would 

oontribute to the study of absorbersOo Studies of absorbers included impel'''' 

meable-beach t,ypes, as VTell as permeable types such' as gravel, crushed rock, 

wire-mesh, perforated plate, round-rod, triangular wedge and rectangular bar, 

or a combination of theseD Observations and analysis indicat~d that the wave 

absorption depends on "lave characteristics, such as steepness (Hr!L) and 

depth-to-length ratio (d!L), as 'tie11 ~\S 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 a.bsorbers. For selec­

ted ti1B.ve conditions absorbers 'With reflection coefficients (HJH1> , as low as 

0 .. 02 were developed during the studiesI'> Filters were developed whioh pro­

duced severe attenuation of the incidcmt l>laVe wit.hout causing excessive re­

flections Rowever~ additional studies will be necessary to provide adequate 

design infonnation for llave filters" 

The absorber studies in a small channel led to a prelinlinary de­

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

Maneuvering Basin at the David Taylor Model Basin" The preliminary design 

will be checked in a large test channel (I 

/ 
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EXPERIMENTAL STUD~ES OF WAVE ------------ ------- ----
FILTERS AND ABSORBERS 

I. INTRODUCTION 

Because of the large number of uncontrolled variables affeoting 

ooean "laves, it is very difficult, if not impossible, to study the nature,' 

behavior, and effect of waves in the field. Therefore, laboratory investi­

gations are of great importance in providing explanations for natural phenom­

ena, detennining the remedial measures for harbor protection and beach erosion, 

and facilitating design for larger laboratory installations. In the labora­

tory the variables can be isolated and studied systematically in two ... or 

three-dimensional models. 

The objective of the present study was to investigate basic equip .. 

ment and methods associated with laboratory wave studies. Three items were 

suggested for detailed study: wave generators, wave filters, and wave absorb .. 

ers. In the study of the absorbers the special emphasis was on the proourement 

of information to assist in the design of wave absorbers for various Da.vid 

Taylor Model Basin installations, in particular, the Main Towing Basin and 

the proposed .Maneuvering and Rotating-Ann Basins. In the initial study a 

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

formation contributing ,~o the study of absorbers. Studies of wave generators 
i 

were confined to a review of available literature on the subject. 

A survey of the available literature on filters and generators ro­

vealed that published information is qu:i.te limited" Some types of wave fil ... 

ters and absorbers were either installed or briefly investigated at various 

reseal'ch establishments, but very little quantitative int'omation on their. 

performance is a.vailable. The results of the survey were prepared:Ln the 

form of two project reports" one covering the S'UlTlIIlary and 'bibliography. of 

literature and another desoribing laboratory wave generators tlJ rr.:n,*. 
Limited experimental studies of filters indicated that wave attenu­

ation. depended upon wave oharaoteristios, suoh as steepnelu, depth ... of-oluu:lnll 
.' 

to length-of-w'ave ratio; and filter charaoteristics, suoh as length, density, 

and roughnesse Filters were developed whioh produced severe attenuation of 

*Numbers in braokets refer to the bibliography on p. 81. 
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the incident wave with.out" ca.usingexcess::i.v6I'eflected waves 0: H.owever, the 

study of fil tJ€ll'S was not as o.ompreh.ensive as desired and has net previded 

adequate design infermatieno 

Studies .of wave abs.orbEirs indi.cated that 'the efficiency also dep~:nd.$d 

upon wave' aM abs.orber characte:risticso Wave steepness and depth-t.o-length 

ratio are important, as wElll as shape and surface slepe in case .of impenneable 

abs.orbers.; and ~hape, surface s1;.ope, voltune and p.or.osity in case .of permeable 

absorbers () 'After determining the p:rdmary variables .?the study was directed 

toward the d.ev~lopment .of ~m. e.f.t':i.cl.e:o:t e.bso:r.'ber .of mi:n:imtun length .fer pro­

pesed installatienso A preliminary design 'tIJCl.S developed using buil<lingma~ 

terials of reasonable coste This design.?, based on' the tests in the '6 ... in. 
; 

channel, is c()n~idered preliminary $I a.s a possible scale effect might exist in 

, scaling up the small modelo Tests ill the large facility 9 ft wide, 250 ft ' 

long, and 6 ft deep will deter.mine the scale effect and should provide a sound, 

basis for the design of a prototype a..b.sorber. 

II. WAVE FILTRRS 

l!o General Remarks 

One of the main differences between laboratory 't-Taves and prototype 

'VT8,ves is 'chat in the laboratory.? waves are produced at a finite distance from 

the model s·liructure.9 while the prototype waves may be considered generated an 

infini te distance from the prototype structureo Similar]y, in the labora.tory,. 

waves reflect.ed from the model travel toward the vJave-generating device which 

in turn acts as a reflector and return.s the reflected wave to the modelstruc­

ture<> The reflected wave superimposes on the generated wave to fo,ma wave 

profile which might be very different from that desired" *I'his condition does 

not exist in the prototype because the reflected "lave, propagated seawa.rd, has 

a large expanse of water in which to decay. 

In the laboratory the difficult'Y due to reflection might be avoided 

or diminished. through the use of a w'ave filter between the model and the gen ... 

eratirlg deviceo An efficient filter t'1ould absorb part of the wave energy and' 

reflect :l1ttl.e or not at a110 Filters might aleo be used to improve the 

qualitJ:' of the incident or generatedwav9 by reducing or eliminating harmonics 

of the xhaitl'waVGl0 ' In additi.on, it is possible that f'iltersmay bebenefioial in 

reducing transverse waves which sometimes develop iillaboratory wave channels. 
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A review of available li terature [13] revealed that published in­

formation pertaining to wave filters is quite limited. The following types 

offilters have been investigated at va~ious res~arch establishments: 

1. Perforated plates parallel to channel walls at Neyrpic Labora­

tory [2] and Vicksburg Waterv1ays Experiment Station [9]. 

2. Oellular wire mesh at Vicksburg Waterways Experiment Station. 

3. Vertical, circular cylinders tested by Oostello at the Univer ... 

sity 9f Oalifornia [4J. 

L~. Plate filters tested by Meyer at Louisiana State Oollege [9]. 

The only e:xperimental data were reported by Oostello and l1eyer. 
" 

Oostello was pr.imarily interested in the effect of various configuration of 

vertical, circular cylinders (piling) upon oscillatory waves. While the data 

obtained are of interest in the study of filters, their application is quite 

limi ted because the spacing of cylinders "tvas so small that considerable re ... 

flection occurred. The data obtained by Heyer were for relatively short .£il ... ' 

tel's with very low damping characteristics; it appears that these filters wel:'e 

too short to yield satisfactory results. For a more detailed review of these 

studies, the reader is referred to 8AF Project Report No. ,38 [1,3]. 

B. Theoretical Oonsiderations 

At present, two published theories are available 1'lhieh are of in ... 

terest in the analysis of fil tel's. One 1-TaS, propos ad by 0 1 Brien and Ohaffin 

(12) and another developed by Biesel [2 J. 01Brien and Ohaffin 1 S theory oan be 

used in computing the energy loss of a wave in a, channel of finite depth and 

·width,. The energy loss due to friction against the bottom and s:i.des of the 

channel is ca19it1ated and deducted from the wave energy. Dissipation of energy 

. through viscous action is assumed. The velocity distribution :Ln the bc",mclary· 

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 fluid. 

The velocities outside the boundary layer are obtained from the theor.v of 

gravity vTaves on the surface of a frictionless liquid, and,it is assumed that 

the wall friction has no other effect than to reduce 'llJave heights and energies. 

Taking the origin of coordinates at the intersection of the still­

lrJater surface, and one wall with x measured in the direction of ,.,ave advance, 
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Y' downward, and z perpendicular to direction' ot ~ve advance, the tbeQ:r',1 

'. of 1rlct1olu.ess waves to a first approxim~tion yields as the . ~ ve1001-' 

tj:es at any' depth, y~ 

( Tr_H 1,{ COSh" [(21T., .. /:, L. J, ,,<,d, ,,-:,1).',,' ,1, '}, , ma:x:im.um. ,horizontal veloCity =; =. + (1) " 
, .' '" . ,. , -, T. "sinh (2,,<1/1,)" 

. '. ,," (1T Jl) {' sinh [(21f!L) • (d ... ,.J] } .... ,' : 
, maximUl'4 ver,'\;ical velocitv m!I'; $I ,~- ,-, •• ·(2) 

. '," Y "" T . sinh (a"d/I..) " '.,' 

where, T is' the wave period, . L :Ls t.:r.I.'SI wave length, d is the depth of, 

water meaufll"eQ. frODl. stul'"*Waterlevel to the b9ttom, and H 1~ 'the height 

Qf wave J~)fo.m. crest to trough. ,The dissipa:t:.ion of' energy per cycl.:per unit 

length of channel 'is 

'.11', P. [b w ' ", ,·2 
'N = (-,. \ ~ f" (li =4) . 2 'JVTr 11 r () 7 ' 

d . 2 ..• 2 . ] 
cdz +2 f (uy +';7) q 

. 0 ' 
,(,3) 

where'. A,is the dens:tv of waterj) 11 is'che kinematic viscosity,' and· D, ~ 
Wi, ' 

the' brea.dth o:f channe~ 
, , 

The total energy diss:i.pation occurring ina channel of le:tJgth,t, 

per unit ottime, is equated to the difference. between power entering the 
reach at x =s, 0 and the power leaving at x·cot $<> 

Ap = p ... ,"" P .. . I$,' L.l- '0 . .e' - dx (4) 

where . Pis the power transported into' the : reach at :x: -, 0 and p'. is the. o ,$ 
·power·leaving the reach at x -.e. 

. From . the above equations both H and P 1 or wave he1ghtanii ..... . .. .e, . ." .... 
powerleavbg thefilter,caIl. be calculated) however, t1leapplic~tion. of' tMs 

- . . , . , 

theor.y is. restricted to plate filters. 
, . , .. 

Theseconci theory was developed OJ' Biesel forcamputiDgthe damp-. 
, '. " ' " I ' . .'. ," , '. '" '.' 

.ing charaoteristics affilterso-. Bieselamploys Eu.lerfs equationsfor1rro-

tational motiSriof:an' ideal.·· incompressible rlUi~ and he assumes tha;t.the';f'O •. 

ac't:.ing on a fluid are due to gravity arid visco1l!.s friction. He develops a 
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solution for the following boundary condi tiona of wave motion in a channel 

of finite depth: 

(a) 

(b) 

(c) 

or 

\]2cp == 0 

£L. -~ 
oy .. p 

p .. constant 

for Y.... d 

(5) 

for y == "7 (x) 

T 

f dt == 0 

o 

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

and g the acceleration of gravityo 

These boundary conditions must be satisfied by the complex potential 

developed to represent the damped wave motion. Bie~el shows that the v. elocity 
, . . 

potential function for the flow passing through a wave filter, 

- {3 rnx. a I cre 
¢ = cos{3 m (y + d) cosh m (y ... d) sin (mx -crt) 

m sinh rod 

a (J e -f3 mx. 
... ---""I ____ sin f3 m (y ... d) sinh ill (1' ... d) cos (mx -crt) , 

m sinh rod 

(6) 

does, satisfy the boundary conditions if the following relationships exist: 

sin 2 f3 md 
1 + ---'""'---

>.. == /3cr 
f3 sinh 2 md 

{3 sin 2 /3 rod 
. (7) 

l------~-
sinh·2 rod 

and 
f3 sin 2 {3 md 

1--------
2 sinh 2 md 

(J = rog tanh rod ---~~----­
sin2 f3 rod 

(8) 

'h2 d cos ro· 
1 .;. 
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whel'S Q1 is the incident amplitude, (J iiIIl 27r/T, 
ing' coe.:f'£ic:tent~ Fl'om these equations 1. t is 

"when (J. and !3 are known. 

m = 2rr/L, and !3the damp ... 

possible to det~~ne m and 
1.;\ 

It seems apparent that the for.m of the surface profile may also be 
determined by maldng USa of the potential tunc tion developed by Bie'sel. 

2 ... !3mx 
1 a¢ ""~ (J e . 

'71 "'" '-"'-- • cos t1 m (y + d) cosh m (1' + d) cos (mx - 0' 1:) 
g dt~ gm sinh md 

2 - !3 TJl."'C 
.!!tIO' e 

+ - sin f3 III (y 4: d) sinh m ('1' + d) sin (mx ~crt) (9) . 

gm. sinh rod 

whe1.lS TJ is 'I:,he surfaoe elevation and the other telms are as previous~ de .. 

finedc 

It oan be seen that the latter factor of Eqo (9) describes the van­
at,ion of the profile with time and positj.onc The first factor indicates the 

va:rd.ation of. :the profile as a functi.o:n of: the f'ilter-to-wave length ratio. , . 

For the ease of the wave height this can be expressed as 

Hrr, := e- f3 lUX 

11: " (10) 

where H.r is the wave heig~t traIlsm.i. tted" and the other symbols are as pre­

viously' definado 

If m ~ --- and x ,= $ i~ the filter length, 
L 

(11) 

Hence, the value of {J, the damping coefficient, can be calculated from. the 

experimental d~tao 
I . 

Biesel a s tb.eoretilOal uTelopme.n:t does Dot indicate the internalmech-

anism of wave attenuation, nor is it self-sufficient in the determination. of 

damping when on.1.y filter geometry is known" Although the solution of Biesel's 

equat:i.ona necessitates the use' ot exper:iJl!ental data, the theory provides a 
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method of comparing the general perfonnance of various 1'ilters in terms of the' 

damping coefficient f3 and possi~ the permeabil1 ty coefficient A • The 

primary objection to the solution is that it assumes the resistanoe of· a £11-· 

tel' in the form of viscous friction, whereas wire .... mesh filters exert a form 

drag on the flow. In this case, the energy loss mB:y vary as a .:fUnCtion 01'­

Vn (V "'" velocity) where n may not be the first power as assumed by Bie~el. 

An attempt was made during the present investigation to develop a 

theor.Y' pertaining to the damping of a wave by a penneable filter and reflec­

tion from such a filter •. The ultimate objeotive was the applicability of the . 

theor.Y' to permeable absorbers. 

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 nscosi ty II' • '!he detailed a.milyticaldevelopme~t 

1s given in Appendix Ao It was presumed that II' would be descriptive of 

the damping qualities of the device and constant for a particular filter. 

Therefore, once the value of v. had been determinedfor the permeaple medium, 

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 tlartificial Viscosity" developmento ConSideration was given to 

wave reflection produced by the filter but no satisfactory. theory has been de-. 

veloped. 

c.. Focpe:dmental Studies 

The brief experimental studies have been l1estrictedto 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 tbe experimental data with otBrien and Chaffin's 

theol'7 and with Bie$el's theozy, and tests on 'Wire...mesh filters were made in 

cormection with the "'artificial viscosi 'by" development· and Bie'sel1s . theory-•. 

Figures 1, 2, and 3 are the photographs of two types of filters which v1er0 

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 available. 
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'!1ll1fj ~£)~'e4'dj O:.e 'OO:\9.we d,<Jxrrp:l11g due ti:~ ts:i.de""wall. and bot/tom friction in 

,'I;!t ·()f",,~b;t..,. e:nannE.':1, :t&1J liihow:ti. :i.:l?, j!',~.gfl:1 0 ~l l'll'ld :j,} 'J:'11.eo~;,\;;d/ical (Jm"',J0S J) 't-J'h1~'h are also 

:1.ndicatAvd j,Mi ~.;~~® ~lam0 g:,,'a,pha 11 W!i~:r.\? (W.l1JJ)",;bE;)d ,:)~1"1:hYw1,:n.g () ~ Brien and. Ghaf'.:f'in's 

'theax,"/) Th~ :t"tt"'((3u.l:~im Z,l~1i~lima:t,~i:l 'l;,ll,&~'k, ·~;{i),\'.i(r\:} ;t~l g(H)Q. t:),g~f,>13emeni~ be'tw6enexperi­

mental Ilf.t'ia ~~.~l; tihltlOX';f d.t~n:re:LopciJd h;r ()trJ3:l~i.f.,',&1. ~J.J'ill,d Oh.afi'::iJl fox' l~a:lre a:htenua ... 

t.:toD. iJil a (~hlBt:nne:1 0:£' fi'lJ::l:t;li\l ·w.1.dt:lh, ..1;'l;.Ylclclt1pi;h~ 

T(I3J!SttB: 'GVe1'E:1 pi':1l~;·fI('P:I.'111t;li lOr"n :p:1J9:~'(1i ::f~t;l.te:r~'iltilsigned 'to pe:nn:L 1~ variations 
in the le:ngtZ:I.(I,f,' ~~lh(p, :1::Htsl' ;t':J,;Of,JXJl. :2 't:.Q 6 ,:/?t, ~~:;ad. v.Jol,:'l,;iI.t.:i.OM in the t:rana'''er~e 

spac:1~ Th'l([))t~f!@®[). p:J1JI!.tol~2~ ;t:!'{'f!11 :Jt/:a 1;t» -3 :l.1'),I1il:{t~1Bilo Tht:;! diflmp~tng (;()ef'.t'i~d"ell·~. {3 WS,$ 

(~a.::wu1atetd :fj~,1Y& tJlj,® \~~i.i\ipel~'U'IJ{~n1;'Y1,J. Iila'&'..'ll, 'tNI;)~t'l':tg F'l'A4) (LQ fOil-' '(y~nCll't&J plate :f.:Lltel·~ 

ll,1.~3. _~ :.e~f.l.:.nd tC'l ha'I'i'6 lID'&, In OCX(A1sta.10:"b \~:t &~. 'V:ll."P.:'lt-il:ble 'v'a:tu.E'Jo JPigul"e' illdicates 

i,hat (J ~~119itl gl"l(?&I:~];;V' Thfitb. 'i>h~~ "~ij'&t'iJ1\il lel1g'I~ L (par'~ic'Ularly for .VeJ lengtae 

below 3415 ft) aJ!2.d 'i}",sril13d. <.nilJ,y slj.gh:1'1~y W:'l:tll. t;he leng't,h of fiJ~tel"o In Fig. 7 
.a ~('}mp4llr~t1'!lI!:)rl!l, 18$ 1fUY.'.~1m bei:,w€H'glll e:l1:pe!i,<>J.1Ue:ll11J.li\1 1~\·tM'l ~id the &:U'tl,F,d:ag coetl'ici.ento 

The theo!'etio8,J. (n,U:~\fl~ T~;I'J,a (~ru.fm18.ted u,sj.ng tbe dmlrpj,n.g (~()e.tfieient !3 taken 

J.'roxl!. t.nl9 ri£.'qj.,®~~m~2:tf~1 da'li,v; for. :t (£ 3.61\ ft, m~. alBIBu'lUed cou13tant tOl'" aUva.lues 

of. J .. o :the ag:r.e1i)w,6y.:t't :1.8 'i'j()r.t&'Jid@.Jl'f.~d grill£~~, 1a,l~1il J.t appl:Ja1.'lS, ,iii thin the lim;i.tB of 

thiliP ~rl"tlA,W~, tg..~\t the wa"I1'f) d.,'9.17J.pi:ng \';';a!.'), be pJ'."\.~d:1.f",d:.ed. quite ~l'(H .. 'lU,.a:t,e1y ,for plate 

filters .t'©1P.' l<r4l\g'11;';"'" W8;V'\'il ::;"e~ErM)ja tJ6J5 t,,) ,1)05 ,ft :l.ln the model)o However, the 

a11'a.ilabl{~ (;.s.~::a &:t.l!."fll no't 8.deque.t.e to mak® ,.;le.f:i.rJ.."li;e ~onfJ::tt!.siorus.? and it is also 

11{Y{; knomn liirh®t,ne1.' <9.(~cur$;\te p:r.~idil.'~t,J.():r1l3 i:~~;GJ\ b® rrua.d.e fIn" wave lengths shorober 
·t.han L g.g 3()5 ;l~·i.J,~ 

3 '<> 

]J;~&"'111 a:tJ"t«~Jlp,t to ve:r.:l:f.'y -the @aJ:"tiif'icial v:l.scosi tyUU theo:ry (Appelldi:x: 

A) ~ 6A.'}lEfi."ime:l.:rwl d,a,"w, W<J;)l'B ~'i0111'i:"3teld for Wl.l';c}""1IlEl1SJln. i::t.lters'; The result.s in"" 

ciLi.eated. tkJ.IEt't 't!Uii e.ppa~~1®11.i;; ViSC03i'!:,y ZI~·JTa.;:;'~lelillgreilt'tJ.;y· w.i th L$ 61ight~ 

wi tll .8 and H/L9 ~rt'ld almost l~rV, £t 18,11 ... v:ttl'. rtJ/JoJo AffJ 1111 should be in-. 

depellde:nt. ®!:f a;l~t 'Vt:J.:::.'ia'ble&s tCV:1~ a ~i"tH':f2 !l.M?te:l"l,a.l» it ·v;r.as co:noJ:u.ded that the 

ba.mi.® the®llY ~ X'61~e:h'\~d SOlO.e ISUppOI>t, fJc'om tihese. tests!) but \'Y~he~\) t$l!1tSl)' JWfiIl 

ticula:tnJ,y in ~, l~arg\\il:r :m(.~de19 <R!'e netJElssa::cy to ·v'~':r.'.l.f.y :1.'!:,Oo 

Aw ~,n ~.lt~:nl'a't;iveJ) all l'-.mTpiX'ic&\l EI;,K-!,l:re.'tIs::iton uas dev'eloped giving the 

rela.t:tol1sbj.p 'betwe~l\\' wavl® :e:t.te~'llxat,j.on ~xJJCl lelillg'l.;L1. ©j~ tilte,:,=to""waVEl length 
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ratio ($/L). An empirical plotting is presented in Fig. 8 and it indicates 

an eJPression for wave attenuation of the form 

. __ , _, ,11:.. A ($!L) + B 
__ 0 __ - --"------------ - _--__ -e------.-.~-----. ____ .. _______ . _ _.(12). _ 

Err .. 

where A and B are constants. The constant appears to bedeter.mi.ned by 

the filter material and B by the initial wave height. For the No·. 8 wire­

mesh filter the expression is 

~ ~ e3.084 (tiL) - 0.062 

Hr 

and for the No. 4 wire·mesh filter 

Rr·~ eO.856 ($/L) + 0.198 

1Lr 

4. Variables Affecting WaVe Attenuation, 

(14) 

Limited eJCperimental and analytical studies bB.ve indicated that ,wave' 

attenuation depends on the wave characteristics and filter characteristics. 

a. ' Wave Charac.teristics 

The pri:m.ary variabiesare wave steepness Br/L, and the ratio of . 

depth of water to length of wave d/L. In most instances the wave attenua­

tion was lower for low-steepness waves (H;r/L =0.03) than for high~steepness 

waves (HIlL = o.(6) ~ but only liliJ.i ted.exper:ilnental data were obtained. The 

effect of depth-to-length ratio on wave attenuation was . briefly :s~eyed •. 

Figure 9 indicates that the wave attenuation was higher for low:wavelengths 

(or high values of aiL) than for high wave lengths ,(or. low .values,·of,-d/t)., . 

In Fig. 10 a comparison is made between wave attenuation for'plate filters 

and wire ... mesh filters. It appears that both plate and wire-mesh filters could 

be used to produce significant wave attenuation; values a.s high as 75 per cent 

and 30 per cent were measured for the wire-mesh and plate types, respectively. 

The mesh ... type units appear to be advantageous where the filter length is Jim ... 

ited and reflections from the filter are objectionable. However, the available 

data are not adequate for a thorough comparison of the two types. 
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d. Within the limits of the studies perf'omed to date, good 

agreement was obtained between experimental data for plate filters 

and a theor,y developed b.Y O'Brien and Chaffin for wave attenuation 

in a channel of fim te width and depth. 

e. Limited experimental data prohibits definite ver;1.fication , ' 

of Bieselts theor.y. 

f. Mditional studies of mesh-type and other types, such as 

perforated plate filters are necessar,y for the detel11lination 0 f 

adequate design information. 
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Fig; 1 - A View of a Plate Filter Installed In a 6-ln. Wide Wave Channel 

Fig. 2 - AViewofaWlre-Mesh Filter Installed ina6-in. Wide Wave Channel 

Fig. 3 ~ A Close-Up View of Wlre-Mesh Filters. (On the left Is No.4 
Wi re-Mesh Filter I 1-ln. Corrugations, on the right is No. 2 Wire-Mesh 
Filter, 1-ln. Corrugations 

'.-~' 
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III. WAVE ABSORBERS 

A. General Remarks 

Wave absorbers are usually required in laboratory wave experiments 

to pre,vent reflection of the genera.ted waves from the extreinitles-of-the test 

channel. Absorbers, as considered for labora tory use , may be of several types: 

1. Impermeable beaches: Variables include the slope, shape, 

, and roughness of the beach. 

2. Permeable beaches: Variables include the slope, shape, 

volume, and porOSity of penneable material. 

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

4. Special devices: This classif:i.cation might include items 

such as: 

a. partly submerged horizontal cylinders, 

b. overflow troughs, 

c. submerged barriers and similar devices, and 

d. rods of various shapes forming a sloping beach. 

A survey of literature on the subject of absorbers reveals very 

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

sorbing and reflecting properties of beaches have produced some information 

of interest in the design of laboratory absorbers. This work is concerned 

primarily with relatively impermeable beaches. Schoemaker and Thijsse [14J 
have published experimental data on smooth ::iJltpermeable beaches with both con­

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

slope and length-to-depth ratio of the incident waves; however, the effect of 

variation in steepness of the incident wave, wasnot':sttidied.,· Laurent and 

Devimeux [8] have made investigations of three types of discontinuous slope 

impermeable absorbers. The conclusion reached from this study was that higher 

wave reflections occur for low-steepness WaVeS. Healy [5J also studied ~n­

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 Healyts studies, as well as from the 

present study, are reproduced in Figs.J4, 15, 16, and 170 The Beach Erosion 

Board [1] reported the results of tests on the .ref1eqtion of s01itar,y waves 



fro.m both permeable and impenneable beachea~ The:results indicated that the 

pe:rme~ble beach is a. much better absorber than an impermeable beach of the 

same slopso However, 'application o:t thit results to the present study- is some­

what limited because it is difficult to detenni:ne tl1e magnitude of reflectioJ.!lS 

which will result it a continuous train of wa.ves is used :Ln place of a. solitary 

wave 0 DeSign s'liudies of a rubble wave absorber by Straub and Hudson [15J :tn 
connecti.on with ,a harbor study, indicates that for a constant surface slope 

f----___ --'·li_h""e~pero entagEl--.--LLabaO-!'p~iO-n-~t'-1.ns-ii!.E.}rI',,-w8ilre-en.e;'t'&3-is--a-t-unctro~i:--the 

volume of rock in the ~tructu:r~o 

The reader ie! referred to St,~ Anthony Falls Hydraulic Laboratory 

Project Report No. 38 [13] for a more detaiJ..ed review of available literature. 

Eo Theoretical Considerations 

Several theories, which are at present available.51 were reviewed for 

theirapplicabili ty -to the analysis of absorber performance; these are the 

theories of O'Brien and Chaffin., Biesel, :t.UidMichelll Of these" Michels is the 

o~ theory developed for conditions approximating a laboratory absorber. 

Miche developed a theory to dertelmne the reflective capacity o£ 

beaches by considering both the 1510pe a:nd beach roughness;~ He was' concerned 
~' 

with essentially imper.meable-type beaeheso His theoT,1 did not take into ac-

count the vertical .flow through pel'meable beaches j hence i t ~ould not be used 

in evaluating permeable absorberso Howeve:rp Micheta, development is of value 

i.n evaluating j.mpemeable absorbers and as a means of comparison of permeable 

absorbers with :impermeable or permeable absorbers of the same shape. A short, 

resume' of his theory followso 

Oonsidering the ideal case ~f a perfectly smooth barrier fo:rmiDg an 

angle a with the ~oriz'onta.l, he developed a:na.~tieall;y a fomula tor the 

maximum wave steepness in deep water which will be totally reflected by such 

a ban'1.er 

, (15) 

where 0(1{ is the ma.xiJmm1 wave steepness (in. deep water) which will be t~­
tall:y reflected by a smooth barrier 4) From this he deduced that waves steeper 
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than DOM would be partially reflected and those flatter than D()1 would be 

totallY refleeted. 

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

(16) 

"There DOl;:; incident wave steepness in deep vlater. 

To account 'for a rough or permeable barrier, Miche introduced an 

intrinsic coefficient p, apparently independent of the slope of the bar­

rier, which varies from unity for perfectly smooth slopes to 0.33 for rough, 

permeable barriers. The effectively reflected part (R) will therefore be 

equal to 

R .. P R' 

-where ~ is the reflected wave height and HI the incident wave height. 

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 No.4, 

No.8, and No. 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-in. 

mesh; and crushed limestone rock, passing 3/1~-in. and retained on 1/4-in. mesh, 

and passing 2 ... in. and retained on 3/8 ... in. mesh~ Two impermeable absorbers 

were also considered, one of a flat sloping-beach type and another of parabolic, 

beach type. 

In all cases, both for permeable and impermeable absorbers, p waS 

found to be a variable, dependent on wave steepness. To give an example, the 

values of p were plotted a.gainst the wave steepness in Figs. 18 and 19. 

Figure 18.(a) sho~ the results obtained for an impermeable absorber; Fig .• l8(b) 

for a corrugated wire-mesh absorber; Fig. 19(a) for a perforated"'plate aJ:>;. 

sorber; fig. 19(b) for a screened-gravel absorber; and Fig. 19(c) for a crushed ... 

rock absorber. 

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

efficient were obtained for highly penneable materials such as wire mesh or 
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per.fOI'ated plates. The aetua,l values were between 00 22 .and ().01 torl3omeof 
. . 

the absorbers tested, aseompared with Micheas lowest value of 0.33 fop rough, .. 
permeable barriers, which is another indication ot high absorption eftic;iency 

for wire-mesh or perforated .... plate absorbers. 

c. Exper1men~al Studies 
. . . . 

The generalprogl'am i'ollol~ed can be . divided into 'cwo parts,. 

(a) - .ll; basio study of variables af.;f.'ecting· the ws,verefleotion 
. . 

and wave absorption:in order to procure general absorber design·:1n-· 

formation. 

(b) . An appiiedstudy to fa011i ta;\iedesign of a wa.ve absorber 

for a proposed fa.cility at the David Taylor Model Basino 

10 Basic Study 

The exper:1.m.ental study has indicated that the reflection coefficient 

(ratio of reflected wave height to incident wave height ~/HI) 4epends on 

the wave characteristics and the absorber characteristics .. 

a. Wave Characteristics 

The primary variables are wave steepness HI/Land· the ratio ·ot 
depth of charmel to length of wave diLl;> In most instances the reflection 

coefficient was much higher for low .. steepnefls waves (H/L = 00 (1). than it 

was for high-steepness waves (H/L "" 0.,01)0 This maybe partially explained 

by the fact that the high-ateepness waves may break as they passontotheab­

sorbero The effect ef dep'l:.h ... to-length ratio (d/L) on the coefficient of. 

reflection was briefly surveyed", . Figure 20 indicates thatfQr a particular 

absorber, constru.~ted of perforated. plates, the coefficient was approximately . 

constant for d/L values betweenQ.,30 and O~80, wile it increFlsedtairly 
" \ . 

rapic:3J3' for values below 00 30. It will be noticed that to obtain the .data 

for higher d/L values.9 the depth of water in the cha~el was increased to 

12 incheso In Figo 21 a comparison is made for a particular absorperbe­

tween tests in 9 ""'in 0 and l2-ino depths of water for a 2-ftwave . (d/L valu~s. 

of 00 375 and 0.50 or deep·water waves)o klmos,t identical results were ob­

tainedin these tests~ 

Figure 22 presents tests on two other types of absorbers: ·an 1m-­

permeable-beach, 22(a)J and a square..,.bar absorber, 22(b).Based on.the above 
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tests it appears that the d/L ratio does not have a significant effect on 

coefficient of r efiection for higher 'd/L values (d/L > O.l or medium and 

deep-water waves). For lower d/L values the reflection· coefficient in-

creases with decreasing d/L values (d/L < 0.3 or shallow-water waves). 

It would be logical to assume that- forshallow';;''V1aterwaves .. (d/t-<O.$)-where 

the orbital particle motion extends to the bott:>m of the channel, the d/L 

ratio would have a significant effeot on ooeffioient of refleotion for dis­

continuous~type absorbers. 

b. Absorber Charaoteristios 

Variables affeoting the effioiency of a permeable part of the ab- . 

sorber are the slope, volume, porOSity, and shape of the absorber •. 

1) Effect of Volume of Absorber 

Figures 23, 24, and 2$ illustrate the effect of variations in· 

the volume of a penneable absorber upon the refleotion coeffioient •. 

The absorbers were constructed of oorrugated wire mesh with a slope 

of 30 degrees. The slope, porosity, and depth rema.ined constant 

throughout the test.. 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 

soale was also indicated. 

It was anticipated that as the volume of absorber was deoreased 

the reflection coefficient would increase, at first gradual1yand 

then rapidly for low values of volume. However, in most instanoes 

there was a pronounced dip in the ourves, whioh resulted in better 

effioienoies for intennediate-length absorbers than for very long 

ones. A's the length was deoreased still further, the reflection 

ooeffioient inoreased very rapidly; the sharp increase in the ooef ... 

ficient ocourred as the water-line length of the absorber approached 

zero. 'F.i.gures.23, 24, and 2$ represent the results obtained for 'wave 
. ' 

steepnesses of 0.01, 0.03, and. 0.07, respectively. Several ,wave . 

lengths were tested for eaoh 'steepness. It is expected that v~a';" . 

tions either in porosity or slope of absorber would produoe differ­

ent results. Figure 26 presents the resUlts for absorbers: of the 

same porosity as Figs. 23,24, and 25 but with a sur:f.'aoe slope of 

45 degrees. A similar dip of the reflection coeffioient was also 
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observed in this case for intermediate-length absorbers. Fig\ires 27 
and 28 are photographs of a wire""l1lesh ... type absorber used inea~l¥ 

tests of permeable absorbel'So 

2) Effeot of Slope.o£ Permeable Absorbers 

Figurelil! 29, 30,. 31, and 32 illustrate the effect of variation" 

in surface slope upon the reflection coefficient of a w:1.re.mesh ab-a 

sorber. The" poresi ty and volume of the absorber rel1lainedconsta,nt 

as tlieSlope wa.s variedc> The computed reflection coefficient of,. 

an impemeable absorber, as well as experimental data :forwire ... mesh, . 
crushed-roek,. and impermeable absorbers)) is shown for comparison. 

purposes 6' The per.meable absorber is far more efficient thanthe:1.n?"; 
permeable oneil eventhw.gh the porosity and volwle of the permeable .... 

a.bsorber do not represent optimum selections., Other tests of per~ 

meable absorbers with slopes of 12 to 30 degrees have resulted in . 

lower coefficients than the corresponding absorbers' in this. serj,es. 

Variations in either porosity or volume would produce different·.· 

curvssJ however, the data show a.re indicative of the trends tobs . 
expected •. 

3) Etfect'of Porosity of Absorber 

EarJ.y in the experimental program it was realized that porosity 

had a considerable effect on the coefficient of reflection f or per­

meable absorbers-G In order to show the effect of porosity on the co­

efficient of. reflection, a general graph_a prepared presenting 

the data fmr various permeableabso:rbers, such as screened gravel, , 

crushed rockg perforated plates" and square bars (Figs o 33' and"34)'l 

on the same graphs the theoretical values for an impemeable·beach 

are giveno All absorbers, except a square.;.bar absorber, had a con ... 

tinuous slope of 22 degreesJ the squsre""bar absorber had a. disooi':i- . 
- . tinuous slope and consisted ota permeable layer backed with an im-

permea.ble besaho The porosity of screened gravel, c:rushedrock, 

and aquare bars was 40, 46 to 52.9 and 73 per cent" respectively, 

while for perforated plates the porosity was between 93 and 99 per 

centu ;i single curve :for one selected wave lellgth (3.30 ft) was 

drawn through all the data; As no experimental data were available' 

for porosities' between 0 and 40 per cent, between 52 and 73 .per cent" 
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and between 73 and 93 per cent, the shape of the ourve is somewhat 

arbitrarY. However, it appears that for a comparatively short abA 

sorber of a 22-degree slope (model length 2 ft 8 in.) porosities ' 

. somewhere between 46 and , 96 per cent are desirable it reflections 

are to be minimizedo 

An effort was made to determine the effect of porosi~ on the 

refleotion coeffioient in the range a.b.ove 93 per cent porosity_ 

Perforated plate was selected for these tests in preference to wire' 

mesh beoause the porosity could be easily controlled andi t was:' 

thought that the metal plate or concrete panel-type constructio'n ' 

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 

plates. Figures 36 and 37 present the results of tests in which the' 

porosi ty was varied between 93 and 99 per cent. The reflection co­

e~~icient was a minimum for porosities between 93 and 99 per cents' 
o ' 

however, it is possible that a minimum could very well be below the 

value of 90 per oent. 

The optimum porosity depends on the other variable,s, such as ' 
slope and volume o£absorber. However, the choice of slope and ' ' 

volume of absorber used in this series of tests was based to a con ... 

siderable extent upon the prototype space limitations and, as a re~ 

sult these data should be of interest. The data of Figs. 36 and 37 ' 
are for incident wave steepnesses of 0.01" 0.03, and 0.07, and for 

wave lengths var,ring fram 1.25 to 4.40 ft. 

In general, a higher reflection coefficient was obtained for' , ' 
fla. t waves than for steep waves; short waves produced less reflec,~ 

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 effect. It will be noticed that two sets 6f 

curves are shown for the plate absorbers: one for absorbers made 

fro~ plates with 60 per cent voids (solid lines), and another fr~m 
plates with 37 per cent voids (broken lines) (Figs. 36 and 37). 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 

, I 

r~ 
, 
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studyi) It, is difficult to explain why data for plates with 60 per 

cent voids do not agree with data for 37 pe,I' cent voids for the same 

porosity, except tha.t the spacing of holes might be a. s:l.grdficant 

faeto!'1l It is interesting to note 'chat experimental data for one 

wire"'mesh· -absorber wi ththe s~e shape and volurne agreed very tiTell . 

with the data for 37 per cent 'voids.., 

Ai pho'cographicrecord of waves attacking various types of ab'" 

sorOeri!1;~bo't';:b. permea.ble and impenneabJ.e, i.S presented in Appendix F. 

4) Effect of Shape of Absorber 

It is a well ... known fact that a long, flat, impermeable beach 

consti:tutes a good absorber, but due to a large space requirement 

such an absorber would not be practi.cal f.or most laboratory instal­

lat,io:ns.." 

.A brief investigation duri:ng this study was made to dete:md.ne 

the effect of sha.pe of absorber, :i .• et) , whether the leng'lihof ab­

sorber can be reduced, particulal"l,yfor deep ... water wa.ves (d/L > 0.5) 

where the orbital particle motion nea.r the bottom of the channel 

i.s negligible/) Two types of absorbers were considered: absorbers 

wi th conti:rttl.olls slopes (sog", parabolic i:l:). shape) $ a.nd discontinuous 

slopes (a.go, units with a sudden break or change in slope). Para­

bolic, impermeable absorbers have sometimes been employed in labor­

atory wave facilitiies, but no data have 'been obtained on their ef ... 

ficiencyo The main advantage of the parabolically shaped absorber. 

is that for a specified length a flatter slope near the water Surface 

can be achieved than would otheoo.se be possible with a single con­

tj.nuous 8101'e<l> The parabolic slope can be approximated by a serles· 

of straight lines whichrnay in some cases simplifyconstructiol'lo 

In a d:i.scontinuous-type unit,the toe of the absorber is removed; 

this type might be visualized as a very crude approximation of a 

parabolic type~ but it is considerablY easier to construct. 

In the present studyp tes·ts were conducted on parabolic and 

discontinuous4s1ope units$ both permeable and impermeable. Figure 

39 illustra'ces data obtai.ned for parabolic-type absorbers. An im ... 

permeable unit caused high re.f.lections for the wave lengths tested 

and the addition of a layer of pel!'m.eable material (wire mesh) to 
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shorter than those tested the parabolioshape wou+.d probably be 

somewhat more efficient, with the reflections dependent to a con­

siderable extent on the nominal slope in the vicinity of the water 

surface. 

Figure 40 illustrates discontinuous slope absorbers. A discon ... 

tinuous permeable absorber, which produced fairly low reflections 

even though the length was quite short, is shown in Fig. 40(a). In 

an effort to reduce the amount of permeable material, a unit shown 

in Fig. 40(b) was tested. In this case the permeable materi.al (rr.ire 

mesh) is backed with an impermeable plate. 

Further tests were made to determine whether the permeable ma­

terial should be backed with an impermeable or perforated plate. A 

comparison of absorbers with an impermeable and perforated beach. is 

presented in Fig. 41. The absorber backed wi th an impermeable beach 

is considerably more efficient. 

2. Applied Study 

.31 

The applied study was conducted to provide design iniormationfor 

an absorber for the Maneuvdring Basin at David ~aylor Model Basin. The in­

formation contained here. is not as complete as might be desired for someone 

designing a discontinuous absorber of short length,; however, this parto! the·· 

report describes in a step-by-step fashion the study leading up to the pre~ 

liminar.y design of the absorber. 

It was specified by the Sponsor that the depth of water will be 20.fl:, 

and that the waves ranging in length from.3 to 40 it (d/L "" 6.7 to 0.5) with 

steepness of 1/100 (0.01) to 1/15 (0.067) were contemplated. Anahsorber 

efficiency corresponding to that of Iii. ' ... degree impermeable ~ach was considered 

desirable. It was further speoified that the absorber length should be a 

minimum and preferably not in excess of 25 to 35 ft. . .. 

The specified length proved to be the most 1mportantlimitation, 

and after a review of available literature and initial tests on bothpermea ... 

ble and impermeable absorbers, it was concluded that an absorber of pemeable 

type would be most satisfactory for the specified conditions. / 

The majority of tests of the applied study were conducted onpe r-­

me able or part~ per.meable units constructed of crushed rock, wire mesh, 
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pex'£orated plates~ inclined rods, and square and rec~angular bars. A number 

of' tests were perfonned on an :i.mperrneable ... t;ype absorber to compare with avail­

able theory rand to investigate the techniques 'used in experimental studies. 

8.0 Porosity Ef'fec·t 

Wi.re mesh and perfol'ated plate had been used in permeable absorbers 

in the basic tes'cso However, because of li5.gh protot;ype cost of such~riab­

sorber1 other materials were considered wh1.oh might be less expensive. Tests 

-----wel~p_er.tO;I'Illed on screened gravel, crushed rock, square and~rectangular bars 

(representing slotted, preC&I'irc" concret/e panels 1.:a the proto·type); some thought 

was given to,other materlals such as concrete1:>locks~ building tile, and sim­
ilar products!!) Permeable materials of this type were not fully investigated 

in the ba.s:i.c s·tudy; therefore, brIef tests 'were condu(rted on the effect of. 

porosi.tyon refleati.on. coefficient for a. selected design of discontinuous .... ty-pe 

per.raeable absorber shown in Figo 40(10) () To decrease prototype ~06U', the 

-thickness of permeable layer was reduced to approximately one ... hal! as shown. . 
~ . 

in Fig(t 42$ '!he absorber tested consisted of: a penneable layer backed with 

an. impermeable beach of 12-degree slops., Two materials· selected for the tests 

were crushed· rock and square bars; thus thi9 permea.ble layer consisted· of crushed 
1 

rook passing l"'l/~. iI'll) and retained on 1/2,..ino screen for one absorber, Fig. 

42 (lit), and Ool-ino square bars spaced to £01'111 a penneable medium q£ uniform 

pOl'osityof 73 per cent for another absorber,? Figo h2(b)o FigUre 42 presents 

the data obtained for both a10801'1oer8 0 The low reflection coefficients ob ... 

served for the lilave lengths of interest (1 "" 10 0 and L == 200 ft) were ·the 

f.irst indica.tion that. a ahol.'tmlell1gth absorber constructed of comparatively low.a 

cost materials might produce a satisfactory design for the proto;liype instal­

lation. 

It will be no.ted in Fige 42(a.) -lihat there was. an increase of coef­
ficient of reflection for WOlve lengths 3 QJ and 1~o4 ft, for higher wave steep­

ness (HI/L > 0,,04)0 This was du.e to the fact that waves of such length and . 

steepness u.prush over the sloping beach of the absorber and part of the wave 
breaks at, the back wall.) It such is the case, the absorber should be rede­

signed to preven'f:j the cres·t of. the wave reaching the back wall. 

It might be appropriat.e at this time to raise an important point 
regarding the construction of. cru.shed""Tock absorool'so In order to obtain a 
porOSity GI£ between 50 and 52 per cents a narrow ... size gradation oferushed 

. rock is required and failure to control the size and. placement might result 
ill higher reflectiol'l.So 
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. The porosity ota square-bar absorber was arbitrarily chosen as 

73 per cent, and it was not knOlV,O whether this represented the optimum value 

for this type of absorber. Since extensive study was not possible because of 

time 1:i.mi tations, only one more set of tests was perfonned with. the porosity 

of the aquare-bar absorber increased to 79 -per cent. Figure 44 presents 

the experimental data for the absorber of 79 per cent porosity and in com ... 

paring the data with that for an absorber of 73 per cent porosity, Fig. 42 (b) , 

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

ciency. 

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, there was a need for additional 

experiments for discontinuous-type units. The selected absorber consisted of 

a permeable layer, constructed of Ool-in. square bars spaced to form a medium 

of 73 per cent porosity. Figure 45 summarizes the data obtained for slopes 

between 12 and 30 degreese Within this range the absorber with al2-degree 

slop~ produced lowest reflections. The complete data for a l2-degree slope 

absorber of this type are given in Fig., 1..J.2 (b). It will be noticed that this 

absorber of comparatively short length produced reflections below 10 percent 

(VRx < 0.1) for depth ... to ... length ratio, (d/L) between 0.227 andO. 75~, 

c. Shape Effect 

It appeared from the basic study that the most economical absorber, 

for the specified wave characteristics of the David Taylor Model Basin in­

stallation would consist of a discontj.nuous- or of a parabolic-typeuni tin: 

which the permeable layer is backed. with an impermeable beach. 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. 44 and 46 indicated that there was little, if any, 

difference in the coefficient of reflection for the range of specified wave 

characteristics' (J,< 2.0 ft in the luodel) whether the area under the ·~pstre:a.m 

part of the absorber was sealed off or not. With the objective of reducing 

the reflection coefficient, addi'!:,ional tests were performed with a layer of 

permeable material placed in front of the vertical seal plate. It appeared 

fram Fig. 47 that slightly lower coefficient of reflection was recorded for 
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the model wave length of 200ft (coI'responding a:PPI'ox:l.m.ately to a :prototype 

wave length of 40 6 0 ft) when the penneable layer was present in front of the 

sealing plateo As was expectedj·there W/il,S no d:1.fi'erence for the shorter wave 

lengths (L ~. 1 0 0 and 11>5 ft,). 
m 

Next ·the effect of location of ·the irnpe:r.meable backing plate with 

resped., to ·the water level was briefly studiedQ The square .... bar type absorber 

wa.s employed in these test.s.. The effect of rais:tng the absorber was to de ... 

crease the reflection for 'che 1- and 2.,.ft long waves and increase the reflec­

tions ,for thel~5-ft long waveo The r(:lsults of the tests presented in ]"igq h8 
were not very conclusive, and it was felt tha'{j the exact locationoi theim ... 

penneable beach 'With respect to the water level could be recommended only 

after' completion of tests in the la.:rge facility'o 

A test WoiiJ.S also perfomed. on all al)SOl'ber having a semi.-,parabolic . 

instead of a. flat, discontinuous slopej] but no improvemen:'li in the coeffio.ient 

of reflection was observed (compare Fig¢ L~7(b) with Fig!) 49) ... A flat, disc on .. 

tinuoua slope wOlud be easier to constructo 

The final exper:ilnen.ts ill '!>he sllla~1., .. scale charmeJ. were perfoJ::'ll1ed with 

the principal objective being to dete:rn:dne -the optimum. vel.lua of thickness of 

a permeable part of the absorber as a basis for the large-seale tests. 

The thickness of the permeable part of the absorber was varied and· 

experimental data obtained for t.he folioW".l:ng prototype thicknesses: 3",,3/.4 in., 

'1-1/2 inc, 1 ft, 3 ino , 2 ft 6 in., 3 ft 9il1o,and 5 ft 0 inch.. The permea­

ble layer ill front. of the absorber was eliln..i.nated in ord.er to simplify the 

tests and to investj.gate the thickness parameter only. 'lhe data are presented 

in Figs~ 50 a.nd 51 for prototype wave lengthf$ of 400 0 it (1m::: 2 .. 0 tt) and 

2404 it (1m"" 1.22 ft), respectivelyo Ind::i..v:Ldual graphs of reflection coef- . 

ficient as a. f1.U1ctio:n of wave steepness .for a given thickness of pemeable 

layer and various wave lengths are presented in the AppendixF (Fig. F ... 20.). 

An inspection of the data indicated that the choice of an optimum thickness 

o,t permeable la.yer was somewhat difficult because so many parameters would 

have to be consid.erede In ad.dition, in some instances (Figs c 50 and 51) the 

curves have several reverse.Is;in slope and 'were,\l in general, not as oonsistent 

as might be expectedo Some of the Variations 'ftllere probably due to reinforce­

ment and canc.ellation of reflec,\iions from various parts of the absorber, in 

which case wave length and geometry of the absorber were important parameters;. 
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Anothel" "Variation was caused by the mechanism of energy loss at the absorber} 

iih'l18 for Ibme values of wa.ve steepness the ifa.ve was breaking, while for the 

.:t'latter waves the primal"11oss wa.s oaused by an oscillatory' flow through the 

permeable med:t.a., While the small ... scale data indioated tl"Elnds and a.pproximate 

:reflectionooefficients, it appea.redth8.t they' were hot adequate for selection 

of thiokness ot pemeable la.yel· lor the prototype absorber. For the longer 

'Waves (L .. 2 f't, L • 20 :f't) the data indioated that a prototype thiokness m p 
of penneable 'layer of about 5 :f't ma.y be deSirable. For intermediate-length 

-waves (Lm " 1.22 f:b, Lp -2404 ft) i'li a.ppea.red that a thiokness of either 

00 75 ft or 235 ftmight be acceptableo In the latter case intermediate values 

of t,hickness did not produoeas good results as the two values' noted, . par,.. 

ticula.rly for 10l\l'lIt;steepb.ess waves. On the basis of these tests and others 

with other materials it can be ooncluded that for the speoified absorber length 

and tor the antioipated range of wave characteristics the thickness of the 

permeable layer should not exceed 5 ft and the optimum value may be sOlllewhat, 

less than this value. The large-scale tests should, 'be of great benefit in 
, ' 

determining the opt:tmum. thickness ~ provided a sufficient nlliuber of wave lengths,' 

are testech, 

Do Preliminary Prototype Design 

Final reconnnendationscan only 'be made after o,ompletion of tests 

in the large facility. However, it appears that the most efficient unit of 

minimUll1. length (considel'ing o~ building materials of reasonable cost) could' 

be COflstructed of eitJ1er crushed rock or slotted, precast, concrete panelsre-" 

sembling squ.a:re or rectangular bars in the model. Because ,of diffioul ty in , 

oontrolling the placement of cruShed rock (and thus porosi tyot the absorber) 

whioh might l"esul t in high reflections , it nrl.ght be desirable to U/iie a u.ni t 
construoted of preoast, concrete panels for which the reflection could be, pre llil 

dieted. with greater oertainty., 

In general, the design should follow the sketcbesshown in Figs .52 
and ,.3 which have been developed in conjunction with the sponsor. The' ab"" 

.~orber would have a discontimous surface slope of 12 degrees ,the per.m.eable " 

part to be constructed on top of an iltlpenneable ~ discontinuous beach of the 

se.me slopeo 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 abso Iber. However, the large-scale model should. provide adequate 

design information. 

r-
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The porosit.y of permeable matoriaJ. should be bet.ween 50 and 55 per 

cent for crushed :rock and between 70 and 7:5 peJ::'cent for "che rect.angular bars. 

The size of crushed rock should probably be betw'een 3 and 3 ... 1/2 inc'; 1'9ctangU"l' 

1al~""bar, precast wits should consist, of 2·,. by2-J./2.uinc bars in panels of 

conve:llient s:i.ze (probably 7 by 12 :f't) 0 

A question might arise a::, 'ho hO-Ci mnch bet'cer a pexnte:;uble absorber 

of thLs type will be tha.ll B,n impermeable absorber of' -t.he same she,po and lex)f);th. 

Some -hests were performed in the 6 ... :.tn.o eha.r.IDe]. to determine thiI:.L3--<-1,Uld-E'ig8lL-----­

indicates 'that reflections from an irllpeI'll1eabll') absorbs:!:" v-.Tould be very h:l.gh 
'c 

for low",""steepness, W<:l>ves (HIlL il\l! O()OJ.} , bu.t. -chat theJ:,efleci~:Len. would be h1.gh 

but not necessarily exc(1ssive for h:l.gh<"'st0ep:cess ~a:V'es (HIlL;:: Oo05)ft It 

should also be emphasized. that the prototype abso luex' was desj.gn0ci J~or -ob,e 

specific wa'lres (d/r. values 005 to 6(7) ,and such an a.bsorber iiouldoause 

considerable reflection. :1.11 ease of ahallow<'»wa:ber waves (d/L < 0 .. 5) 0-

E~ Scale Effect 

All e:x:per:iJnents covered by 1ihe presem:t report have been c()nduoted ' 

in a glass"~1all channel 6 in., wide, 15, i1J.o deep, and. 4.0 ft longo Gen.erally, 

a water d.epth of 9 iUi} was used.ll €Cccept for 8. l:i.m.ited number of testa wi:f:,h a 

wa'bel" depth of 12 inches.... ~vi. th a channel of' this size it has been possible 

to cover So fairly w:.tde rania of condi tioTI.".l quick1;r and econollli(~al1y. Th.e final 

studies will be conduc'ted ::i.:n a much larger che.nnel 9 ft wide, 6' f-~ deep, and 

250 1't long to provide a sound basis for pl'ototype recommendations. The re­

sults of 'bhese studies wh:tch vTould cover "booth cruJ:lhed..,rock and ba!'-t~e ab .... 

sorbers w.illbe "I:,he subject of the next project, reporto 

Some of ·the earlier te~;rjjs were conduct~~d without concern fOJ~ scala, 

ratio as the p:rimaxy objective wa.s 'the det(llI'1nination of the eomparative :im­

por-cance of several. var:Lables involved,/tl However, in some studies 8,n frpprox.i.. .... 

mate scale ratio was desi:redo For this purpose :i:b 'V17aS a.sslUlled, as an approxi­

mation, that gravity and inel .. t.:i.a i'orf;}es are of primm:'Y importiance and, as a 

consequence, that the model and prototype can be related according to ]':roude's 

laWn It is thought 'chat the I1J.6cha.n.i.sm of energy loss in absorbers might be 

due "to breaking, friction" .form drag,)! or clue to all three combinedo In add.i.­

tion; part of the wave energy w:ill be reflectede For impermeable absorbers 

the wave energy is dissipa:t:.ed by break:tn,g and f:riction ll or both", , The propor .... 

tien o£ energy diss:.tpat,ed by each action 'ViOuld depend on wave steepness and 
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beach slope. For example, steep vJaves vrould dissipate principally by break­

ing; flat waves, by friction in running up the beach slope. 

For penneable absorbers wave energy is dissipated by breaking, fric­

tion,-or-f'onndrag., The proportion of' energy dissipate_d by each action would 

depend on wave steepness, beach slope, nature of permeable medium and' its 'porii.!' 

osity_ For example, the lower the value of' porosity, the more a permeable 

absorber would approach an impermeable absorber and the for.m~drag loss would 

be less and loss by breaking 'and friction will be correspondingly greater • 

. 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 for.m-dl~ag losses will be responsible 

for absorption in the case of high-steepness waves. If such is the case, the 

dimensions of absorbers would be scaled up according to the Froude's law to 

give prototype values. 

The Froude number may be expressed as 

V 
F = --===!:"" 

,JgL (18) 

where V = velocity, g = acceleration of gravity, andL = length. 

In '[\jbis case the most significant ratio is the depth of "WS:te:;r~ d~ 

Therefore, 

c 
F'" _._-

Jgd 
(19) 

where 0 = wave celerity. 

If the Froude numbers of the model and prototype are to be the same 

C 
F = m 

~ 

c 
= p 
.~ 

p 

(2.D) 

where subscript m describes model, and subscript p~ prototype •. .And the 
length ratio is 

d 1 
L - m_ - ........... ---
r d 20 

(21) 

P 

. i 
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The ratio may be used, wi-th reservation, to estimate the prototype 

length of -the absorber corresponding to some of tihe models testedl,l" 

Eo Cone lusions 

10 Basic Study 

8. 0 The efficiency of a wave a'bsoJ;'ber is dependent upon the 

Oh.aracterietiofl of the incident waveS a.s wlllll ~,s the characteristics 
-------,e-£-'b-ha-absl7rbet~·o..----------------'--------· --~".:--------------

b. The lellg'th and hei.ght ot the in(.,j.dent wave and the water 

depth are importan't,.but one of the most significant parameter$! is 

-the incident ilr8,V0 steepness (wave height/wave length).. The low .... 

steepness waves (Hit ~ OoOI) are much more difficult to absorb 

than the high-steepness wa;res (H/L ~ 0007) ... This can be explained 

in part by the fact tha-/:, the steeper W~:l.Ves usually break, dissipating 

considerable energy; wherea,s, the flat waves may be reflected with­

out breakingo In the latter case the energy loss and corresponding 

absorber eff.iciency are dependent upon frictional and turbulent 

losses on the surface and interior o£ the absorbero 

Co The efficiency of an impenneable ~,bsorber is dependent upon 

the surface slope, roughness of the surface, a.nd the shape of the 

absorbero 

do The efficiency of a. permeable absorber is dependent upon 

the -volmlle, stt.'t'face slope, porosity, e.nd shape of the absorber. 

Variations in each of these items were studied as part of this inA 
vestiga tiOll, a1 though not as comprehensively as may be desiredo The 

four variables are interdependent and, as a result, optimum values 

o1~ one variablE} are dependent upon predeterminf~d values of the other 

three 0 The data obtained provide an indication of the general in­

fluence of each of the foul' variables upon absorber efficiencyo 

eo The effect of variations in. volume of a penneableabsorber 

was studied by va.rying the length of the B.bsorber while using fL"{ed 

va.lues of surface slope and porosi1:.y (Figs o 23 to 25, inclusive). 

For the particular values of slope and porosity used, it was noted 

that a well.:.defined minimum volume (or length) existed; volumes less 

than this amount resulted in. hj.gh ref'lect,ions o 



fo .SLmilarly, for selected values of porosity and volume the 

surface slope was varied. It was noted that, in general, the re-­

flection coefficient was a flll1Ction of the slope, vr.i. th high reflec .... 

tions resulting from steep slopes (Figs. 29 to 32, inclusive). 

go The effect of porosity v.ras studied using two different ma ... 

terials: gravel and crushed rock (porosities from 40 to 52 .per 

cent), and perforated plate (porosities from 93 to 99 per cent). In 

addition, limited tests were performed using wire mesh of 95 per 

cent porosity and square .. bar units of 73 and 79 per cent porosity.' 

A slope of 22 degrees was used, and the volume was a constant (Figs. 

33, 34,36, and 37). The lowest reflection coefficients, and corre­

sponding best efficiencies, were obtained for the higher porosities, 

particularly in the region from 73 to 96 per cente 

h. In case of permeable absorbers for d/L values greater 

than 0.5, instead of a flat, continuous slope, a parabolic 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 ardis .. ' 

continuous 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 

possible to use a very flat, impenneable slope (slopes of the order 

of 5 degrees to 10 degrees). 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 perJ.'neable materials, 

or a combination of permeable materials and an impermeable beach 

(i.e., permeable layer overlying the impenueable beach) if .. high re. 

flections are to be avoided. A discontinuous ... slope absorber of this 

type appears to be the most economical ;for the proposed prototype 

installation (Fig. $2). 

b. For the condi tiona specified by the Sponsor a discontinuous ... 

slope-type absorber consisting of a penneable layer backed with an 

impermeable beach, B. l2 ... degree surface slope appears to be the most 

favorable (Fig. 45). 

39 
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c. 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 pemeable layer. The minimum 'thicknes~ 

for the proposed prototype absorber, as well as the necessity of 

permeable ma~erial in 'front of the absorber will be determined by 

tests in the large facility. On the basis of the small-scale tests 

it appears tha.t the maximum. thickness, to be considered sho1l1d be 5 :f~. 

d:.Th~ pemeabJ:"e layer canbeoo-nstru.l:rted from. at·tiler crus.t1ed 

rock or. slotted, precast, concrete panels; however, a narrow size . 

gradation of crushed rook would be required, and f'ailureto control 

the si~e and plaoement might result in high reflections. Therefore, 

i tmight be deSirable to build a urti. t employi~ precast~ concrete . . . . . .. 

p~nels for which the reflections could be predicted ~th great~!1" 
oertainty. 

e.ln addition to variables discussed under section l...a of ,'the 

co~olusions ~ the location of· the impermeable beach underlying the 

permea.ble part of the absorber is important. 'rhe eX4ct location of 
. . . 

the impermeable beach can be recomm~nded only after completion of 

tests in. the large facility) however,. it a.ppears that :tor the range. 

of wave characteristics' of interest to the . Sponsor (d/L . = 6~ 7to 
0.5 andR.r/L = 1/15 to 1/100), the location indicated in Figo ;,2 
would be most favorable. 

f 0 The . tests in. the large facility will cov~r the inos,t· prOm"; 

isi~ absorber deSign (Fig. '52)01 Both .crushed rcic~ and a wooden 

model of precast, concr.ete panel· beach will be employed in these 

tests. The final absorber design will b~ based on tests in the large 

. facility. 
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Fig. 28 - Detail View Showing Construction of a Wire-Mesh 
Absorber. (No.8 wire mesh with corrugatIons 3/16 in. deep 
enid 7/16 in. long were used.· Corrugated wire mesh sepctr-· 
Cited with flat sheets of wire mesh.) 
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The development describes" the wave";damping rate due to a filter 

having vertical boundarieso The d1.fference in. entrant and exit wave""energy 

rate is equated to the !'ate of' energy d..i.ssipa'cion as computed l'rom the dissi­

pation funct:i.one The diaaipat:ton f'lll"lC't:l.on is developed from the Navier .. Stokes 

equation for t.wo ... dimensional v'i,seaus flow/,> From. this the damping rate may be 

expressedas a function of known 'tV'cwe ehal~t:l.Ct.el"istics and an unknownllartifi-

cial viscosity, 11 1I t 0 

Consider a. filter of length 6 x in which the wave amplitude is 

'. changed by an amount 6 ao Invicid fluid is assumed and a shallow"'1rJ'atel~ wave 

. is considered here. 

The rate at which energy crO::3Ses a vertical plane perpendicular to 

the direction of the wave is 

where 
c 

c - ....- .. 
g 2 

2 
l/2gpaC 

f· g 

Hence, for a unit width 
2md ] 1 

Rate of influx of energy := ~ g Pfe,zC 
4 sinh 2m.d . 

1 
Rate of efflux of energy = -- g 

h 

1 

. 2 [, ·2md j 
p. (a + 6a) C l".,.·· .'.(I} 

:t: sinh 2md 

or, net rate of energy. inflow I:;l"" - g Pf a6a C 
2 

[ 2md.] 
1 + .-

. '. sinh 2md . 

The rate of energy di.ssipation for a filter is 

au \2] 
+ :)y ') 
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or 

w ~ aCI' [cos (mx ... (J t)ooth md - i sin (m;x: .... (J tJ] . 

W Ii::. aC { [ (cos mx cosh my ... i sin mx sinh my) cos (J t 

+ (sin m.x cosh my + i cos nIX sinh my) sin (J t] coth md 

... i [(Sinmx cosh my + i coa lllX sinh my) cos (j ~ 

... (cos mx cosh my - i sin mx sinh my) sin (j t] } 
Th~r.e.t'ore, the real part of complex potential 

Now 

<p III aC ['cos :mx oosh my ooth rod cos (j t 

+ sin rox cosh my ooth md sin (j t 

+ cosmx sinh my cos (J" t ... COEf m;x: cosh my sin (F t J 

U. .. .2.t and v ... ... it. 
ax oy 

and it follows that 

"ou 2 [ ] d x 1:1 aem .. cosh my coth rod .. sinh" my oos (rnx ~ (j t) " 

and 

OV [ ] - = .. aOm2 . cosh my coth md -+ sinh my 
oy " 

cos (mx ... (J"t)" 

Therefore, by squaring and adding, the rate of energy dissipation is obtained 

22 4 {[ ." ]2 
Wi = 4a am f-L cosh my oothmd + sinh lll3'J. " 

00,,2 (mx ~ <T t) + [Sinh >fI! coth md .. cosh ~r sii (m • <T t) } 

and the total rate of energy diSSipation 



I 

J 
I 

sinh 2md 2 ooth md ] 
---- (coth2 rod ... 1) + (1 - cosh 2md) 

!un. 4m 

+ :. [ (sin (2mll x - 2 "t) + sin 2 " t) csch2 md]}6X 

And the average value of dissipation is equal to 

or 
223 1\ WiA == 2a C ill p_ (ooth rod) ux 

Equating (1) and (2) gives 

- g p da.: [1 + 2md ] II:; 4 f-L ro30a coth rod dx 
sinh 2rod 

or 

coth rod 
.. ...--..:=: ----- dx 

a g [ 1 + _2rod J 
sinh 2rod 

Integra ting gives:. 

4 yl m30 coth rod 
log a:= - --------e 

x ... consta.nt 

g[l+ 2md ] 
sinh 2md I 
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(2) 

Letting 

we have 

a = a 
o when x II:; 0, and substituting C J!.. tanh rod . m for celerity 

4 1/' m2 
log a = ... x ... log A 

e 
o [1 + _. 2md J e 

0 

sinh 2md 

or 
4 y 

, 2 a m x: 
log --2.. = 

e a 
C [1 + 

2md ] sinh 2md 
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or 

'{ 2} a 4 v' Pi x 
~ • expone,nt1al ~ ---[ -,' -2md-' . J"," 
ao C 1 + -.-----

. sinh 2md 

(3) 

and the v' the art1:t.ic-ial viscosity 

8.0 1 L 
v' -= log .......; - -e a 2K .e 

where 

8 2 
77' 

K-
CL [1 + 

2md ] sinh 2md 

Hence, va.lue of v' can be detennined for a given wave tilter from 

Eq. (4) 0 Therefore,· upon once detennining a value of v' for the tUter, " 

use ot any pa.rticular l:Tave characteristic will yield the correspondi~amp1i ... 

, tude change for that filter and that waV.e (Eq. 3). 

., .. -,". 
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APPENDIX B 

EXPERlNENTAL APPARATUS 

All the tests described in this report were carried out in a glass 

wall channel 6 in. wide, 16 in. deep, and 40 ft long. Figure B-1 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 type. The bottom section was 

oscillated horizontally by a connecting rod attached to the drive wheei. Two 
vertical arms supported the lower unit 0 By shifting the upper pivot points 

of the arms, the lower unit was tilted back and fOl~th during each stroke re­

sulting in motion similar to the orbital motion of the water., The stroke 

bould be varied readilYoThe' generator watf'powered by a 1/2 hp, 1724 rpma--c 

electric motor and was capable of producing waves up to 10 ft long and wi tb. a 

maximum height of 4 inches. Generator speed 01' vlave period was readily-ad­

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

eratoro 

A capacitive-type we,ve profile recorder was used for measurement 

of wa:ve characteristics [7]. Wave heights WEill'e rneasuredelectrical1yw1th a' 

recording oscillograph. the deflections corresponded to the depths of submer­

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

·Who:3.e, capac;l..ty varied d:i.rectly with the wetted area of the wire. Permanent 

records were obtained. with an il1k-111ri.tlng oscillograph. on millilneterpaper. 

'J.be majority-of the tests were conducted at a 'l'later depth of9 in., 

although some tests were run at a depth of 12 infl in ordet to detennine the 

effect of d/L ratio and scale l"atio on the coefficient of refl~otion., 
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Fig. 8-2 - View of the Pendulum-Type Wave Generator Installed 
in 6-in. Channel 
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APPENDIX C 

TES'l'ING TECHNIQUE 

A. Wave Filters 

The test prooedure consisted essential~y of taldng measurements of 

wave height a.t various points upstream and dOvmstream of the filter. The 

filters were installed 8 ft 6 in. from the wave generator. Two probes were 

employed in determining the wave height at l ... £t intervnls upstream and down­

streamo Figure C .. 1 presents a typical exarrtple of experimeni:;al data showing 

the wave attenuation caused by a plate filter~ 

B" Wave Absorbers 

Measurements of wave reflection vrere made with a continuous 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 recording probe at uniform speed along the 

channel over a distance equal to at least. one-half the wave lengtho The values 

of wave heights at the loop (mrud.mtuTl) and at the node (min:i.mlIDl) are then used 

to determine the coefficient. of reflection by means of thefollovl'ing for.ruula!· 

R ... 

where H.e is the wave height at ·the loop und Hn is the wave height at:th.e 

node" The above formula was developed for sinusoidal 1rTaVeS and it is realized // 

that for longer shallow"'water 1-raves, where the shape of the wave differs ma ... Y 

terially from a sine wave, the formula providos only an approximate value of 

reflection C oefficiento However, as tb;i.s method provides a. rapid means of 

determining the magnitude of wave reflection, j.t was used thl"oughout the study~ 

The development of the fonnula fOl~ sinusoidal -VTaves is given in Ap,pendix D. 

The meal;lurements of reflectiion 11J"ere generally made 2 ft from the toe 

o.f"the absorber~ This location was selected follo1rTing a. brief survey to de­

termine the most suitable location. Continuous records were obtained on a 

paper tape recorder" 

All the studies described herein have been conducted in a channel 

6 in. wide, 16 in. deep, and 40 ft long. 
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The testing technique was cri tj.cally examined early in the experi­

mental study, as it was thought that the following factors couldafi'ect the 

measurement oltha reflectiOll coefficient,: 

(a) water temperature 

(b) • n91atlve position of absorber with respect to generator 

(c) Ioca'bion of ~Tave filters with respect to the generator 

(d) location of the point where reflections are measured 

(e) ratio of length of the channel behind the wave generator. 

to 'the lel1gth between absorbermd generator 

(t) method of vary:i..ng i.ncident wave height, i.e., by varying 

generator s'hroke or by inserting tjJ .. ters (> 

Of major interest was the poss::l.ble influence of reflected waves on 

the incident wave. For example, the portion of the wave reflected by-the li).b ... 

sorber might in turn be reflected by the wave generator, becoming superimposed 

on the generated Or incident wave~ If the reflected vJave were of sufficient . 
height, senous distortion of the incident wave would result. When conditions 

of ·1.;11is we exi.st, standing WGl.ves or clapotis develop,; and i .. 1' the filte'rs 

are no·c being used)> the hei.ght o£ the clapotis is usua~ly a ma..-..cinmm if . the 

spa.cs be'~~Teen generator and absorber is an integl"sJ. number of half"'wave lengths. 

The magnitudeot this effect can be determ:i.ned byva.rying the distance be­

tween generator and absorber or by conducting tests in which a filter i$ em" 
ployed '00 absorb the reflected wave and conrparing it with a case when a. filter 

is no'!:, tlsedo 

To study the effect, of water temperature and viscosity, two tests 

were ~8.I'ried out, one with water at 305; degrees C and another with water at 

2o~5 degrees Co The experimel'lta.l data are plotted in Fig. 0-,3. The resUlts 

obtained indicate that tempeI'ature has 1i ttle or. no effect on the coefficient 

of reflection within the range of variables covered by the model studies. 

To study the effect of location of the absorber in the cha1'lnel,me:a~ 

urements of reflections were taken with the8.bsorber at 5 ft and 4 ft 6 in. from 

the end oJ: the channelo The results which are shown in Fig o C ... !~ indj.cate that 

the) lOoB:cion of the absorber in the 6-ino channel has little Or no effect on the 

eOt~fficieIl'l:, of reflec tiono 

Two tests were carried out to determine the effect of location of 

f.ilters on the ooefficient of reflectiiol'i, one with a filter 18 it from the 
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generator and another with a filter 4 ft front the generator. The experimental 

data which are plotted in Figo 0-5 indioate -bhat the location of a filter has 

little or no influence on 'the coefficient of reflection. 

In order to locate the point wherereflectiona from an absorber 

should be measured, tests were made in which the :reflection coefficient was 

measured at l ... ft intervals along the channel. The results which are plotted 

in Figo 0 .. 6 indicate that the ooefficient of reflection decreases slightly as 

the distance from the absorber increases~ 

othel' testa were made to detennine the effect of the ratio of length 

of channel behind the generatol· to the length betvJ'een the absorber and the. 

generator on 'the reflection coefficiento The results which are plotted in 

Figo 0 ... 7 show that the reflec'tion coefficient is not affected by this ratio.· 

Figure 0-8 illustrates that it is unimportant whether the wave height 

is adjusted by varying the generat.or stroke or by inserting til ters for the 

rather low reflections encountered in tMs studYQ 

( 
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,200 .------,--'-~-_,rm 

,150 1-------1-----1-
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Test Data: 

Water Depth 
Width of Channel 

d=9 in, 
b=6 in, 

,050 I------i-----j-

Incident Wave Height 
Incident Wave Length 

----1lncident Wave Steepness 

HI=O,181 ft 
L =4.40 ft 
HrlL=0,041 

Wave Attenuation 

0'------'-----'--" 
o 4 8 12 16 20 24 

Distance from Generator {Xl Feet 

Fig. C-l - Typical Example of Wave Attenuation Caused by a Plate Filter 

Fig. C-2 - Sample Record Showing Method of Measuring the Envelor 
of Wave. (Wave heights at the loop and at the node are indicated. 

14.67 % 
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APPENDIX D 
-'- - - - - --

1'lEASUREMENT OF WAVE REFLECTION 

The follo~ring development is for a sinusoidal wave. 

Let the incident "Jave be 

171 == a sin (mx - o-t) 

and the reflected wave 

'I7R = b sin (rnx + 0- t) 

where YJ is the surface elevation, a and b the wave amplitudes, m 0: 2rr/L, 

x is the distance along a horizontal axis, 0- = 2rr/T, and t is t:i.Jne. 

For the clapotis 1ve have 

thus YJ = (a + b) sin rnx cos 0- t - (a - b) cos fiX sin 0- t and we have a value 

at the nodes x = 0, L/2, 1, etc. 

YJ = (a - b) sin 0- t 

and at the loops x = 1/4,' 31/4, etc. 

YJ::: (a+b) cos o-t 

The envelope of the standing wave is developed as follows: 

(a + b) 

(a- b) 

o 

-(a-b) 

-.-. ~--,--

H.t 

-(a+b) ____ ~-I--~ 

mx=O rnx = 7T/2 

Hn 
mx 

rnx= 7T rnx = 37T/2 mx= 27T 
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. l"~here H.e is the envelope height at the loop and Hn is the envelope height 

at the nodeb 

It follows from the diagram that 

and 

The coefficient of reflection is 

b H.e .. R Hr .. n =-=R 
a H.e + H n Rx 

where ~ is the height of the renected wave and H:r is the height of the 

incident wave. 

Also the incident wave height,- or height o£ the wave as it enters 

the absorber, is 

H + H 
Ii:" .e n 

2 

As indicated earlier th;i.s method of measuring the coefficient of 

refiection is 'l;rue for a sinusoidal wave. Deep-water waves (d/L> 0.5) ap­

proximate the sinusoidal wave in shape while the shallow-water waves (d/t < 
0.5) approach the trochoidal; shape; thus this method would not be entirelJ 

correct in evaluating the coefficient of reflection for shallow-water waves. 

However, for the purpose of expedience in evaluating a large n'lllllber 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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APPENDIX E 

A OOMPARISON OF vMVE ENERGY DISSIPATION BY 
IMPERMEABJ~ AND PEro~ABLE ABSORBERS 

A photograph:tc record of wave-breaking on various types of absorb .. 

ers is given in Figs. E ... l and E-4p The time interval between each picture 

is 1/16 s'ec except for the perforated"'plate absorber for which the t~ein­
terval is 1/10 sec. It can be seen that a 2.0-f"0 long wave is breaking on 

an impermeable beach-type absorber (Fig~ B-1), while there i6no evidence of 

wave breaking on a wire-mesh absorber of 95 .. 3 per centporosi ty' (Fig •. B .. 2) • 

There is a partial breaking of wave on a crushed ... rock absorber of 46 percent 

porosity (Fig. E-3) and on a perforated-plate ... type absorber of 95.5 per cent 

porosity (Fig. E-4)o 

It appeal.~s that for imperrllcable absorbers the wave energy is dis .... 

sipated by breaking and friction, or botho The proportion of energy dissi­

pated by each action would depend on wave steepness and beach slope. For 

permeable absorbers wave energy is dissipated by brea.lcing, friction, and form 

drag. The proportion of energy dissipated by each actionwou.ld depend on wave 

steepness, beach slope, nature of penneable medium and its porosity_ Inthe 

case of wire mesh, perforated plates, crushed rock and bars,iopJ.;s exp:~oted 

that form-drag 10s6 will be predominant by far for low steepness waves and 

that both breaking aotion and fom-drag losses will be responsible for high . 

steepness waves, possibly 'vdth the f~xception of wire-mesh absorber 'o:fh;l.gh 

porosity,> 
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Fig. E-l - A Sequence of Pictures Showing Wave Breaking on an 
Impermeab Ie Beach-Type Absorber 
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He: I'.:;i, l ~>'f{l1ence of PIctures Showing Wave Breaking on (; 
Wile c ll,e' .~ Absorber 
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Fig. E-3 - A Sequence of Pictures Showing Wave Breaking on a 
Crushed-Rock-Type Absorber 
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Fig. E-4 - A Sequence of Pictures Showing Wave Breaking on a 
Perforated Plate-Type Absorber 

, 
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III 

A P PEND I X F ---------
VARIOUS EXPEBJJ1ENTAL DATA 

. ',' . . 

This Appendix includes'Va:L''i,OJlsexper:i.1nental inv~stigf1tions not ae-

soribed, or only referred to, in the main body of the :report. 

(1) , Round Rods and Tl~iangular-vJedge Absorbers 

In accordance with a l~equest of the Sponsor's representatiye, a 

limited number of tests was conduoted on absorbers c6nsistlin~ 9f>roundrods " 

aXld triangular-wedge bars placed on a 6 ... degree(app;roximatelYI:l0)slope., 

It was indicated that the il'lforrna:l;,ion'lfas desired fora special application' 

in which it was possible to employ a long absorber with a flat, s3.ope. , 

The shape and spacing of the bars is shawn in Figs.F';"1,F-3,and. 

F-4o 

Tests were conducted in a 6-in<> channel at a water dep1;;hof9 inches. 

The reflectioncoe;f';f'icient was measured for 'IIJaves with a length o;f' 2.0 ft and 

4.4 ft and steepness ratios (Br/L) varying from 0.01 to Of>07.Absorb~rs 
with su.rface slope' of 6 degrees and 30 degrees were tested .. ' ' , 

Test data forthe 6 ... degree slope are shown in Figs. F-3(a).andF.:..4(a). 

For comparison reasons data for an impermeable beach absorber'c)f the' s,sme 

, slope are also indicatedo The reflections from both the round and.triangula.r ' 

bars, as well as the impermeable beach~ are quite 10'llJ,the round. bars having 

a slight advantage. 

Test data for the30-degree slope are pre:;.lented in Figs~" ;F".3(b) and ' 

F-4(b)<> Here thetriangu.lar barswel"e superior to the round bars; the re ... , 

flected wave height for the triangu.lar bars was approximately?5 percent of 

that for the round bars, depending on' the inc:i.dent wave steepness and lengtl1. 
, '. ' " . . 

For comparative purposes, the wire .. mesh unit had a reflected wave height rang­

ing from one-sixth to one-half of the triangular bars. It is possible thi=Lt 

somewhat greater efficiencies could be aohieved with the bar .. type unitsby' 

varying the bar size and spacing. 

(2) "Sandwichll Type Absorbers 

A number of absorbers were constructed where l'Wers of crushed rock 

were separated by square-bar mats. It was thought that by dOing so, it would 
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'be easier to'control the porosity of rock,· and that the squilre ... bar mats might 
have a beneficial. ef.t'eot. ',The 'tests (Figs. ,F ... 7 and 1-8 indiQated tl1at th~:t'$ 
j.s no :reduction ,in coefficient of~ reflection when.:' tf8andwich't~ tYPe,: was em­

ployed, but due to the difficulty .of contr~lling the placement of l'<)'ck ~ 
its porosity" the tests are oonsidered inoonclusive. In o'rder tOdeterm1ne' 

the oomparative merits of the '~~andwichtt. type cOl'lSt:ru.ction, other m"temlEi 
o£ uniform poroSity shotAd be. seleoted for the permeablepart'of, the absorber~ 

Figm.e F-7, presents the results obtained for absorbers w:Lthp$rmeable 

layers .3 in. deep, and :Fig'. F"'8 with pemneable layers 4 ... 1/2 in. de~p.' , 

(3) O'ombination. ... TypeAbsorber 
. . . . " 

InoolUlection ..dthstu~ of disoontinuous...slope abs()rb~rs, some 

tests were p~rfo:rm:edon'absorbers construct" of .. orushed rook anc;l perforated 
plates 0' .~ 1-1Q(a) , illustraJt;es the data obtain~ fo~8.11 absorber with ~D.e' 
perforated plateo'V'er. a '''':tn. ;crushed .... rock layer backed lrl:~hSl1:impe1'1Uea'bJ.e 

. . . . . . . . 

plate... ·The re.fleotiona are low for the 1 .. 0 .. and2.0....t't wavEjt'leng1?hs,bUt:.,aa. 

:tn~rease 0:£ wave lellgtl1s to.3 • .3 and h.b.' it produced eorisid~rable ·refleotions.,· 
. ..... ~ . 

. The addi tiQll ~tw more pe.J;'fo~ted plates· Fig. J.l'~lO(b)· prodUced lower. ren .... 
tions .for the4.4 ... tt wave length. ,·ForcomparlS0Ii purposes,theda.taf~r a 

s:bnilar al;>sorber,.b'u;t without perforated plates)· are presented in Fig. F ... ll. 
Figure jr-'13 ·indicates· that an' absorber backed. witnan impermeable Dea.oh was 
lllore efficient thtm that employing a'perforated,plSte. 

(iJ.) ·e1!tlshed"'Rook Absorbers 

In connecrbionlfith·oho1ee·ofmaterlals .for the permeable'p$l'tof the 

absorber, a. great. nl.Ul1ber ef' tes~ were per£ormed6",screened, gravel"~ crushed­

rock absorbers'l) ,The data for some ot tlie~e tests are presentedhe:r.e •. 

(,) Perforated..,PlaWAosorbers· 

In the '-.in' bOdY' of the report. (C.lui~ • .III 'onp. 28) &rtudieeWere 
descrlbedon 1-he eff~~tof porosiij- of'pe~eablemedi:.m..oa coeif.icieat,of're- '. ' 

flection •. Perforated-plateaQsorbel's were chosen tor .poros:i.'t!y l'aDge above' 
93 per cent. . In connection nthth1s'" studT, a brief' wstwa •• per:fOlmed Itn 
the ~£fect Of'slop~ of perfol'il.tedplat~$ formimg sucil" an .bsorb'r~ "Tb~ . testS 

showed that 'the ab8orbe~eoDStrueted.· Of sloping plates was more 'efficient for 

a '3 (I.,3 .. ft. wave, as .• omp~d with a similar absorber~onstructE!d ot hor:i.zol1t&l 

plates (Figo .F-iS). 
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(6) Parabolic and Discontinuous-Slope Absorbers 
, 

In oonnection with the applied study of short length absorbers" a 

number of tests were performed on parabolic and disoontinuous~slope-type ab­

sorbers.. The experimentalda ta 0 btainedis-presented in Fig.·,F ... 19. 

(7) S.quare ... Bar ... Type Absorbers 

In connection With the applied study (Chap. III, p • .31) a nurnberof 

test,s were performed ona short length square-bar abs::>rber •. The experimental 

data are presented in Figo 20~ 
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Fig. F-l - A Close-Up View of a Triangular-Wedge Absorber 

Fig. F-2 - View of a Triangular-Wedge Absorber Installed 
In a 6-ln. Channe I. Surface Slope 30 degrees 
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fig. F-5 - Vi ew of Wave Action on a 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.) 
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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. Surface slope 22 degrees.) 
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