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Photographs of the attenuation of regular waves i n

the wake of a towed grid. In these photographs the

grids are being towed away from the camera. The

in iti al direc t ion of the wav es is in the sa me
direction as the direction of tow.
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ABSTRACT

An experimenta l i nvesti gation of the ref raction of surface gravity

waves by rela tively narrow (of the order of or less than one wave length)

and shallow, laterally sheared, surface currents was undertaken to deter-

mi ne the feasibi lity of employing artificiall y-generated currents to

achiev e loca l wave damping in the ocean. In the experiments , si ng le
f requency wave tra ins (wave length, A , in still water) were initiall y

propagated in the same direction as the direct ion of the curren t in the

wake of a towed gr id (wi th latera l extent , W g~ and draf t, d
9
). The grid

tow speed, Ug~ was a smal l  fraction of the wave celerity , C .  The
at tenuat ion , ~ , of the fol lowing waves as they overtook the gr id wake
and we re ref racted awa y f rom the wa ke region was determined f rom wave
probes towed along with the grid. The dependence of ~ ‘ on the dimension-
less parameters W

9
/A0, 

d
g/X0 

and Ug/Co was determ i ned a nd a semiemp i r ical
relationship V = ~(W9

/~0, 
d
g/X0~ u9/ c )  was deve loped which p rov ided for

a satisfactory collapse of a l l  of the experimenta l data .

An ana l ysis of the power required to generate an effective current

in ach i eving a specified level of attenuation of an initia l wave tra in
was made. The optima l values of the parameters, W /X , d /X and Li /Cg o  g o  g o
wh ich wou ld provide a specified attenuation wi th minimum expenditure of

power were determined. For attenuations from 50 to 70% the required
val ues for these parameters were found to be W

~/X0 
= 0.85, 0.1 � U /C

� 0.3 and 0.ilt � d
9/~0 

� 0.17. The required power for wave lengths up

to 300 feet was within the range of installed power of conventional off-

shore boats.

KEYWORDS

Wave Attenua tion

Wave—Current I nteraction

Wave Refract ion
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I. I N T R O D U C T I O N

Wind-generated surface waves comprise a cr ~aI env i ronmental

constraint on the conduct of a wide variety of operations at sea. The

likelihood of failure to accomplish the objectives of an operation and

the risks to personnel clearl y rise as increasing l y hi gher sea states

are encountered. Conversel y, if the surface waves could be si gnificantl y

attenuated for even relativel y short durations and over a limited reg ion

of the ocean , then the likelihood of the successful and safe completion

of an operation could be markedly enhanced. The overall purpose of the

present experimental stud y was to investi gate the feasibility of achieving

si gnificant local attenuation of waves throug h refraction effects pro-

duced by an artificiall y generated surface current. The underlying

princ i p le in this approach is that the wave celerity wi l l  be altered by

the interaction of the waves with the artificiall y produced current and

that the subsequent refraction of the waves can lead to substantial local

attenuat ion of the waves,

A phenomenolog ical exp lanation for the effect of an artificiall y
- 

generated current on refraction and subsequent attenuation of waves

can be obtained from a consideration of the following simplified case.

A wave train is assumed to propagate in the positive x-direction in the

undisturbed ocean . At x = 0, the waves encounter a current also flowin g

in the positive x-direction. The current is of finite width and exhibits

symmetric lateral shear abou t its axis , y = 0, where the current speed ,

U , is a maximum. Figu re 1 is a sketch of the physical situation de-

scribed above. Prior to encounterin g the current , i.e . ,  for x <0 , the

crest lines for the wave train are stra i ght lines parallel to the y—axis

while the orthogona l wave rays are p arallel to the x-axis. Upon enc’,unter-

ing the current , the portion of the waves within the current increase in

speed relative to that outside of the current. The cres tlines subsequent l y

are deformed in the manner shown in Fi gure 1 . The wave rays which

indicate the direction of propagation of the deformed wave train diverge

— -  .~~.,rv-. -~
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about the axis of the current. The wave train consequentl y is refracted

away from the axis of the current and in this reg ion the waves wil l  be

attenuated.

This attenuation can be explained by consideration of the power

transmitted by the refracted waves. The basis of this explanation is

the assumption that the transmitted power between adjacent wave rays

rema i ns constant. The wave power per unit length along the crest line ,

is the product of the local wave energy per unit area E
~ 

and the

speed of energy p ropagation , V , i.e.,

P = E V  (1)w w

and for deep water grav i ty waves

= 1/8 PgH
2 (C g + Ucos~~) (2)

where :

p water density,

g acceleration of gravity,

H = wave hei ght ,

Cg = local group ve l ocity of the waves relative to the water ,

Ucoso~ ve l ocity component ali gned with the direction of wave

propagat ion.

In st i l l  water , x <0 , the power transmitted between adjacent

wave rays separated by a distance L would be

P 2 1/8 Pg H2 C (3)woo o go

while within the current where the separat i on is £ then

1/8 pg H2(Cg + Ucos~ ) . (14)

2 
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Since Pwt= P 2 then
wo 0

• 1
£

2 go 2

= i~~ (~~g 
+ Ucos

~~) 
(5)

With divergent wave rays 2~/2 must be less than unity and with an

assisting current, the ratio (Cg/(Cg + Ucos~)) wil l also be less than

one and consequently wave hei ghts will be attenuated within the current ,

i .e., H/H0 
< 1 .

Savitsk y 1 conducted a 1 imited series of experiments which demon-

strated the attenuation of waves in the la terall y sheared wake of a grid

towed in the same direction as that of the initial wave train. In Savitsk y ’s

experiments long crested waves propagated into a relativel y narrow and

shallow wake produced by a three-foot wide grid towed in a 75—foot square

tank. The width of the grid-generated wake was of the same order as the

wavelengths employed in the experiments while the draft of the grid was

as small as 114% of the longest wavelength and the tow speed was as small

as 20% of the wave celerity. The attenuation of wave hei ghts in the wake

of the grid was dramatic with values rang ing up to 90%. The results ob-

tained by Savitsky suggest that it would be possible to attain similar

local attenuation of waves in the ocean by perhaps emp l oying tugs to tow

a suitably large r version of Savitsk y ’s grid. It should be noted here

that the ori g inal intent of Savitsk y ’s work was to make a fundamental

stud y of the interaction of the waves with the turbulence in the wake

which , unfortunatel y, was found to be all but completel y masked by the
extreme deformation of the waves achieved throug h the refraction of the

wave train by the mean velocity di stribution. As a consequence of this

underlying pu rpose of Savitsk y ’s work , his experimental program was not

sh ar p l y  focused on a fundamental stud y of wave refraction by currents nor

on how this procedure could be adapted for practic al use in the ocean.

3
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The present experimental study was a onti riuation of the work

initiated by Savitsk y. One objective of the experimental program was

to determ i ne the emp irical functiona l relationsh i p between wave attenua-

tion and the characte ristics of both the latera ll y sheared current and

the initial wave train. A second objective was to determine the minimum

power requ i red to generate a flow field sufficient to achieve a prescribed

degree of wave attenuation under a g iven set of initial wave conditions.

In the present experiments , grids similar to those employed by Savitsk y ,

were used to generate the sheared surface currents. The power required

to tow the grids at a speed U
9 

throug h the water is

p = ~~pC  u3 W d
G D g  g g

where :

C
D 

= drag coefficient

W = the width of the grid
g

d = the grid draft
9

The requ i red power can be expressed alternative l y in term s of non -dimensional

parameters relating the grid characteristics to the wave length , A0, and

celerity, C0, of the initial wave train , i .e. ,

u d
= ~ c (— ~~~ ~~~~~~ ~~~~ ~

3
G 2 P o~C /  ‘A’ ‘A’ 0 0

0 0 0

The specific objectives of the experimental work were to determine

the dependence of the wave attenuation , ~‘ (H -H)/H , on the dimens ion-

less parameters , U
9
/C , W

9
/X ,  d / X  , and then to determ i ne the combina tion

of these parameters which will  provide the des i red attenuation with mini-

mum expenditure of power.

There exists several theoretical studies of various aspects of the

interaction and refraction of waves with currents 2r3
~

14
~
5
~
6 but none are

strictl y applicable to the above-described conditions. The results of the

1~
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available theory do , however , provi de a framework for the formulation of

the empirical relationshi p

= •Y(U
g
/C
o~ 

W
9
/X
0, 

d /X ).

The app lication of theoretical results for some oversimp lified cases to

the anal ysis of the experimental results w i l l  be presented in Chapter IV

of this report following a description of the experiments.

II. DESCRIPTION OF EXPERIMEN TS

The experimental study was conducted in a 75—foot square , L _foot

deep towing tank
S’ 

with a wavemaker along one side of the tank and a beach

on the opposite side . The grids , constructed of crossed , 3/4” square

wooden slates on 14” centers , were attached throug h a stiff sprin g drag

balance to a carriage mounted on the overhead rail. The carriage in turn

is attached to a continuous chain which runs over a cone of sprockets

driven by a servo controlled DC motor. The carria ge speed is determ i ned

from measurement of the travel time between fixed points on the rail.

Fi gure 2a is a schematic sketch of the setup for towing the grids.

Wave hei ghts were measured using an array of impedance-type wave

probes which were supported from auxiliary carriages on the overhead rail

and were towed with the grid. The arrangement of the wave probes is

shown schematicall y in Fi gure 2b. Probe No. 1 was fixed on the cen terline

of the grid wake and its distance aft of the grid could be incrementall y

varied . Probe No. 2 was fixed to a traversing mechanism which allowed

for the determination of the lateral distribution of wave hei ghts in the

gr id wake during the course of a run. Probes 3 and 14 revealed the wave

conditions outside of the wake reg ion and Probe No. 6 measured wave cond i-

tions directl y in front of the grid . The output si gnals from the wave

probes , together with the outputs from the drag balance and the position

indicator on the traversing mechanism were transmi tted to shore via

overhead cables , amplified and recorded on an oscillograp h.

‘
~Thi s is the same facilit y which Savitsky used for his experiments.

5
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The determination of the veloc i ty distributions in the grid wake

were made usin g a hot-film anemometer. The hot-film probe was traversed

laterall y and verticall y at several distances aft of the grid to establish

the velocity distribution . The DISA anemometer and linearizer p rovided

an output si gnal linearly proportiona l to current speed . Since the probe

was towed throug h the water at the grid tow speed , U ,and the water speed

in the wake , U~, was less than U
g ~ 

then the current speed measured by

the hot-film anemometer , Ua is the difference between the tow speed and

the wave velocity and,consequent l y, Uw = U
g 

- U
a~ 

It should be noted

that the hot-film anemometry measurements were made withou t waves.

In the experiments , 3 grids were employed with widths of 2, 14
and 8 feet. The grid draft could be varied in one inch increments to

a maximum immersion depth of 214 inches. The grid tow speed could be

varied continuously up to 1+ feet/sec , but with wider grids at large drafts

the maximum obtainable speed was reduced by the powe r limitation on the

motor for the carriage drive . The range of wave lengths used in the

experiments ranged from 2 to 16 feet. The initial wave hei ghts were

varied from 1 to 3 inches.

II I .  EXPERIMENTAL RESULTS

The ve l ocity distributions in the wake of the towed grids obtained

from the hot-film anemometer measurements are shown in Fi gures 3-12. The

top panel in each fi gure presents contours of the ratio of the wake speed

to the grid tow speed , Uw/U , in the vertical p lane at the indicated

distance aft of the grid. Since the wake can be assumed to be symmetric

about the centerline of the grid , measurements were limited to just one

side of the long itudinal axis of the wake and consequently, the distri-

butions in the fi gures are assumed assymetric abou t the centerline. The

grid draft and half width are also shown in the uppe r pane l of these

fi gures . The l ower half of each of these fi gures shows the lateral dis —

tribut ion of measured velocities at fixed depths. The bulk of the hot film

measurements were obtained with the 2—foot wide grid. Fi gu res 3— 10 show

6
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the results for this grid and Figures 11 and 12 the resul ts for a limited

series of measurements with the 4-foot wide grid.

Fi gures 3 and 4 dep ict the results for a grid draft of 14 inches

at distances 6 and 12 feet aft of the 2-foot wide grid , respectivel y.

For this draft the maximum wake velocit y at 6 feet aft occurs approximatel y

at the depth of the grid draft , while at 12 feet the maximum currents

occur at depths greater than the draft of the grid. The maximum center-

line ve l ocity ratio Uw/Ug 
decreases from 0.145 to 0.19 as the distance

aft of the grid is doubled. Fi gures 5 and 6 reveal similar results for

8-inch grid draft. The maximum velocity ratio is marginall y hi gher with

the increased grid draft but the variation with long itudinal distance is

strikin g l y similar to that obtained with the 14- i nch draft. Fi gure 7 shows

the distribution 6 feet aft of the grid for 16—inch draft. For this

deeper draft the maximum wake velocity occurs at the surface and the dis-

tribution exhibits nearl y uniform speeds near the surface from the center-

line to 6-8 inches off the centerline.

Fi gures 8, 9 and 10 show the veloc i ty distributions 3, 6 and 12 feet

aft of the 2-foot wide grid at its maximum draft of 214 inches . The maximum

wake ve l ocity occurs at the surface at each distance aft of the grid with

the maximum speed decreasing by about a factor of 2 as the distance aft

increases from 3 to 12 feet. At 3 and 6 feet aft of the grid the veloci ty

is relativel y un i form over approximately the central two thirds of the

latera l extent of the grid.

Finall y, Fi gures 1 1 and 12 show the velocity distributions at

6 feet aft of the 4—foot wide grid for grid drafts of 14 and 8 inches.

These distributions are remarkabl y similar to those obtained with the

2—foot wide grid at the same drafts shown in Fi gures 3 and 5.

An example of the results obtained in the experimental runs to

determine the wave attenuation in the wake of the grid is presented in

Fi gure 13. The positions of the wave probes relative to the grid are

shown i n Fi gu re 2b. The initial wave hei ghts before the grid is moved

7
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revealed no si gni f icant diffe rences between wave p robes beh in d and in

front of the grid, which i ndicates that the grid was essentially trans-

pa rent to the waves. Once the grid beg ins to move, the wave hei ghts
measured by probe No. I and the traversing wave probe (No. 2) decrease

for a rela tively short interva l of time while the wake becomes established

and then reach a steady va l ue. During this same interva l the wave heig hts

measured by probes 3 and 14 l ocated outside of the wake increased as would

be expec ted if the wave ener gy i s refracted awa y from the axis of the
gr id wake. The variation of the wave heig hts as probe No. 2 is traversed

la teral ly  through the wake shows the effect i ve width of the region in

wh i ch waves are s i gnificantly attenuated and the increase in wave heig hts

to values greater than the undisturbed hei gh ts as the probe moves laterally

beyond the bounda ry of the wake .

Clearly the mos t importan t measurement to be obta ined from the wave
records is the ratio of the steady wave hei ghts  i n the wake, H , as measu red

by probe No. 1 to the initial wave heig ht, H0, 
from which the attenuation

V 1 — (H/H ) can be obtained. Figure 114 is an example of the typ ica l
var ia t ions of the exper imentall y determined va l ues of V with the para-

meters U
g/CØ 

(Figure 114a), cl /A (Figure l14b) and W
g/A0 

(Figure 114c).

Figure l4a reveals th at for small values of U /C the attenuation in—g o
creases with increasing va l ues of this speed ratio while at larger values

the attenuat i on becomes nearl y constant. A similar pattern for the

attenuation is shown in Fi gures l4b and l4c for increasing va l ues of

dg/A 0 
and W

g/X0 
respectively. Two additiona l and extremel y s i g n i f i c a nt

features of the experimental results are shown in Fi gures 114a and 114b. In
Fi gure l14a varia tions of “i with U

9
/C0 

for in iti al wave hei ghts of 1.5
and 3.0 inches are shown to be vir tually identical. In Fi gure l14b the

variatio n in v with d /A for W = 2 feet and A = 6 feet is veryg o  9 0
similar to the variation obtained with V

9 
= 14 feet and A

0 
= 12 feet.

It should be emphasized that the results summarized in Figure 11~
are drawn from on ly a small fraction of the total number of experimenta l

runs. They are, however, representative and consistent with all of the

8
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remainde r of the observations. A detailed anal ysis of the dependence of

the attenuation on U/C , d
g
/X
0 and W9

/X0 is presented in Chapter IV.

The attenuation of waves with U /C , d A , and W A held
g o  g o  g o

constant was found to decrease as the distance between the grid and wave

probe No. 1 was increased. Fi gure 15 is an example of the vari ation of

attenuation with U IC at 4 and 14 feet aft of the grid. Since the
g o

results of the veloc i ty surveys in the wake revealed a marked decrease in

Uw/Ug 
with increasing distance aft of the grid , it is expected that to

obtain the same attenuation at 14 feet as that at 14 feet the ratio of U IC
9 o

would have to be substantiall y in creas ed . The results presented in Fi gure

15 confirm this expectation and suggest that the attenuation within the

wake at a g iven distance aft of the grid depends on the current speed at

that location.

The results of the determ i nation of the width of the attenuated

reg ion in the wake by use of the traversing wave p robe revealed no clearl y

defined dependence on either U IC or d A . The ratios of the width ofg o  g o
the attenuated reg ion , b , to the grid width , W , exhibited substantial

scatte r which could be attributed to the difficulty in the accurate deter-

mination of b. The averages of all values of b/W obtained for constan tg
values of W IA did reveal a dependence of b/W on W /A with theg o  9 g o
width of the attenuated reg ion increasin g with increasing wave lengths for

a g iven grid width. Figure 16 shows this variation of b/V
9 

with W
9
/X0.

A series of experiments were performed to determine the duration

of the attenuation in the wake following the passage of the grid. A

stationary wave probe was mounted in the axis of the wake near the mid-

point of the distance traversed by the grid during an experimental run.

The grid was modified so that it could pass unimpeded over the wave probe .

The duration of attenuation was determined from the time history of the

wave record obtained from the stationary probe . The duration of attenua-

tion was defined to be the time interval between the passage of the grid

and the occurrence of a noticeable recovery of the wave hei ghts towards

9
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their initial values. An example of the results obtained in this

li mited series of experiments is shown in Figure 11. In this fi gure,
data is presented for two sets of experiments. Wi th in  each set are two

ser ies of experiments under geometrical ly s imi lar  conditions, i.e.,
W / X and d /A are constant , but the sca le of one series is twice thatg o  g o
of the other. A reasonab le agreement between the geometrically s imi lar
ser ies is ob ta ined by assuming that the duration is dependent on the
Froude Number and consequentl y the duration t ime sho u ld vary as the square
root of the length scale. In Figure 17 the duration s obtained using the

smaller grid have been multiplied by ./2 to illustrate this appa rent

Froude Number dependence.

The drag measurements were used to obtain values of the drag coeffi-

cie nt, CD, 
for the grid where

Drag
D 

-
~~ PU~Wgdg

Durin g each experimental run the drag balance output, li nearly propor t io nal
to dra~ was averaged over the same distance of trave l of the grid as that

used to determine the carriage speed. The drag coeff icient was found to

be i ndependent of the grid tow speed and its average va l ue determined

from over 500 experimental runs was o.65.

IV . ANALYSIS OF EXPERIMENTA L RESULTS

I nsi ght i n to the p rocesses co nt rib u t i ng to the at tenua t io n of
surface waves in the wake of towed grids can be obta ined by cons ideration

of some overs i mplified cases. With a co-ordinate system chosen such that

the ori g in is at the undisturbed water surface, the z-axis oppositely
directed to the acceleration of grav ity, we cons ider as a f i r s t  case the
interact ion of a long crested surface wave train propagating in the
posit ive x direct ion with a variable current U = U(x,only). This problem

has been addressed by Phi l l ips2 and his ana lys is  is reproduced here in
order to serve as an introduction to the more complex cases.

10
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It w i l l  prove useful to deve lop f i r s t the properties of the wave

train in st ill water , i.e., U = 0, and then proceed to the case where

U ~ 0. In s t i l l  water the wave prof i le  is given by

= a co~(~t x - a t)

where a = wave amplitude
0

= 2ii/A, A = wave lengtho 0
= 2-ri/I, T~, = wave per iod

and the wave is pro paga t i ng in the positive x—direct ion with phase speed

C = a /~t . Since it can be assumed that the wave motion is irrotational ,o ~~~o
i ncompressible and inviscid then the ve locity potential for the motion, (~

must satisf y Lap lace ’s equation

V 2cp 0

The velocity f ie ld  V is related to (p by

V = ui ÷ wk = - Vp

The exact boundary conditions on (p are as fol lows : at the free

surface, z — Tj = 0, the kinematic bounda ry condition is

I.L(z- fl)1 - 0
[Dt Jz=

or, s ince

Dt

then

- 

~~~~~~~~~~ 

= ÷ u + W .

~~~ 
.

The dynamic boundary condition at z = 1~ is that p)~~~ = p
0 

where
p0 

is the assumed constant air pressure. By apply i ng Bernoulli’ s

equat ion we obtain

11
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+~~ (u2+w2) = 0
z=l1 Z~~T_l

where we have neg lected surface tension.

Finally , the ki nematic condition at the bottom z = -D is

Dt

or

= — + u— +w—
~iZ

If we assume D = constant , U = 0, and l inearize the f ree surface boundary

cond itions by expanding p in powers of the wave slope a~t then the set

of equations to be solved, correct to f i rs t order in art , are:

= 0

~ - o- 

~~
1z=0 

— 

~~~Iz -D

~ \
~t Iz=0

The wel l known solution2 is

— a a cos h rt (z+ D)
(p = 

sinh 
s in( rt0x - at)

and the dynamic bounda ry condition yields a relationship between

and , namely

= grt
0 

tan h r t D

and

C~ = a
~
/rt

~ 
g/rt tan h rt D

12
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For water depths greater than A/2 the waves may be cons idered

to be in deep water and in this case

a 
~~~p0

= _ a
0~~2 e 0 s i n ( r t x _ a t )

=

W ith a current present , i.e., U ~ 0, it is convenient to define

p as pertaining only to the wave motion and let u’, w ’ be the veloci ty

components of the wave motion. The linearized bounda ry conditions become

for th is case:

~~Iz=O~~~~ 
~~~~~~ 

~~/Z :- D

.~~!?‘\ = ~~~~~~g U .5—
z=0 z=0

For a wave train in deep water the solution for p is

= 
- a(a - rtU) e~~ s in(rtx - at)

and the relat ion between a and ~t is

(a - rt(J) a/rt = g + u(a - rtIJ)

which reduces to

= ‘slg/rt + U .

The quantity a/rt is the wave celer i ty relat ive to f ixed co-ordina tes

and C = .1g/rt is the wave celerity relative to the moving water. We

can define a frequency, n , for the waves wh i ch would be observed i n a
reference f rame translating with the water current. Since C = n/rt =

then

= n/rt + U

13

- .- —- ~~~~
- - — ~~ - - - _~~~

.

~~~-~~-~~~-- ~~~~~~~~ ~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~ ~~ - ~~~~~~~~~~~~~~ - -~~~~~~~~~~~~~~~~~~~~ ——_ -~~~ -~~~~ 



~ T - - - :~ - ----

~~~~

-—-—-

~~~

--- -- --- -—

R-2020

or

n = a - r t U

Phi l l i ps 2 presents arguments that a must remain constant as the waves

encounter a current and if a = a
0 

= con sta nt, the n

n + r t U = a
0

Since

n + rtU = rt(C + u)

a C r t
0 0 0

then

C rt = rt(C + U)
0 0

and

rtc,/rt =(C÷ U)/ C 0 .

Also , s ince

C = .Jg/rt , C0 = .1g/rt0

then

c2/c~ = 
~~~~~ 

=(C +u~ c0

and, f ina l ly

C/C0 =~~~+~~~[l÷14U/C0
] .

This last result can be recast as
1

(C + u)/C0 = ~~
- + U/C0 

+ ~[l + 
Ii.u/ c0]2 

. (6)

111
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Equation (6) is a useful first result in cons i dering the refraction of

waves by currents even though it applies in a s t r i c t  sense only to the
two—dimensiona l wave current interaction problem. We can interpret

(C + U)/C0 
as the ratio of the wave propagation speed in the current,

e.g., alo ng wth centerline of the grid wake, to the wave celerity outside

of the wake. From a non—rigorous standpoint this ratio is in essence

one measure of the ref ractive ca pab i l i ty of the wake ’s veloc i ty distri-

bu tion. If other pa rameters such as the latera l velocity distribution

and the width of the wake are held constant then the intens i ty of refrac-

tion and, hence, degree of attenuation , sho u ld i nc rease wi th increasi ng
values of (C + U)/C0.

In the present experiments we have one addit iona l complication
wh ich must be considered, name ly that the veloc i ty  f ield in the wake has
a fi nite depth, d , which is not large compared to the wavelengths of
the waves encountering this wake. Equation (6) was developed on the basis
of a deep current which was uniform with depth . We shall now develop the

ef fect of a surface current of f i n i te  dep th, d , on a wave train w ith
wave length A in which 7~. may be cons iderabl y larger than d. This develop-
ment fo l lows that of Taylor. 3 The surface curren t is assumed to be uniform
from the surface to the depth z = — d and is zero below this depth.
The wave p rof i le at the surface is = a cos( rtx - at). At z = -

the bounda ry between the surface current and the quiescent water below
is perturbed due to the wave motion . This disturbance is represented

by l1~ = b COS(rt X - at). In the surface layer we can def ine a velocity
potent ial 

~l 
ass ociated wi th  the wave motion w h i l e  below z = - d the

ve locity potential is

� z � (—d + 
~L) 

‘

= 0  ,

and for

z � (-d + TI2)

15 
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The bounda ry conditions on (P1 are, correct to first order in art,

- 

~~l’I 5 S
= —  .,-u— — — , (7)

~~Z /z=O ~t ~x

- ~~l’—I = — . . — — ÷ U—  (8)
~~Z / d  ~t

and

Ii
= - U . (9)

The ki nematic boundary conditions on 
~2 

are

~~2 ~~2— ,~~~~~~~ — ‘ O a s z - — a ,  ( 10)
~~X ~y

and

- 
~~2\ ~ t1L

= .
~~

.€— . ( 11)
z= - d

The dynamic boundary condition at z = - d is that p1 = p2 which

yields

+ U _!I~ = ~~~~~~~~~~ . (12)
~t /z= - d ~x I~= - d ~t /z— - d

The solutions for 
~l 

and 
~2 are

= (AC
nIZ 

+ Be
_rtz
) si n(rtx — at) (13)

= ( ~ e~~
Z+

~
I) 

+ De~~~~~~~) sin (rtx - at) (114)

From (10) we can set 0 = 0 and we can use equations (7), (8),
(9), (10) and (11) to determ ine the constants A, B, C, b, and the relation-

ship between a and t. Substitution of equations (13) and (lii) in to

the boundary conditions yields

16
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(— A + B)K = a(a  — ~‘ii) (15)

(
~ Ae~~~ + Be~~)rt = b(a - rt(J ) ( 16)

(A+b) (-a +KU) - ga = 0 (17)

(18)

(Ae~~~ + Be~~
1
) (-a+rtU) = - ( 19)

Si nce our ch i ef concern is the rela t io nship betwee n a and rt
we can eliminate a, b, A, B and C from Equation (15) through (16) to

f i nd

(a - rtU)~ - ~~g a
2 

= - coth rtd (20)
(a-rt IJ ) (a _ grt)

From our prev ious discussion we can identif y a as the invariant
wave frequency relative to a fixed co—ordinate system and CB 

= a/rt is

the wave celer i ty over the bottom. The wave celerity in still water is

C0 = g/ a. The ratio of the wave celerity, CB to C0 is

C~~~~~2

c0~~~~ 
-
~~

This ratio has the i dentica l si gnifica nce to the ratio (C÷U)/C0
wh ich was deve loped for the case of deep currents. The ratio of the

sur face current speed U to the wave celeri ty a/rt is

Y

Finally, we can identif y U/ s/ gd F, as the Froude number based on the
depth of the current. With the non—dimensiona l quantities X, Y and F

we can rewrite Equation (20) as

- v)~ - X 
= coth (

~~
) (21)

( 1 — y )  (1— x )  FX

17 1’

-— -- ~~~~~~~~~~~~~~~~~~~~ 
— _-~~~~~~ -.A..~ - .. .~~~~~~ ~~~~~



— 

R-2c~0

S ince a, U, g, d can be considered as known in our experiments , then

we can find F and the ratio of Y/X. Equation (21) may then be used
to determ ine l/X for any given set of experimental conditions.

Equat ion (21) can be exploited to revea l the dependence of C B/C
on the rat io of the depth of the current to the wavelength in s t i l l  water ,
d/A . Plots of C B/Co aga inst d/A for severa l ratios of U/C 0 are

presented in F igure 18. For d/A 0 greater than abou t 0.5 the va lue of
CB/cO co inc ides closel y w ith the va lues (C+U)/c calculated for an
inf i nit ely deep current. The effect of finite current depth on CB/Co
is most pronounced for d/A 0 less than 0.1 where C B/CO dec reases nea r ly
linearly to unity as the ratio of d/X 0 approaches zero.

The ratio of the wave celer i ty C B which a wave t ra in would a t ta in
a long the centerline of the symetrically sheared wake aft of the towed
gr ids, to the wave ce lerity, C , outside of the wa ke is again assumed to
be a measure of the ref ract ive capacity of the wa ke. In order to calculate
CB/Co it is necessary to know the current s peed U on the centerl ine
and the effect ive depth of the current. The hot- f i lm anemometry work
suggests tha t for distances of 3—6 feet af t of the grid U 0.5 U

9
where U

9 
is the gr id tow s peed. The wake ve loc i ty  on the centerl ine is

nearly un iform with depth to about the draft of the grid. Below this
dept h the ve loc i ty  decreases to zero. As a first approx i mation we can

characterize the current along the centerline as hav i ng un ifor m s peed fro m

the surface to a depth d = d
g~ with this speed equa l to 0.5 U9

. Below

the dept h of the grid draft the curren t w i l l  be assumed to vani ’.h. W ith

th i s  si mpl i f ica t io n, the ratio CB/C 
can be obta i ned from Equation (21)

for each experimen ta l run. The va lue of CB,/Co thus obta i ned will , of
course, be str ict ly applicable for the case of the wave train encountering
a current wh i ch is uniform in the latera l direction , i.e., Equation (21 )

was derived on the basis of a two rather than three—dimens i onal ana l ysis.

In the experiments the width of the grid wake was clearl y finite and in

most instances a relatively small fraction of the wavelength of the

inc ident waves. It should be anticipated tha t the actua l wave celer i ty

18
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alo ng the centerline of the wake will be dependent upon the ratio W /A .

For large val ues of this ratio the value of CB/CO wou ld approach that

p redic ted by the two—dimensional theory, wh i le fo r smal le r  val ues of
W
g/X0 the actua l celerity along the centerline would depart significantly

f rom the theoretica l result.

In order to test the hypothesis that the wave attenuation depends
on the computed values of C

B/C 
the experimenta l results were divided

into groups in wh i ch W /A Q was constant. For each group the experi-

mentally determined values of the wave attenuation were plotted against

the calc ulated va l ue of C
B/CO

. Since the ve l oc i ty used to determine

CB/Co 
was assumed to be 0.5 Ug~ which approximated the wake centerline

velocity at distances less than about 6 feet from the grids , only experi-
mental runs where the attenuation was measured within this distance from

the grid were used in the plots of Y against C
B/CO 

. Fi gures 19 and
20 are plots of V against C

B/Co 
for W /A = 0.33 and W / X =l. Thes e revea l

a linea r dependence of attenuation on the ratio CB/CO until the attenua-

ti on reaches val ues of abou t 80% at which point the attenuation remains

nearly constant wi th increasin g values of C
B/C. 

The plotted points

in each of these figures were for experimenta l runs emp loy ing wide ranges
of the pa rameters U

9
/C0 and d

g/C0~ The coll apse of the experimentally

determined attenuation data when plotted aga nst C
B/CO, 

which was fo un d
for each gro up of experime ntal runs wi thi n wh i ch W

g/A 0 was constant,

suggest that an emp ir ica l relationship for the attenuation wo uld have
the form

V C
V =F(~~) [.~~~~~~ l J

This relationship would onl y be app ro p r i a te for the ra nge of val ues
CB/CO for wh i ch Y increases linearly with increasing va l ues of CB/Co.

The as yet unspecified functiona l dependence of V on Wg/X 0 shou ld
exhibit  the fol lowing properties :

19
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L im F(W /A ) -.0
W /X ~~~ 

g °
g o

Li m F(W /A ) Constant
W /X ~~~~~~~~ g o
g o

In view of these properties a tr ial  form for F(W g/ A )  was assumed to be

F(WdAO) = a tanh @ W /A 0
wi th  a~ 

B = consta nts. With this assumption the equation for the attenua-

t ion becomes

V = a tanh( B W
9
/A 0) 

[c9/c0 - 1 J

where

CB/CO 
= f(U

9
/C0 ~ 

d
g/A0)

The experimenta l results for V together wi th the cal culated val ues of
G B/C O we re used in a least squares analysis to determine a and B
This procedure y ielded a = 14.7 ari d B = 1.65. Fi g u re 21 is a p lo t of

V/tanh(l.65 Wg/A 0) 
against [cB/cO — 1] for all experimental results for

which C
B/Co 

was i n the ra nge i n wh i ch y was l i nearly i ncreasi ng wi th
C B/Co. The collapse of the experimenta l data abou t the l i ne g iven by

v =  11.7 tanh(1.65 Wg/A 0) [cB/CO 
- 1]

suggests that this empirically derived equation satisfactorily summarizes

the results of the experiments.

20
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V. MINIMUM POWER REQU IREMENTS

The power required to produce an a r t i f i c i a l l y  generated surface
current by towing a gr id through the water is given by

P = ~ PC 0(U9/C0)
3 
(W
9
/A0) (dg/A0) C~ 

A~ ,

where the drag coefficient, CD could vary wi th the details of the grid

construc t ion. For the grids used in the present experiments C 0 = 0.65.
The determination of the choice of parameters , Ug/C0~ dg/A 0 

and

which w i l l  minimize the power required to achieve a g iven wave attenuati on,
V0 , is , in principle, a stra ightforward optimization problem. The formal
mathematica l statement of the genera l prob lem is:

U = f (U
g
)

d = 9(dg)

W = h(W )

V = ‘y(U/C , cl/A , V/A )

= 

~~~~P C C 3A2 
= (U

9
/C0)

3 (d
9
/X0) (w9

/X0)

D o o

f 1 nd

U
g/C0 ~ d

g/X0 ~ 
W
g/A 0

such that

V = V
0

and P’ = m inimum.

For the present experimental conditions , we have found

U= 0.5 U
9

d = d
g

21
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W =  V
g

V =  14.7 tanh(l.65 W
9
/A ) [c3/c0 - I ]

where

CB/Co 
= C

B/CO(U/
CO, cl/A0)

is an implici t  solution of Equation (21). The complexi ty  of the expression
for G

B/C p revents us from obtainin g an analytic solution to the optimi-

zation problem. It was found possible , however, to ob tai n a solut ion by
essential ly a tr ial and erro r approach .

To begin, we define a powering coeff icient , C~,, as

P 
3

C 

~~ 2 

- = (u /c0) (d /A )
~~ 

~~- P C C~~~~~A V / AD o  o g o

The f i r s t  step is to determine the combinations of U /C 0 and

d /A wh ich prov ide a minimum value of C for a specif ied va lue ofg o  p
CB/CO. in Fi gure 22 curves f or CB/C0 

- = consta n t and C~, = constant
are p lotted on a graph of U

9/C0 versus d / C 0. The minimum va lue of
C = (C ) was determined by tr ial and erro r for severa l presumed va lues of

~~minthe wave ce ler i ty ratio C~/C0 . The results of th is procedu re are a lso plotted
in Fi gure 22 and f rom this plot the comb ination of values from Ug/C0 and
d~/A wh ich prov ide the minimum powering coeff icient for a given value

of (G B/Co 
— 1) can be obtained. In Fi gure 23 the results of the t r ia l

and error procedure are recast w i th  ( C )  
n 

p lotted against (C B/C - I).
The next step in the determination of the minimum power required

to achieve a given attenuation V
0 

was to determine the optimum value

for W
9
/A 0

. The require d power is proportio nal to C~ W9
/A 0

. The pro-

cedure emp l oyed to find the minim um va l ue of C~, W9
/X0 

ca n be s ummarized
as fo l lows:

22 
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(1 )  Select a tr ial va lue for W g/X

(2) Wit h W
g/A 0 and v0 spec i f ied,the empi r ica l ly  determined

equation for y was used to find the required va l ue of

(G
B/Co 

— 1) to ach i eve this attenuation , i.e.,

C/C - 1 =  
V0

B o 11.7 tanh( 1.65 V / A )

(3) From Figure 23 the value of (C
r
) for the value of (c

B/CO 
- 1)

found in Step 2 was determined and the product (C ) W /A
~~min 

g

wa s calculated.

(Ii- ) Steps ( I) through (3 ) were repeated for a systematic var iat ion
i n V /A such tiet the value of V /A wh ich  prov ided a m ini-g o  g o
mum va l ue of (C ) W /A could be determined.

~~min 
g ~

The resul ts of this procedure revealed that the optimum va l ue of V /A
0

was 0.85 for V ranging from 50 to 80 percent. With this result the

minimum power for a specified attenuation of a given initial wave train

may be readily determined.

The minimum required power may be wr i t te n as

P = ~ PC0(C~) (W
g/A0) C~ 

A2

mm

and, s ince the optimum value of W
g/A 0 

= 0.85 and

gT
r — 0

- i.;;— ‘

gT2
x = —.2
0 211

where T = the wave period, then

P = 
~
- P C

D (G p) (0.85) (.1.)~ T0
7 (22 )

and for C D = 0.65 and nominal va l ues for P and g then

P = 3.514(G ) T7P mi ii 0

23
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w ith P expressed in horsepower and T0 in seconds. For a speci f ied
attenuation V0 , 

thee mp ir ica l equation for V is used to determine
the requ ired va lue of (G B/Co — 1). The plot of (C

r
) aga inst (CB/C0 

— I )
m m

in Fi gure 23 is then used to f ind the appropriate va lue of (C )
mm

The results of this procedure are summarized in Table I.

Table I

CB/CO 
— 1 (C p)

min

50 .12 .51 x l0~~

6o .11114 .90 x lo~~

70 .168 1.119 x l(f3

80 .192 2.30 x l0~~

The va lues of (C ) found in Table I may then be used in
p mm

Equation (22) to obtain the minimum power required to attain the spec i-

f ied attenuation, V0 
. The results are presented in Table Ii.

Table II

M inimum Power for Speci f ied
Wave Character ist ics Wave Attenuation (horsepower)

A

0 

C

0 

= 50% V
0 

= 6o% V0 = 70% V0 = 80%

(sec) (feet) (ft/sec) 
________ ________ ________ ________

2 20. 148 10.211 0.2 0.Ii 0.7 1.0

3 li6.o8 15.36 3.9 6.9 11.3 17.5
ii 81.92 20.148 29.1 51.3 85.0 131.0

5 128.00 25.60 138.7 21411.7 1405.1 625.3
6 1811-.~~ 30.72 1196.8 8~6.8 111 52.0 22141.0

7 250.88 35.811 11162.0 2579.0 14270.0 6592.0
8 327.68 140.96 3722.0 6568.0 108714.0 16786.0

9 14114.72 Ii6.08 81489.0 11498.0 214801.0 3~~83.0

10 512.00 51.20 177148.0 31320.0 51852.0 800140.0

211.
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V I .  SUMMARY AND DISCUSSION OF RESULTS

A series of experimen ts was performed to determine the attenuation

of a sinusoida l surface wave train encountering a laterall y shea red
surface current of finite width and depth p roduced by towi ny a g r id
through the water. Observations of the ve locity distribution within the

wake of the grid suggested that for a f i rs t  app rox imat ion the veloc ity
along the centerline of the wake could be characterized as uniform from

the surface to a depth equa l to the gr id draft w i th  the centerl ine speed
equa l to one half of the ~~~i i d  tow speed. Th is approx imat ion was appl icable
to the reg ion of the wake w i th in  a distance of about 2— 3 gr id widths aft
of the gr id. With this cha racter izat ion of the wake velocity structure,

the resu l ts  of a two—dimensiona l ana lysis of waves on a f i n i te  depth
var iable current , i.e., Equation (21), was employed to obtain an estimate
of the ratio of the wave ce ler i ty  along the centerl ine of the wa ke to tha t
in the undis tu rbed water , CB/Co. For a constant ratio of the grid width

to the in i t ia l  wavelength, W /A , the exper imental ly determ ined values
of the wave attenua t ion, V , were shown to increase l inear ly  w i th  increas-
ing va lues of CB/G . For va lues of C

B/C greater than that required
to atta in an attenuation of about 80%, the attenuation rema ined essent ia l ly
constant at this va lue. By restr ict ing attention to the range of values
of C B/CO for wh ich the attenuation varied l inear ly  wi th  G B/CO an

empiri cal relationship for V as a function of GB/C0 and W
g/A0 

was
developed, i.e.,

= 14.7 tanh (1.65 W
9
/A ) [G B/GO 

— 1]

where

GB/C0 = C B/Co(U/ CO , d/A0)

and

U/C0 
= 0.5 U

9
/C0 d/A0 = d

9
/A 0

25
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The empir ical ly derived equation for V was then employed to
determi ne the minimum power requ i red to ach i eve a specified attenuation

of an initial wave train. Table II summarizes the results of this pro-

cedure while Fi gure 22, together with the resul t that the opt i mum value

of W /A
0 

is 0.85, may be emp loyed to determine the optima l values of

U
9
/G0, 

d
9
/A0
. As a specific examp le, we can use the results of the

calculations of the minimum power to obtain the optima l values of U
g/C0~

d
g/X0~ 

W
g/X0 

i n order to achieve a 50% reduction in the initial wave

height of waves wi th period T = 7 sec, and in it ial wavelength, A =

250 fees. For a V = 50%, Table I shows that the required va l ue of

(GB/Go 
— 1) is 0.12 and Table Ii indicates the minimum powe r required for

T = 7 sec is 11160 hp. Tables I and II are based on the use of the optima l

val ue of W
9
/A0 = 0.85. Since A = 250 feet, the required grid width is 212

feet. For (GB/Go 
- I) = 0.12 the optimal val ues for U

g/Go 
and dg/A 0

are found from Fi gu re 22 to be

U/C = 0.111g o

d /A = 0.16g o

and si nce for the present examp le, G0 = 35.8 f t/sec , A = 250 feet then the

gr id characterist ics are:

U = 5.0 ft/sec
9

d = 140 ft
g

V = 2 12 ft
9

The follow i ng five features of the experimenta l results should be

emphas i zed:

(I) The power required to ach ieve a specif ied attenuation rat io
was shown experimental ly to be Independent of the in i t ia l  wave heig ht.
If the problem were to be recast such tIa t the wave hei ght within the

wake was to be less than some specified va l ue, then the requ ired power
wou ld vary d i rect ly  with the in i t ia l  wave hei ght.

26
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(2) If we define a characteristic length scale for the wave—
current interaction to be the width of the grid , then for a variat i on

by a factor of 4 in this l ength scale the experimental results revealed

no measurable scale effect.

(3) Although difficult to measure with precision , the duration of

attenuated waves in the wake of the grid appeared to follow a Froude number

scali ng law. For our test results the duration was found to be of the

o rder of one m inute for a characterist ic length scale of 8 feet. For
prototype length sca les 25 to 50 times large r than that in the experiments
the du ration would be of the order of 5-7 minutes.

(4) The results obtained in the presen t experi ments are li m i ted
to regular wave tra i ns initiall y propagating in the same direction as

the veloci ty in the wake of a towed grid. The effect of the wake on

attenuat ing random waves w i th  vary ing ini t ial  directions of propagat ion
has not been determined .

(5) The minimum power required to ach ieve a specif ied attenuation
was determ ined onl y for the characterist ics of the specif ic gr ids used
in the experiments . In addition this determination did not account for

the technica l feasibl ity - of dep loyment of a grid w i th  the optima l dimen-
s ions. It could prove practica l from a handling point of view to emp loy
sma ller grids and accept the penalty of a larger power requirement.

In conc lusion, it appears as a result of these experiments and
the subsequen t ana lysis that s igni f icant loca l wave attenuation can be
attai ned with artificiall y generated surface currents requiring reason-
able expenditures of power. it is essential to point out that since the
requ ired power inc reases as the seventh power of the wave period that
there is a practica l upper l imit  on the appl icab i l i ty  of this method.

27
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FIGURE 1. Sketch of wave refraction
by laterall y sheared currents.
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FIGURE 15. Effec t of d i stance aft of grid on wave attenuation .
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FIGURE 16. Variation of width of the attenuated
reg ion with the parameter W/ 7~~.
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