CHAPTER 27

VELOCTPY FILLDS IN THE WAVE BRRAKKR ZONE
by

M, D, ADEYEMO, Fh.,D, (Lond).
Faculty of Engineering, University of lLagos, Nigeria,

SYNOPSIS

The paper deals with the velocity fields in the neighbourhood of
the breakers and the correlation between the wave asymmetry and the
velocity asymmetry.

The velocity measurements were made on two beach slopes 1 9 and
1.18, Earlier work (3) showed that the two slopes produced different

breaker types; the slope of 1:9 produced plunging breakers and the
slope of 1 18 spilling breakers.

The velocitres (velocity - time history) of the water particles
were measured at a height of 5mm above the bed using the hydrogen bubble
method combaned with cine photography.

Two types of horizontal velocity asymmetry were defined and investi-
gated, namely

(1) thorizontal velocity (Magnitude) asymmetry
end (2) horizontal velocity (time) asymmetry.

It was found that there are both qualitative and guantitative
correlation between the asymmetry of the wave, and the asymmetry of the
resulting velocity field, As a result of the correlation two alternative
expressions are given for the horizontal velocity (magnitude) asymmetry.

INTRODUCTION

In fairly deep water, the water particle horizontal velocaties at
the bottom are approximately equal for the shoreward and seaward motions,
but as the waves moves into progressively shallow water of ebout @4 40,15,
the asymmetry of the wave gives rise to the velocity differential = of the
water particles in the beachward and seaward directions, the onshore
velocity of the water particles being greater in magnitude and of shorter
duration than the offshore velocity. This behaviour thus leads to a
definition of two types of horizontal velocity asymmeiry, one based on
magnitude and the other on time. They are defined as follows.

Horizontal velocity (magnitude) asymmetry =
Maximum horazontal shorewsrd velocity

¥aximum horizontal seaward velocity
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Horizontal velocity (time) asymmetry =

Time for the shoreward metion
Time for the seaward motion

The study on wave asymmetry where the effect of beach slope and shoaling
on the magni of the wave asymmetry was exemined had been reported

by the authorl3). The present study is thus concentrated on the investi-
gation of the velocity fields and the correlation of the velocity
asymmetry and the wave asymmetry., The wave eondit.igns used were the

same as those used in the study on wave asymmetry(3), The correlation
of the wave asymmetry and the asymmetry of the orbital veloeity field
will be discussed later in the paper, A review of previous work on
velocity studlies of water partioles under the action of waves is given
below.

Review of Previous Work

Iversen(1) exsmined the kinematios of the water movement in
breskers, He used particles of e mixture of xyleme, carbon tetra-
ohloride and ginc oxide for flow visualization, The movement of the
particles was recorded on cine film, from which each particle velocity
was obtained by noting the distance moved on the projected frames and
the time interval of movement, The velocities obtained were plotted
a8 vectors as shown in Fig, 1, Iversen, in addition, measured the
backwash and crest velocities, He obtained the backwash velocities by
averaging all particle velocities in the region of minimum depth in the
backwash, and the crest velocities were obtained from the gradient of
the orest position - time histoxry, Iversen found that the backwash
velocity was higher on a asteep beach as compared to a flat beach, This
was to be expeoted.

Hemeda(5) studied the partiole velooity in wave motion in the
region of the breakers, The velocity of flow was measured by means of
a ourrent meter which had several propellers driven by the action of
water flow., A direot eleotric current in the circuit connected the
current meter to an oscillograph, with one element of the oscillograph
corresponding to one of the propellers. Hamada made orbital velocity
measurexents 3om. from the bed, He noted the differential velocity in
tHte shoreward and seaward directions, He found the ratio of backward
velocity toc forwerd velocity to vary between 1 : 1,16 to 1 : 1,29.
However, his theoretical approach was to caloulate the orbital velooity
by the Airy theory and to add an estimated "residusl” velooity (equiva-
lent to the mass transport velocity). Since this was always positive,
the resulting values gave a differential between the forward snd backward
velocities, His measurements are of interest, but his theoretical
evaluation negleots the existence of orbital velocity asymmetry even in
the absence of mass transport.

Inmen and Nasu(6) mage o study of orbitel velooity in shellow
water at La Jolle California. The measurements were made near the
bottom and just seaward of the breaker zone in water depths ranging from
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about five to fifteen feet and wave heights of up to seven and a half
feet, The orbital ourrent meter consisted in the main of a cylindrioal
rod fixed rigidly at one end like a cantilever, and the system was
arrenged such that the orbital velocity oould be interpreted from the
bending of the rod oaused by the force exerted by the moving water. A
pressure type wave meter was used with the current meter, and both the
wave meter and the ourrent meter weres mounted on a tripod. The ourrent
meter was mounted 0,82 ft, above the bottom. The bed had an average
slope of ghout 1 in the region where the orbital velocities were
measured, 3

Inman and Nasu oommented that the graph of the horizontal oomponent
of orbital velocity as a funotion of time resembled that of the wave
pressure and they noted that the horizontal velooity seemed to be more
dependent on the rate of change in level of the water surface during
the passage of the wave than on the actuﬁ height of the wave, With
reference to Fig, 2 after Inman and Nasu ) they noted that in the
figure, the fourth wave was almost as high as those preoceding it, but
showsd a more gradual rise in level from the preoceding trough to the
orest, The result was a very low crest velooity. In terms of the work
reported in this paper, and in earlier papers by the author{3,4) the
statement of Inman and Nasu oould be oondensed into the statement that
for waves of the same height, greater velooities are assooiated with
greater wave slope asymmetry.

Inpan and Nasu remarked that the maximum velocity under the wave
orest was always omshore and that for almost all the waves analysed
the mean onshore maximum velocity excesded the offshore welocity. They
ooxpared the maximum orbital velooities with Solitary and Airy~Stokes
waves, They gave the sum of the orest and trough velocities along the
bottom alU for both Airy and Stokes waves as:

o0 = lmmse]+ }um@] = Egﬁ m I C))
T

Por the Solitary wave, they gave the maximum orbital velocity at the
bottom sU as:

sU = % NC

where is the velocity of propagetion of the wave
C =Jef+3
orest, H is wave height and 4 water depth,

N is defined by the equations:
2 + 28
N = §sin [u(1 33)] —

E

- gmi[uu +%)] W

ulix
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Inman and Nasu(é) remarked that the measured velocities were on the
average in better agreement with the Solitary wave than with the Airy -
Stokes relations.

Ippen and Kulin(?) studied the internal velooities of the Solitary
wave at the break-point., They used droplets of a solution of xylene
end n-butyl phthalate, The motion pioture cameras they employed was
operated at 20 frames per second snd they placed an auxiliery g¢xdd in
the plane of the particles so that on the photographs the grid lines
could be projected down into the wave itself. They conductsd their
studies on two types of breakers; the plunging breaker on a slope of
0,065 and the spilling bresker on a slope of 0,023, They commented that
on the slope of 0,023 with a spilling breaker the maximum velocity was
neerly equal to the crest celerity at the wave break point, and they
noted that the maximum particle velooity seemed to occur just slightly
shoreward of the bhighest point of the orest.

Some Velocity studies were also carried out by Morisom and Grooke(11)
in a study of deep water, shallow water and breaking waves, They used
& mixture of carbon tetrachloride, xylene and zine oxide having approxi-
mately the same specifio gravity as water, They found that the greatest
horizontal particle velocity occurred when the wave was breaking, and
they noted & velocity differential between the shoreward and seaward
horizontal velocities, They concluded that the maximum horizontal
particle velocity at the orest of the wave might attain the wave celerity
as the wave broke, but that the phenomenon wes confined to a very narrow
region of water at thz grsst of the wave, This was not borne out by
Miller and Zeigler's 8 observations,

The technique used for the velocity measurements in the studies
presented in this paper is a method usually called the "Hydrogen bubble
method,” Bssentially it oonsists of a fine wire which forms the
negative electrods of a D.C. circuit, while two metal plates, positioned
at each side of the tank with a reasonable depth of the metal inside
the water, serve as the seoond electrode. Hydrogen bubbles are formed
on the negative electrode. The arrangement was such that the support
for the wire and metal plates serving as the positive electrode were
integral, (see plate 1), Two advantages of such an arrangement were
that, as msasurements were made at different positions along the beach,
the apparatus could be moved intact, Secondly it was found that the
quality of the bubbles was affected when the positive electrode was
not close enough to the wire, as the circuit them hecame weak, The
wire used in this work was 0,05mm diameter platinum wire, with brass
plates as the positive electrodes.

Cine photogrephy was employed and a suitable lighting arrange-
ment was therefore devised. The camera used was a 16mm Reflex Bolex
at 64 frames per second, With a wave period of 0,8 seconds, this
gave approximately 50 pictures per wave cyole.
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Por the lighting arrangement, an Aldis Tutor 1000 Watt slide
projector was used., The light source was located on the opposite
side of the channel to the oamera, and orientated at an oblique
angle to the channel, Slits were used to prevent stray lights from
scattering in the water,

In operation, one end of the wire was fixed to the beach with

a tape, while the other end was passed over a support and was tensioned
by a suitable weight., The velocities close to the wire at the different
positions were evaluated from the displacement of the hubbles generated
at different but known times. The orbital velocity measurements were
made at a height of S5mm sbove the bed, which was outside the wave
induoced boundary later., These welocity measurements were made at several

ositions along the beach on two beach slopes 1:9 and 1:18 in the region

L 40,15 including the breakers,  The two slopes were chosen on the
basis of previous experiments(3, 4) whioh indicated that they are
respectively representative of characteristically steep beaches with
plunging breekers and flat beaches with spilling breakers.

The wave profiles and hence the different wave asymmetpries for the
different positions along the two beach slopes were also obtained using
the capacitance-wire probe together with a visicorder,

EXPERIMENTAL RESULTS
Effect of Shoaling on Orbital Velocity PField

The velocity = time history for a full wave cycle at the different
positions along the beach were cbtained from the analysis of the cine
films of hydrogen bubble blooks emitted from a wire positioned at these
positions, The resulting curves are shom superimposed in figures
3 and 4. The two types of horizontal velocity asymmetry, one based on
the megnitude of the shoreward-seaward velocities and referred to as
the horizontal velocity (magnitude) asysmetry and the other based on
the durestion of the shoreward-seaward motion and referred to as the
horizontal velocity (time) asymmetry were computed from the separate
ourves of the velocity - time variation for a wave cyole.

Pigures 3 and 4 show how the orbital velocity-time curWe changes
in form as the wave progresses intc shallower water., It can alsc be
seen from the figures that the horizontal velocities inoreased in
magnitude as the wave advanced into shallower water, and the greatest
horizontal velocities ocourred at the wave breaker position. It is
interesting to note that the curves are closer together on the flatter
beach slope of 1:18 than on the slope of 41:9 but that on each beach
slope, the velocity seems to have a constant value at all positions
along the beach O, secs 1,6, half the wave period after the passage
of the wave orest, although the comstant velocity varies in magnitude
from one slope to another, It is evident from figures 3 and 4 that
for each position on the beach, the maximum horizontal shoreward
velocity did not occur directly under the wave crest but at a time
0.097 seconds after the passage of the cpest (T is wave period),
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The graphs of horizontal velocity (magnitude) asymmetry against
% are shown in figure 5. It was found that for the two slopes of 1:9
and 1:18 the horizontal velooity (magnitude) asymmetry inoreased as the
wave advanced into shoaling water and in each oase was highest at the
wave breaker position, At the §;value of 0,10 on the beach slope of

1:9 this asymmetry was found to*be 1:37 while on the beach slope of

4:48 it was found to be 1,585. At the wave break-point on the beach
slope of 19 the value of this asymmetry was found to be 1,63 while

the oorresponding value on the beaoh slope of 1:18 was 1,77.

In terms of absolute values of the horisontal velocities, the
values on the steeper slope of 1:9 were found to be higher than those
of on the flatter slope of 1:18, especially in the neighbourhood of
the breskers, but the greph of the horizontal velooity (magnitude)
asymmetry against 3 (figure 5) indicated that the asymmetry values
were higher on thernatter slope. In other words larger beach
material could be set in motion on the steep slope, but a greater
shoreward « to - seaward differential would act on material on the
flatter slope.

The graphs of horizontal velooity (time) asymmetry against% are
shown in figure 6, These show inoreasing asymmetry as the wave
advances into shallower water, As noted in the introduction ebove,
the horizontal velocity (time) asymmetry was defined as the ratio of the
time for the shoreward motion to the time for the seaward motion, thus
& smell numericel value compared with unity denotes inoreasing
asymmetry,

It was found that at the ¥ value of 0.10 the value of this
asymuetry on the slope of 1°9 whs 0,76 whilst on the beach slope of
1318 the value was found to be 0,78, At the wave breaker position
on the beach slope of 1:9 the asymmetry became 0,37 whilst the oorres~
ponding value on the slope of 1:18 was 0,49. Thus the shoreward
motion takes a longer time on the flatter slope,

Pig, 7 illustrates the comparison between Stokes theoretiosl wave
profile based on his third approximation, and a typical profile obtained
in the present study. It ocan be seen that the Stokes Wave is less peaked
than the experimental wavs, and also, by virtue of its mathematical
desoription, does not possess asymmetry about the verticsl axis,

Pigures 8 and 9 whioh compare the orbital velocities based on
Stokes theory with those obtained experimentally, show that at a d

value of 0,0833, which is very olose to the breakers, the theory
olearly does not agree with the measurements (see figure 9), Parther
seaward from the bresk-point, at a & value of 0,1135 (figure 8),
although the theoretioal values wezE still muoh higher then the
experimental values, for iustanoe, by as much a3 73% of the experi~
mental value under the crest, and there was in addition a phase lag
in the profile, nevertheless the oamparison was better than in
figure 9
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The horizontal component of water particle velooity at a point
(x, ¥) in water depth d is given to the second order of Stokes theory
by the expression:

U = wH oosh 2rr(1—;‘—‘!)

ooa21r("t)
T #inh 2nd LT +
-

+ 4
(L) (& C2ATERD @ -

Sinh"- 2 ma
L
or in simplified fora
U = Aocos 2wX + B oos 4wX — (5)

An inspeotion of equation (5) shows that the velooity components due
to the first term on the right hand side are positive under the wave
orest and negative under the trough, whilst the second term is positive
under both crest and trough, eni gives maximum negative ocomponents at

L and 3L from the orest. The net effeot is to inocrease the value of

the magnitude under the orest, and decrease it under the trough, thus
producing asymmetry in the magnitudes of the orbital velooity. Fig.

10 compares the values of the horizontal veloocity (magnitude) asymmetry
given by the Stokes theory.equation(5)with the experimental results,
and the theoretical values from equation (10), It oan be seer that

the divergence between the 31;01:03 prediotion and the experimental
results was sbout 32% at a ¢ value of 0,11, with the divergence
increasing shoreward but ismproving seaward,

Por these reasons, one can conclude that Stokes theory is not
directly applicable to the study of velocities in the near breaker
zone,

Correlation Between Wave Asymmetry and Velocity Asymmetry

An important aspect of the work ocarried out by the author is
the study of the correlation between the different types of wave
asymmetry and the correlation between these and the resulting
velocity asymmetry as the wave gfogressed. into shallow water. The
first aspect has been npomd( -

Figure 11 shows the grephs of both the horizontal velocity
(magnitude) asymmetry and the horizontal velooity (time) asymmetry
plotted against the wave horizontal asymetry Hy amd Hp1 for the
beach slope of 1:18, The graphs show that a correlation exists
between the velocity asymmetry and the wave asymmetry, The graph of
horisontal velocity (magnitude) asymmetry against wave horizontal
asymmotry Ha indiocated that as the wave progressed into shallower
water and the value of Hp decreased, indicating increased asymmetry,
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the horisontal velocity (magnitude) asymmetry also increased., For
instance, when the value of the wave horizontal asymmetry H, is
0,80 the value of the horizontel velocity (magnitude) asymmetry is
1.60, whereas when the value of Hp beoomes 0,70 the value of the
horizantal velocity (magnitude) asymmetry ancreased to 1,685 very
near the wave breske-point, the value of Hpy becomes 0,60 the value
of the horizontal velocity (magnitude) asyemetry is found to be
1,77. The greph of the horizontal velocity (megnitude) asymmetry
against H,1 followed a trend fairly similer to the graph of the
horizontai velocity (magnitude) asymmetry against Hy, The greph of
the horizontal velooity (time) asysmetry against Hy and Hy1 also
show good correlations. The remaining graphs of the velocaty
asymmetry against the different types of wave asymmetry all show
ressonably good ¢orrelation between the velocity asysmetxy and

the wave asymmetry. (see figures 12 and 13).

As a result of the studies the following relationships were
obtained:

Let Av = wave vertical asymetry = Vertical distance from orest to S.W.L.
Total wave height.

§ = wave slope asymmetry = i(Front face slope at S.W.L. + Back Face gmﬁm
slope at S.W.L.

! S I = modulus of s
¥ = beach slope.
Vs = Horizontal velocity (magnitude) ssymmetry
H, & HA‘I = wave horizontal asymmetry

Hy = Horizontal distapce from oxest to fmﬁt face at 8.W.%,
rizon distance from crest to ace at S.W.L.

Hy1 = Horizontal distance from crest to preceding wave trough

Horizontal distance from crest to following wave trough

The enpirical relationships betwsen Viy S, Y, &v and Hy are:

By = L& (1,48 - sinh av) (6)
€

VHMA = 3.4 Av - 0,78 - (7)

Av = 88 tan [s]| 405 : (8)

From the Cnoidal wave theory as developed by Korteweg and De Vries(8) »
the wave vertiosl asymmetry Av is given by
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Av = Jo -__d___ = __,_..166}
H

el R [‘(k) "E(k)] _— O

where y, distance from the ocean bottom to the wave crest

d = »atill water depth

H wave height (trough to crest)

L = wave length
K(k) = complete elliptic integral of the firat kiad,

B(k) = complete elliptic integral of the second kind.
k = modulus of the elliptic integral

From equations (9) and (7) we have

Y = 181";:3 {K(k) l:x(k) ‘E(k)_ﬁ < 0.78| —u (10

subatituting for Av from eq. (8) into eq. (7) gives

Vi = 3.4{-%)-‘8- tah lsl+o.a71} (11)

Also frop the work of Bieael(a), the wave slope asymmetry S is givea by

s = @ o2y S g T tanm (12)

D2 (520h 1d)? tanh md

where D = 1 «+ nd
sinh md cosh ad

andm = _2
I
substatuting s from eq. (12) into eq. (11) gives

8,8
Vs = 3eb —e-'g-*mh --2(_2.‘2)2 3+(m'£._d)-3mltanhndz

0,271}~ 3)
J

D2 (ginh d)2 tanh md
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Thus equations (10) end (13) give expressions for Vyya. Howsver, of
the two, equation (10) gives closer values to the experimental results
in this woxk, and is the thcoretical curve shom on figure 5, Values
of K(x) and B(x) are tabulated in Masch and Wiegel(9) (1961).

Comment

Figure 5 gives the impression that the theoretical predictions
for horizontal velocity asymmetry are closer to the experimental
values, for the steeper beach slope oategory. The correspondence is
to within 5% in the region of %s 0,10 to 0,13, and shows a difference
of sbout 8% very olose to the Breakers where 4 is approximately 0,08,
In faot, similar percentages apply in the cas® of the flatter beach
slope, but the difference in the slope of the curves is more apparent
and has the effeot of offsetting the correlatiom,

Conolusions

The results show that the horigontal velocities increase in
shoaling water, and for both slopes of 1:9 end 1:18 the greatest
horizontal velocities ooccurred at the wave breaker position., The
curves of the velocity-time history figures 3 and 4 show that the
ocurves were closer together on the slope of 1:18 than on the slope
of 1:9. It was however found that the velooity seems to have a
constant value on each beach slope at all positions along the beach
half the wave period after the passage of the wave crest; although
the constant varies from slope to slope,

It was found that the maximum horizontal shoreward velocity
did not ocour directly under the wave crest but at a time 0,09T
seconds after the passage of the crest, In terms of the values of
the horizontal velocities, the values on the steeper slope of 1:9
wore higher than those on the flatter slope of 1:18 eszpecially in
the neighbourhood of the breakers, but it was found that the values
of the horisontal velooity (magnitude) asymmetry were higher on the
flatter slope, Alao the graph of the horizontsl velocity (time)
asympetry against % showed that the shoreward motion takes a longer
time on the flatter slope.

The author is of the view that there must be a correlation
between the wave asymmetry and the asymmetry of the velocity field
resulting from the wave, The ﬁ‘a?hs of the different types of wave
asymmetry defined by the author{3) against the velocity asymmetry
confirm that there are both qualitative and quantitative correlation
between the wave asymmetry and the velocity asymmetry., As a result
of the correlation two altermative expressions are given for the
horigontal velocity (magnitude) asymmetry, one based 2n ths Cmoidal
wave theory and the other based on the work of Biese1(2),

The paper also shows that Stokes theory is not directly applica-
ble to the study of the velocity patterns in the near breaker zone.
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In drawing conclusions from the study of the velocity fields
associated with asymmetrical waves on va:{.i.nf beach slopes it is
important to note that Miller and Zeiglerl10) gbserved three broad
classes of wave asymmetry on a beach of only one slope. It is clear,
as they suggest, that in nature in addition to the importance of
beach slope, bresker shapes are affected by the interaction of
different wave trains, and by the timing and magnitude of the backwash.
It seems probable that the observations of Inman and Nasu(6) that
higher orbital velocities are associated with wave shape asymmetry must
be considered in relation to the faot that their measurements were also
pade in nature, and that more than one wave train is likely to be
present,

The author considers that investigations of the velocity fields
very close to the bed should eventually provide a quantitative basis
for evaluating the accoretion and depletion of sediment under wave
action, The magnitude and duration of the shoreward and seaward
orbital velocities are important in sediment movement under wave
actions, The magnitude of the maximum velocity is assoociated with
initiating the motion and the asymmetry of the velocity fields
determines the direction and extent of the net movement., The author
thus considers that the quantatative coxrrelation of the wave charao-
teristics with the asymmetry of the orbital velocity fields would
most probably lead to the correlation of wave characteristics with
sediment movement,
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