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Internal Flow Structure of Short Wind Waves
Part 4, The Generation of Flow in Excess of the Phase Speed*

Kuniaki Okudat

Abstract: The minimum value of wind stress under which the flow velocity in short wind
waves exceeds the phase speed is estimated by calculating the laminar boundary layer flow
induced by the surface tangential stress with a dominant peak at the wave crest as observed
in previous experiments. The minimum value of the wind stress is found to depend strongly
on B, the ratio of the flow velocity just below the boundary layer and the phase speed, but
weakly on I, the wavelength. For wind waves previously studied (8=0.5, L=10cm), the
excess flow appears when the air friction velocity uy is larger than about 30 cmsec™!. The
present results confirm that the excess flow found in my previous experiments is associated

with the local growth of a laminar boundary layer flow near the wave crest.

1. Introduction

In Part I of this study (Okuda, 1982a) charac-
teristic features of short wind waves were de-
scribed on the basis of detailed measurements of
the internal velocity field relative to individual
wave crests. An interesting feature is that
dominant waves with wave heights comparable
with or larger than the mean generally accompa-
ny the flow in excess of the phase speed, though
the wind speed is rather low (the air friction
velocity uy is 30 cm sec™!) so that severe wave
breaking accompanied by bubble entrainment
never occurs. This indicates that, in short wind
waves, wave breaking prevails even under con-
ditions of low wind speed where air bubble
entrainment does not occur. The purpose of
this paper is to provide an appropriate inter-
pretation for the generation of wave breaking
in wind waves studied previously by the present
author (Part I).

The prevalence of wave breaking in short
wind waves was first predicted theoretically by
Banner and Phillips (1974) by studying the effect
of the drift current which inevitably coexists
with wind waves. They considered that, when
wind blows across the water surface, a viscous
flow with great velocity shear and a thickness
of several millimeters, called ‘‘surface drift’’, is
established along the water surface, and they
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examined the evolution of this viscous flow along
the wave surface by neglecting the effect of the
viscous force which is exerted by surface tan-
gential stress variations. Their estimations by
use of the measurements made by Wu (1975)
suggest that surface drift is intensified greatly
at the crest by the effect of wave motions, and
wave breaking, which begins when the flow
velocity equals the phase speed, occurs at much
smaller steepness than Stokes limit, even under
the conditions of a moderate wind speed. In
their model, since the surface tangential stress
is assumed as being constant along the water
surface, the vorticity of the surface drift remains
constant along the water surface, and the aug-
mentation of the flow velocity at the crest occurs
only through thicknenning of the surface drift.

The measurements described in Part I, how-
ever, show that the characteristics of flow below
such wind waves differ substantially from those
assumed in Banner and Phillips’ model, and
suggest that the occurrence of the excess flow
is associated with a different mechanism from
that proposed by Banner and Phillips. As shown
in Part I and also in Okuda et al. (1977), the
surface tangential stress varies greatly along the
wave profile. The stress values near the crest
attain several times the wind stress determined
from the mean wind profile, while the values
are more or less zero on other parts of the
The thickness of the viscous layer is
generally much smaller than that assumed by
Banner and Phillips, and the thickness as well

wave.
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as the vorticity in the viscous layer vary greatly
along the water surface, and are closely associ-
ated with variaticns in the surface tangential
stress. Near the crest where intense tangential
stress is imposed, the vorticity in the viscous
layer is extremely large, and, although the
thickness of the viscous layer near the crest is
only 0.2~0.3 mm, the surface velocity is greatly
augmented in this region. Wave breaking in
short wind waves seems to be associated with
this intense viscous flow near the crest generated
locally by the intense tangential stress; this
viscous flow is hereafter referred to as ‘‘skin
flow’’, in order to distinguish it from the surface
drift studied by Banner and Phillips.

To show the importance of skin flow more
clearly, the previous measurements of the surface
tangential stress ¢ and the surface velocity Us
distributions for Case IV of Part I are presented
in Fig. 1. For Case IV the wave steepness is
small (0.045), and excess flow is not formed,
unlike the case of dominant waves. The ab-
scissa is the phase defined as 0° at the crest,
—180° at the windward trough and 180° at the
leeward trough. Both 7 and U; have dominant
peaks near the crest. The peak value of 7,
though it is considerably smaller than that for
dominant waves, attains about three times the
wind stress determined from the mean wind
profile p,u,?, where pg is the air density and uy
the air friction velocity. The value of Us in-
creases abruptly just leeward of the crest, attains
a maximum value a little windward of the crest
(—30°) and suddenly decreases at a point on the
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Fig. 1. Distributions of the surface tangential
stress 7 and the surface velocity Us for Case
IV previously studied in Part I (Fig. 7¢ in
QOkuda, 1982a). Paus’ denotes the wind stress
determined from the mean wind profile and C
the phase speed.

windward side (—50°), and is closely syncronized
with variations in the surface tangential stress.
As described in Part I, this feature of U is
associated with the evolution of skin flow near
the crest. The thickness of skin flow is less
than 0.5mm, but at —30°, where the peak
value of [J; occurs, the skin flow augments the
surface velocity by 9-10c¢m sec™, which is com-
parable with the intensity of underlying turbu-
lent vortical flow with a thickness of about 3 mm
and a velocity of 8-9cmsec™, and is larger
than the amplitude of orbital motion at the
mean water surface level, 4.5cmsec™’. This
indicates that the skin flow plays a very signifi-
cant role in augmentation of the surface velocity
near the crest.

In subsequent sections I examine the growth
of skin flow near the crest, and assess the effect
of skin flow growth on the generation of wave
breaking in short wind waves. The flow in-
duced by the varying surface tangential stress
has also been studied by Longuet-Higgins (1969)
for the case of small tangential stress variations,
and Uji (1979) within a linear framework, in
order to examine the effect of varying tangential
In this study I
calculate numerically the skin flow induced by
a similar tangential stress to that shown in Fig.
1 incorporating non-linear effects, and estimate
the minimum wind stress which can generate a
flow velocity equal to the phase speed. The
present results confirm that the excess flow over
phase speed found in the previous measurements
is associated with the local growth of skin flow
near the crest.

stress on wind wave growth.

2. Formulation of the problem

2.1. Preliminary considerations

The problem of concern is the effect of skin
flow on the generation of wave breaking in
To discuss this problem, let
us consider an unbroken uniform wave train
exposed to a surface tangential stress distribution
similar to that described in previous measure-
ments (Part I). In this section, in order to
construct an appropriate model for describing
the skin flow growth, some features of skin flow
under these conditions are qualitatively discussed.

The situation to be studied is schematically
represented in Fig. 2. The surface tangential
stress v/ varies only in the wind direction, and

short wind waves.
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Fig. 2. A schematic representation of flow in unbroken waves
which are exposed to surface tangential stress with peaks in

stress near individual crests.

it is large in a narrow region near the wave
crest and effectively zero in other regions. It
is assumed that both wave profiles and the sur-
face tangential stress distributions propagate in
space approximately preserving their patterns so
that they are in a quasi-steady state in a frame
of reference moving with phase speed C. In
this frame, since we are now concerned with
unbroken waves, water elements near the water
surface move along the water surface from right
to left.

Under the 7’ distribution being studied, water
clements near the water surface acquire vorticity
and momentum intermittently when they are
below regions of large 7’ near crests. The ac-
quisition of vorticity and momentum begins a
little leeward of the crest where 7/ abruptly
increases, and continues until the water elements
pass the region of large 7’. By this process the
skin flow which supports large velocity shear is
developed below the region of large ¢’. How-
ever, under these conditions of fetch limited
growth, the skin flow is predicted to remain
thin and laminar.

The skin flow will become obscured a little
windward of the crest, where v/ decreases ab-
ruptly. After passing the large stress region,
the water elements at and just below the water
surface will soon loose their vorticity due to
retardation by viscous forces. At the same time,
the vertical diffusion of vorticity results in a
deepening of the skin flow and a weakening of
the vorticity in the skin flow layer. The turbu-
lence which is generated associated with the
thickening of the skin flow may also play an
important role in the dissipation of the skin
flow. It is thus predicted that, through these
processes, the skin flow which is developed near

the crest will have lost its identity almost com-
pletely somewhere near the trough.

The above mentioned growth and dissipation
stages occur in individual waves so that skin
fiows with similar structures are predicted to be
formed in individual waves as in Fig. 2. Below
the skin flow layer a rather persistent turbulent
drift may be supported by the momentum trans-
fer associated with the above mentioned evolu-
tional process of skin flow. However, the vor-
ticity in this layer is predicted to be much
weaker than that in the skin flow layer near
the crest, and the time and spatial scales of
evolution of this turbulent drift are much larger
than the wave period and wavelength, respec-
tively. For breaking waves with excess flow
over phase speed, this drift layer also shows a
distinct phase-locked structure as shown in
Part 1.

In the present study we are interested, not
in the entire process of skin flow evolution, but
only in growth of the skin flow near the crest.
The above mentioned features suggest that, for
the growth stage, we can construct a simple
model appropriate to the present purpose. The
quasi-periodic feature of skin flow together with
the large time and spatial scales of evolution of
the underlying drift layer suggest the possibility
of studying the growth stage independently with-
out investigating the long process of evolution
of the flow near the water surface. In the
growth stage the skin flow is predicted to remain
thin and laminar, which suggests that the growth
stage of skin flow can be described by using the
equations for a laminar boundary layer without
any assumptions about the characteristics of
turbulence near the water surface.
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Fig. 3. {(a) The assumed surface tangential stress
distribution. (b} The flow near the water sur-
face observed in a frame of reference moving
with the wave profile.

2.2. Equations governing skin flow growth

We now focus our attention on a narrow
region near the crest and study skin flow growth
under a constant surface pressure and with sur-
face tangential stress in the form shown in Fig.
3a. The surface tangential stress ¢’ is z,” in the
region —/Zx"=<0 and zero in the other regions,
where x’ is the distance measured leeward along
the water surface, and 2’ the distance upward
normal to the water surface. On the basis of
previous measurements (Fig. 7 in Part 1), the
width of the large tangential stress region [ is
assumed to be

l
I =0.134,

where L is the wavelength. The skin flow
actually grows under a free surface so that the
configuration of the water surface in the ahsence
of skin flow is altered by the growth of skin
flow. The growth of skin flow may be affected
by the pressure field associated with this vari-
ation of water surface configuration induced by
the growth of the skin flow itself. However,
this effect is not incorporated in the present
study; as will be discussed in Section 5, the

neglection of this effect is justifiable for conser-
vative estimate of the effect of skin flow. Thus,
the water surface, which is specified by 2z/=0,
is assumed a priori to have the form of a sinu-

soid with a crest at #’'=——.

2
Figure 3b shows a schematic representation of

the flow near the crest. @’ and U’ are the 2’
components of the skin flow and the flow just
below the skin flow layer, respectively. It is
supposed that motion occurs in the {(z’, 2’) plane
and is quasi-steady in the frame used here.
The skin flow is assumed to remain laminar in
the region being considered. The underlying
flow U’ is a resultant of wave motion, the
underlying rather persistent drift (Fig. 2) and
the movement of the frame. The underlying
drift is generally vortical and the intensity varies
in both z’- and 2’-directions. However, the
spatial scale of evolution of this flow is much
larger than I, and the vorticity is much weaker
than that in the skin flow layer; the vorticity
just below the skin flow layer is predicted to be
equivalent to that near the water surface leeward
of the crest, which is zero in the present situa-
tion. Therefore, the underlying drift can be
assumed to be uniform in the region considered.
For wave motion, since the thickness of the skin
flow layer is much smaller than L, the variation
in the 2’-direction is neglected. In the present
study, the underlying flow U’ thus varies only
in the z’-direction associated with wave motion,
and is specified a priori. We denote the average
magnitude of |U’| over -I<x’' <0 as U’

Since the skin flow is assumed to be laminar,
the full equation of motion are the Navier-
Stokes equations and the continuity equation.
However, according to the boundary layer theory,
the full equations reduce to so-called the bound-
ary layer equations, when the thickness of flow
d is sufficiently small, that is

%«1,

where /; is a length scale characterizing the
variation of flow in the z’-direction, and is / in

the present case. For the skin flow being con-

. vl \/2 . .
sidered, 5~(W> , where v is the viscosity of
0

water, as predicted from the solution of the
linearized equations of motion for a laminar
boundary layer flow induced under a constant
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surface tangential stress.

Thus,

J
A _R-1l/2
14 R ’

LUy

where R=- is the Reynolds number. In

the present study we consider the situation
103<<R<C10%, so that we can use the boundary
layer equations as basic equations for the skin
flow.

We denote 2’ and z' components of flow
velocity in the skin flow layer as «/ and w’,

respectively. The pressure is denoted as ’, and
4

we introduce Pzp——l—gh’, where A’ is the dis-

tance measured vertically upward from the mean
water surface level of the wave field to the
water surface, ¢ the density of water and ¢
the acceleration due to gravity. As usual, we
introduce non-dimensional variables:

xz=z'/l, z=RY2/],
w=R1? w’/Uo’ , U= U’/Uo',

u=u'/UY ,
P=p 2.

Boundary layer equations for flow over a curved
surface as in the present situation have been
derived by Jones and Watson (1963), and were
shown to have the same form as for flow over
a flat surface, when R 3:1. In non-dimension-
alized forms, they are

O Ju opP 0%

“ow VT ar e (1)
Gu | Gw _y, (2)
ox 0z

The equation of motion in the z-direction is

a7

ol .

—— = IR™V%?
oz

where £ is the curvature of the water surface.
However, in the situation being considered, £I<<1
so that the above equation reduces to
P
—=0.

oz

This equation implies that across the skin flow
layer there is no variation in P so that P is
determined by the conditions of flow just below
the skin flow layer. From Bernoulli’s theorem
for a streamline just below the skin flow layer,
which is, to the approximation used here, parallel
with the water surface, we obtain

Okuda

P 4

Gr dz
Thus, Eq. (1) can be rewritten as

du ou dU ¢
u-éz-i-wa—z:U—d;—{-a—zz. (3

The flow must satisfy the following boundary
conditions, The water surface is assumed as
being fixed, and the surface tangential stress
must have a prescribed value so that the velo-
city must satisfy

w=0 at 2’=0, (4a)
au Rl/ZTcl
(6—2’-)3 = PUo’z 3 (/Lb)

where { ); shows the value at £=0. The flow
velocity in the skin flow layer must join smoothly
with that outside it. Thus

wlx, 2)—U(x) as z—— oo, (5)

Finally, the velocity profile must be specified at
an initial section, say at x=0. At 2=0 the
skin flow has not yet been developed so that
the velocity profile at =0, %(0, 2), is

u(0, 2) =U(0}. (6)

As discussed previously, the underlying flow
U'(z') is the resultant of wave motion, the
uniform drift and the movement of the frame.
By assuming small steepness for the wave being
considered, the flow can be represented as

7 l )
Ula!)=as cosZ%(x’ -{—-2-) +Ux—C, (7))

where @ is the amplitude, ¢ the frequency and
Uy’ is the drift velocity (constant). In Eq. (7)
I

ao cos gg(x’ +§ + Uy’ is the velocity measured

in a spatially fixed frame. Tts average value
over —I[=z'<0 is denoted as U, (=C—-U,),
and U7.//C as B. Since I/L=0.134, the non-
dimensional form of Eq. (V) is written, by use
of 3, as

10380 —7)

U =5

c0s{0.8419(x+-0.5)}

Br 1
15 1§ (8>
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where 7= is the ratio of drift velocity to
..

In the present calculation, our main concern
is to estimate 7ers;, the minimum value of the
tangential stress
which can develop a skin flow with #%;=0 some-
where in the region — 1 =2 <0, where u,(=u(z, 0))
is the surface velocity. As seen from the func-
tional form of U, the value of . is generally
dependent both on 5, the averaged magnitude
of the underlying flow velocity divided by the
phase speed, and y, which designates the charac-
teristics of the underlying flow. In the present
study we estimate 7,4 for two cases of 7, re-
garding $ as a parameter in each of them, as
follows:

(A r=1

This is the case where the wave slope is extreme-
ly small, and the underlying flow in a spatially
fixed frame consists solely of the uniform drift.

non-dimensionalized surface

In this case
U=-1, (9

from Eq. (8), and there is no pressure variation.
In this case, since U is constant, 7, has a
constant value regardless of the value of B, as
will be described in Section 8.2.

(B) ¢=0.3

For the conditions previously studied (Part I),
the amplitude of orbital velocity at the water
surface is equivalent to the drift velocity, that
is, 7~0.5, but in this case a considerably larger
orbital velocity is assumed. In this case the
orbital velocity constitutes on average 70 % of
U.. From Eq. (8

8 -
U:m [0.7211 cos{0.8419(x+0.5)} +0.3]
' 1
1-8°

i

o

In this case U is a function of 8 so that 7. is
dependent on 8. We estimate 7.4 for 8=0.3,
0.5 and 0.7,

In later sections, it will be shown that, for
the same value of 8, 7eri: differs only a little
between Cases A and B, which indicates that
the effects of variation of the underlying flow
and pressure variation are secondary for skin
flow growth. Therefore, by studying the above
two extreme cases of ¥, we can safely estimate

approximate values of 7. without precise
knowledge of 7.

3. Calculation methods

8.1. Step-by-step method

The method of numerical solution of a laminar
boundary layer flow has been developed by
many workers (Gadd et al., 1963). Among the
existing methods, the numerical step-by-step
method developed by Leigh (1955) is used for
the present calculation.

‘We suppose that the solution z at #; is known
and is denoted by u;, and we wish to find the
solution ug at the neighbouring point xz=x1— 4z,
where 4z is positive. From Egs. (2) and (3), by
replacing derivatives in the x-direction by finite
differences and putting g =u;+u», we obtain

1((= 1
_ _9 _
T 7 {So(q uul)dz}qﬁ— e g(q—2uy)

Arw ) E) L o

where the suffix z denotes the differentiation in
the z-direction. The boundary conditions for ¢
are

2RVt
q:= ,OUO’Z
g=Ulx)+Ulx;) at z=-—oo. (13)

at z=0, (12

The above equation and the conditions, except
for Eq. (12), are the same as those used by
Leigh, and, by replacing derivatives in the =2-
direction by suitable difference quotients, the
solution ¢ can be obtained by the iterative method
described by Leigh. Thus, if the initial profile
is specified at a point x=uxz,, we can know the
subsequent development of skin [low by advanc-
ing the above calculation from z=uzx; toward
rx=—1.

For detecting the initial growth process of skin
flow completely, the profile must be specified at
x=0 as in Eq. (6), and the calculation must be
advanced from x=0. However, the thickness
of the skin flow is zero at =0 so that the
above method cannot be applied to the region
very close to x=0. To overcome this compu-
tational difficulty, the above calculation was
advanced from x=—4, where 4 is positive and
4<1, by specifying an appropriate profile at
x=-—4. The velocity profile at x=—4 was
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specified in the form predicted from the analy-
tical solution of the linearized equation of motion
for Case A

o 0t

T oz 0z’

since, near x=0, the skin flow velocity #=0 so
that u=a-+U=~—1. In the present calculation
4 was taken as 0.0005, and it was confirmed
that further decrease of 4 has negligible effect
on the solution.

The thickness of skin flow increases very
rapidly with increase of |x|. Therefore, the =z-
interval of calculation points, &, was increased
with the growth of skin flow, but it was kept
smaller than 8(x)/20, where d(x) is the charac-
teristic thickness of the skin flow. The total
number of calculation points was 200, and the
z-step interval, 4z, was taken as dx~h?, ex-
cept for the region where the surface velocity
us =20,

The applicability of the formulation described
in Section 2.2 is limited to the situation where
us<<0 everywhere in the region —1=<z=0. How-
ever, to estimate Zerst, the above calculation was
also performed formally for =7z under which
conditions the skin flow can attain #;=0. In
this case the iteration diverges when us; ap-
proaches very close to zero, and the calculation
was stopped just before the occurrence of us==0.
The solution was obtained in the region x=x
< —4d, where xz, is the point at which us in-
creases beyond —0.001 (Case A), or —0.0005
(Case B). This formal solution does not simu-
late the flow which actually occurs under the
prescribed tangential stress distribution, but does
simulate, for example, the flow for t=tg in the
region xzo=z=0 and =0 in the other regions,
in which 2,<0.

The numerical solution was checked by the
momentum-integral equation for an incompres-
sible two dimensional boundary layer flow
(Schlichting, 1979). The total momentum was
found to be conserved within 0.01% for Case
A and 0.19 for Case B.

8.2. Determination of Tera

The values of 7¢rq;, the minimum tangential
stress which can produce z;=0 somewhere in
the region —1=Zx=<0, was determined using
different methods in Cases A and B.

Okuda

For Case A the underlying flow is constant
and pressure variation is absent so that # in-
creases monotonously toward x=—1 due to the
effect of tangential stress. Therefore, 7ere is
the value when the solution # satisfies

;=0 at xz=-—1. (14)

Teri¢ may be determined by repeating the calcu-
lations and changing the value of 7, as long as
the solution # satisfies the condition (14) with
sufficient accuracy, but here it was determined
more readily from a formal solution for t=7¢rt
as follows. Let us consider the situation where
a stress =7t is applied and u;=0 occurs at
a=x5(z—1), and let us rescale the dimensional
quantities by replacing ! with Iz=l|zsll. In
Case A, the non-dimensionalized Eqs. (2) and
(3), and the conditions (4a}), (5) and (6) remain
similar for this rescaling, and, in the situation
being considered, the above conditions (14) is
also satisfied. This implies that, if Iz is taken
as the scaling length, u and the rescaled 7 re-
main similar for arbitrary values of Tp(=%erse)-
Thus, 74 can be determined from a formal
calculation for 7z as

Terit :TB‘xBi“? 3

where zz can be replaced with sufficient accuracy
by x; mentioned in Section 8.1.

For Case B 7¢ri; is dependent on f. In this
case Terss was determined for $=0.3, 0.5 and
0.7 by repeating calculations and changing © by
small intervals 4z until #;~0 appears.

For Case A the accuracy of 7cre; is mainly
governed by the computational error mentioned
in Section 8.1, which is of the order of 0.01 %.
For Case B it is governed by 4r; the value of
At/(2 toryp) in the present calculation is less than

0.002.

4. The solution for =z

In this section we describe the behavior of
the solutions for 7=7tu (Case A) and for a
stress marginally larger than z¢r (Case B). The
present solution for =7 simulates the flow
of unbroken waves exposed to the tangential
stress decreasing to zero at a point just before
the appearance of u,=0, as mentioned in Section
3.2. From these solutions for 7==7., we can
appreciate some features of skin flow growth
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Fig. 4. The solutions for 7 equal to 7¢rix (Case A) or marginally

larger than 7ot (Case B).

For comparison, the prediction

from the linearized equation of motion under the same

conditions as for Case A is

just before the transition to the breaking state.
In the present framework we cannot discuss the
flow in the breaking state. However, some
specific features of flow for breaking waves have
been described in Part I and Part II (Okuda,
1982a,b) on the basis of experimental results.

Figure 4 shows d(x)/|U(x)|, where &,(x)
(=u(x,0)— Ulx))is the intensity of the skin flow.
For comparison, the skin flow predicted by the
linearized equation under the same boundary
conditions and value of 7 as for Case A, is shown
by a dashed line. An interesting feature is that
the skin flow grows much more rapidly than
the linearized equation predicts. In most of the
region #; increases in proportion to |&|, and for
Case A, in particular, it grows quite abruptly
near x=—1 where zero surface velocity occurs.
For Case A at x=-—1, @ attains about 1.65
times the value predicted by the linearized
equation of motion. Another interesting feature
is the difference in the manner of growth of the
skin flow between Case A and Case B. In Case
A, ids/|U|=1 occurs at x=—1, but for §=0.5
and 0.7 for Case B it occurs at points well be-
In Case B the growth of skin
flow near the point &,/|U|=1 is much more
gradual than in Case A.

0%

0= ¢ ——> the
dz 022/,
value of the right hand side of Eq. (3) at the
water surface, together with #&,/|U| near the
point #/|U|=1. For Case A, Q. shows a large
value even at the point closest to x=—1. The
abrupt increase of #; near x=—1 is associated

fore x=—1,

dU

Figure 5 shows

. ) . 04,
with this feature of Q;, since —a—LZQS/us from
X

shown by a dashed line.
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Fig. 5. The solutions near the point us=0 and
U *u .
===+ ) the value of the right
Qs dzr 822 /e ( g

hand side of Eq. (3) at the water surface),
In the lower panel for Case B, 4/|U] for =
0.6105 and 0.6096 (both smaller than zerit) is

also shown. Qs in this case is for ==0.6105.

Eq. (3). For $8=0.5 for Case B, a@,/|U] for t=
0.6105 and 0.6096 (both a little smaller than
Terit) 18 also shown by thin solid lines.
0.6105, ds/|U| shows a maximum value near
x=-—0.86, while Q,, shown by a dashed line,
decreases rapidly to zero on approaching this

For r=

point as a result of canceling of Ud—x and
92 . X

(3_1:) . This may explain the gradual increase
z 3

of #; near the point @ /|U]=1 in Case B.
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For Case A, di, increases very rapidly near
x=—1 (Fig. 4. The boundary layer approxi-
mation, which is strict when R=oo, is, how-
ever, also applicable in this region. For the
wind waves discussed in the next section, 103<

R<10%, and

0% ) oun >l 0%
(az3 .e’ uax)s~R 812).5‘
is satisfied up to about 2= —0.984 (for the small-
est R) and x=—0.9995 (for the largest R).

5. The occurrence of u, =0 in short wind waves
The values of 7er;: estimated by the methods
described in Section 3.2 and zerse, the point
where #,=0 for t=1t¢, are listed in Table I.
The xers for =0.5 and 0.7 of Case B is 1/2
(zm-+ o), where ay is the point where 4/|U|
reaches a maximum (Fig. b) for t=7eru—1/2
A7 and zq is the final calculation point for 7=
Terie+1/2 47 (Section 8.7). The terae for Case
B is larger than that for Case A, which indi-
cates that, for the same value of 3, the presence
of wave motion and associated pressure variation
is unfavorable [or skin flow growth. However,
though the value of 7 differs greatly between
the two cases, the dillerence in teri is small.
The present model, especially the surface
tangential stress distribution along the wave
profile, is constructed to fit the measurements
for waves of L~10cm previously studied. It
is not clear whether the present model also
applies to waves with much longer wavelengths,
since measurements for such waves are lacking.
However, to understand the applicability and the
limitations of the present mechanism of wave
breaking to other situations, 7/crit, the dimen-
sional value of 7. was estimated for bem<L
<100 cm from the values presented in Table 1.
[n the calculation it is assumed that the phase
speed is C=1.15 (o, according to the measure-

Table 1. Calculated values of zerie and zerit
(the position of ws=0).

Terdt Xerit
Case A 0.535994+2x107° —1.0
Case B
B=0.3 0.5660+6x107" —-1.0
=0.5 0.6110x=5x107* —0.849+0.013
=0.7 0.625=1x107° —0.662£0.014

QOkuda

ments of Part II (Okuda, 1983), where C; is the

prediction from linear theory. The local Rey-
(%) 04(x)

nolds number of skin flow RaZI—Io'u—ST—,

where 8,(z) is the displacement thickness, was
at most 450, which guarantees that the skin
flow remains laminar over the ranges of L and
B studied in the present calculation; according
to Shlichting (1979) the transition to a turbulent
state occurs at R;~950. As seen from Fig. 6,
' erse depends weakly on L (ec L4), but strongly
on f§(ec(1—8)*2). The effectiveness of the pre-
sent mechanism of wave breaking thus depends
primarily on fA.

For waves with L~10cm the present mecha-
nism is shown to be sufficiently effective to
generate the excess flow. In the present model
g is U//C, where U is the sum of the orbital
velocity near the crest and the drift. The value
of 8§ may vary considerably among individual
waves, in particular, according to their steep-
ness. However, for dominant waves with wave
heights comparable with or larger than the
mean, we can safely suppose that 5205 from
the measurements of Part I. From Okuda e
al. (1977) and Part I, it is also known that for
dominant waves the tangential stress near the
crest can be up to more than five times the
average value of wind stress pauy®. From these
facts, it is predicted that for the waves previ-
ously studied (L=10cm and 8=0.5) ;=0 occurs
when 7/25dynecm™ or paus?=1dynecm™2.
This confirms that the generation of excess
flow under the conditions of previous experi-
ments (2, =30 cm sec™!) is associated mainly with

1 1 1 L ! ' 1 L 1

Fon
E ——— CASE(B) ]
o CASE{A) e 1
€ P e _—
c | o _
=) —
© —
< ] o L
- - -
101 L
// - D,‘
T T ]
1 _//7'_’__,77/ . |
[
[ e T T T - : ' . .
" 10C

50
L(cm)
Fig. 6. Dimensional value of the minimum sur-

face stress as a function of wavelength L for

some values of . Thin lines are for Case A
and thick lines for Case B.
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the local growth of skin flow near individual
crests.

The above estimated value of the minimum
wind stress, however, appears to be somewhat
larger than that predicted from qualitative obser-
vations by use of flow visualization techniques
carried out under various conditions (Qkuda et
al., 1976), these observations suggested that the
occurrence of excess flow is a general feature
of short wind waves irrespective of wind speed.
This may be due to the following circumstances.
One is the strong dependence of 7o on §. In
the actual wind wave field the value of 8 is
predicted to vary considerably among individual
waves. This implies that the minimum wind
stress estimated from the average value of 8
does not provide a strict criterion for the ap-
pearance of waves accompanied by excess flow.
Another possibility to be considered is that fac-
tors which were not incorporated in the present
model take part in the growth of skin flow.
In the present model the wave profile is speci-
fied a priori in the form of a sinusoid, and the
effect of modification of the wave profile by
skin flow growth is neglected. From Longuet-
Higgins (1969), the water surface in the large
stress region is predicted to be raised upward by
the order of the skin flow thickness 6(x’) from
the level in the absence of skin flow. There-
fore, the pressure force associated with this modi-
fication of the wave profile is of the order of

(1)

L
Since 8{—1)/I~R'2, the effect of this pressure
force is negligible when R is very large, but,
under the conditions of the experiments examin-
ed here, this effect might affect the generation
of the excess flow to some extent.

, and it acts to support skin flow growth.
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