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Introduction

Internal Flow Structure of Short Wind Waves
Part II. The Streamline Pattern*

Kuniaki OKUDA**

Abstract: Characteristic features of the internal flow field of short wind waves are described
mainly on the basis of streamline patterns measured for four different cases of individual
wave. In some waves a distinct high vorticity region, with flow in excess of the phase speed
in the surface thin layer, is formed near the crest as shown in Part I of this study, but the
streamlines are found to remain quite regular even very near the water surface. The characte-
ristics of flow in the high vorticity region are investigated, and it is argued that the high
vorticity region is not supported steadily in individual waves but that growth and attenuation
in individual waves repeats systematically, without no severe wave breaking. Below the
surface vorticity layer a quite regular wave motion dominates. However, this wave motion
is strongly affected by the presence of the high vorticity region. By comparing the measured
streamline profiles with those predicted from wave profiles by the use of a water-wave theory,
it is found that the flow of the wind waves studied cannot be predicted, even approximately,
from the surface displacements, in contrast to the case of pure irrotational water waves.

four different cases of individual wave measured

In Part I of this study (OKUDA, 1982) charac-
teristic features of the internal vorticity distri-
bution relative to the individual wave crests of
short wind waves were described. The most
interesting feature found in Part I is that dis-
tinct waves, waves with wave height comparable
with or larger than the mean, in the field possess
high vorticity regions below the crests, extend-
ing from the water surface to a depth of about
one third of the wave height. On the basis of
the measured tangential stress distribution and
the internal velocity field near the crest, it was
argued that the high vorticity region of distinct
waves is associated with the local generation
of vorticity by the intense tangential stress near
individual crests.

In Part I (OKUDA, 1982) the detailed flow
structure associated with this high vorticity
region was the main topic of discussion. In the
present article (Part II) characteristic features
of the overall flow field, including the inner
substantially irrotational region below the surface
vorticity layer, are described. The experimental
conditions and the characteristic values of the
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(Cases I~IV) have been presented in a previous
article (Part I).

2. Method of caleulation of streamlines

To specify position relative to the wave pro-
file, an orthogonal Cartesian coordinate system
(z, ¥, =) which is moving with the phase speed
is used, where x is the horizontal distance
measured along the downstream direction, ¥y is
the distance along the lateral direction, and =z
is the distance along the vertical direction taken
upward. Since the flow being studied is ap-
proximately two-dimensional in the -~z plane
as mentioned in a previous article (Part I),
streamline patterns of individual waves are calcu-
lated from measured U (x-component) and W
(z-component).

In the moving frame used here, the stream
function ¥’ (z, z) is defined as

oy’

. 0x =—W,

oYl d
U
o0z

where C is the phase speed. By integrating
these equations, we obtain
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Uy, 20) =T (2, 21) — T (200, 20)
_ U”<—c+ U)d:c:' i
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where [ Je=z, and [ Je=z, indicate the
integrations along x=wx; and z=z,, respectively,
and ¥’ (xo, z¢) is an integral constant. The
streamlines are the lines of equal values of &
(z1, z1). If the flow field of individual waves
are disturbed by local occurrences of turbulence
which is inevitably three-dimensional, the
patterns of the streamlines may vary depending
on the choice of integration paths. Therefore,
¥ (21, z1) was calculated along various integra-

(q) F=3m
U, =46cmsl

tion paths, and the constancy of the pattern of
streamlines was confirmed.

3. Results and discussion

8.1. Streamline patterns

Streamline patterns observed in a frame of
reference moving with the wave profile are
shown in Fig. 1. The numbers on streamlines
are the values of ¥ (cm?s™!). For Cases I, II
and III streamlines are not drawn for the region
near the crest due to the lack of flow measure-
ments. Every streamline shown here is directed
from right to left. As described in Part I of
this study (OKUDA, 1982), the overall flow field
of each wave was constructed from a series
of measurements made while the wave passed

CASE(I)

(b) F=6m

Uz30cms?

10¢m

Fig. 1. Steamlines in a frame of reference moving with the wave profile.
Every streamline shown is directed upwind,
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the observation area. The streamline patterns
shown here, however, can be regarded to re-
present approximately the instantaneous flow
patterns of each waves, since the variation of
the flow pattern in such a short time period is
evidently small (this will be confirmed in Secticn
3.3.). Because of the weakness of the unsteady
motion, the streamlines shown here also ap-
proximately indicate path lines of water elements
relative to the wave profile; this assertation
may become invalid near the crests for Cases
I, IT and III, since, as shown in a previous
article (Part 1), the flow velocity in this moving
frame is close to zero at such points so that
the unsteady motion, even if it is weak, signifi-
cantly affects the streamline pattern.

For every case streamlines are quite smooth.
According to the investigations of Part I, the
vorticity is extremely high near the crest for
Cases 1, IT and III, and the flow in the surface
thin layer on the top of the high vorticity region
is in excess of the phase speed. For Case II,
in particular, the occurrence of downward in-
trusion of water elements just leeward of the
crest (wave breaking in a wide sense) was
indicated. However, in this case (Case II), the
streamline even just below the water surface
(= —50) is quite smooth. This indicates that
the flow of wind waves, in both the surface
vorticity layer and the inner irrotational part,
is well-organized, and no particularly intense
turbulent motion is occurring in spite of the
presence of excess flow.

The streamline patterns for Cases I, II and
III, however, show a noticeable difference from
that of irrotational gravity waves. From the
streamlines shown here, taken together with
their vorticity distributions {an enlarged section
of fig. 3 in Part I: OKUDA, 1982, is shown
in Fig. 2), it is seen that near the crest, stream-
lines pass along the lines of equal vorticity
rather than along the water surface. The
streamlines of ¥=—80 for Case I, —50 for
Case II and —55 for Case III appear to define
approximately the lower boundary of the high
vorticity region. An explanation for this may
be offered from the fact that the streamlines
shown here approximately coincide with path
lines. Even at the depth where the uppermost
streamlines pass, the flow velocity is much
smaller than the phase speed. The water ele-

ments are therefore convected, in the moving
frame, from the leeside to the windward side
of the crest in a very short time. Consequently,
it is considered that water elements pass by
below the high vorticity region retaining most
of their vorticity. The streamlines thus coincide
approximately with the lines of equal vorticity.

3.2. The unsteadiness of flow in the high

vorticity region

The streamlines just below the water surface,
(T=—80 for Case I, —50 for Case II and —55
for Case III) appear to separate the high vorti-
city region near the crest from the lower region.
Let us now discuss the streamline pattern formed
in the high vorticity region.

As mentioned in Part I of this study (OKUDA,
1982), the high vorticity region has a thin sur-
face layer in which the flow is in excess of the
phase speed. The steady state streamline pattern
resulting from this type of flow under the
assumption of the steadiness of flow together
with the features of streamline patterns shown
in Fig. 1, should be of “closed-loops type”,
similar to that proposed for mean streamlines
of breaking waves by PHILLIPS (1977). This
flow pattern implies that the forward mass flux
near the water surface is in balance with the
backward mass flux below the excess flow layer,
hence a strong downward intrusion results a
little leeward of the crest. However, it is evident
that such a flow contradicts the present measure-
ments. Figure 2 shows, superimposed on the
vorticity distributions, velocity vectors below
the lee face for Cases II and III. Four groups
of instantaneous measurements are shown alter-
nately by dashed and solid arrows. The sur-
face vorticity layer for Case II is interrupted a
little leeward of the crest, which indicates the
occurrence of the intrusion mentioned in Part
I (Okupa, 1982: sect. 3.1.). The velocity
vectors, however, show a regular pattern even
very near the water surface, which suggests
that the intrusion is weak and its direct influence
is limited to a very small region near the in-
trusion point. This is also indicated by the
smoothness of = —50 in Fig. 1b. The velocity
vectors also show a quite regular pattern for
Case II1, and, in this case, the surface vorticity
layer is not interrupted. This indicates that
the intrusion is not occurring, in spite of the
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the flow velocities indicated at their tails,

CASE(IL)

Fig. 2. Velocity vectors near the water surface in the region from the crest up to
a certain point on the leeside of the crest for Cases II and 1II. Arrows represent

Numerals next to the small dots indicate

values of vorticity, and lines of equal vorticity are also shown by solid and dashed

lines.

presence of the high vorticity region and the
These features show
that the streamline pattern in the high vorticity
region differs from the ‘‘closed-loops type’’
which is predicted from the assumption of the
steadiness of flow.

The flow in the high vorticity region seems
to be intrinsically unsteady. According to
HATORI (1981), the wave height of individual
waves varies significantly in both space and time
with some periodicity, and the variational pattern
propagates with the group velocity. As shown
in Part I (OKUDA, 1982: sect. 3.2.), the high
vorticity region is found in distinct waves (i.e.
waves of large wave height near or at the crest
of the modulated wave patterns), but usually
not in waves with small wave height (i. e. those
near or at the trough of the modulated wave
pattern). This suggests that, since individual
waves propagate faster than the modulated wave

associated excess flow.

pattern with the phase speed, the high vorticity
region is repeating the growth and the attenua-
tion in the individual waves as they propagate
in space.

The above mentioned features of flow in the
high vorticity region are also predicted from
the following considerations. Let us concentrate
on the vorticity distribution for Case II (Fig.
Z2a) and assume, tentatively, that the lines of
same vorticity drawn in this figure coincide
with path lines observed in a frame of reference
moving with the wave profile. Under this
assumption the following is evident. The water
elements moving along the lee face toward the
crest cannot penetrate into the high vorticity
region below the crest, therefore, there is no
mass flux into the high vorticity region from
the leeside. On the other hand, water elements
with large vorticity in the high vorticity region
leak out along the windward face, since even
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in the high vorticity region the flow velocity is
smaller than the phase speed except for the very
thin surface layer. Thus, the high vorticity
region in Case Il is attenuating. In fact, the
vorticity distributions of Case II (fig. 3b in
Part I: OKUDA, 1982), show the existence of
a very distinct surface vorticity layer below
the windward face, though the surface vorticity
layer dissipates below the lee face. In Part I
(OKUDA, 1982: sect. 3.2.), it was confirmed
that the waves with internal flow fields similar
to that of Case II (the waves with flow type
Z: OKUDA, 1982) exist generally in the wind
wave field. This suggests that the attenuation
of the high vorticity region is a general feature.
Evidently, growth of the high vorticity region
should occur in some waves, or in advance of
the beginning of attenuation. In Part I the
existence of waves which accompany the excess
flow but do not have downward intrusion a
little leeward of the crest (the waves with flow
type Y: OKUDA, 1982), was also confirmed;
Case III is a typical example of this type of
Growth of the high vorticity region
may occur in these waves. For Case III the
streamline &= —55 (see Fig. lc) starts from a
point considerably ahead of the crest and termi-
nates a little windward of the crest, and it has
been shown that the surface vorticity layer is
more distinct below the lee face than the wind-
ward face in Part I of this study (OKUDA, 1982:

waves.

» WIND—> o

CASEGD(A-STAGE)

Fig. 3. Proposed streamlines near the water sur-
face for Cases IIT and I1. Solid line: streamline
in water; dashed line: steamline in air; thick
solid line below the water surface: streamline
which passes through the inner irrotational
region; O and 0’: the point where the hori-
zontal component of the surface velocity is zero.

fig. 3c). These facts seem to indicate that rising
of the water surface near the crest occurs
associated with the net accumulation of water
elements with high vorticity below the crest.

Figure 3 shows, for Cases II and III, the
streamline patterns near the water surface pre-
dicted from the above discussion together with
some other kinematical features. For Case I1I the
high vorticity region is in the growth stage (G-
stage in Fig. 3), and for Case II in the attenua-
tion stage (A-stage in Fig. 3). Streamlines in
water are indicated by solid lines and those in
air, determined to fit the internal streamlines,
by dashed lines. A thick solid line below the
water surface indicates a streamline which passes
through the inner irrotational region. 0 and 0’
indicate the points where the horizontal com-
ponent of the surface velocity is zero in the
It may be noted that stream-
lines shown here, especially those near the crest
where unsteady motion is relatively dominant,
may differ considerably from the path lines;
some characteristic features of particle move-
ments near the crest of distinct waves have been
described in Part I of this study (OKUDA, 1982:
sect. 3.2.). Streamline patterns shown here have
the following features:

(i) They differ in pattern from the steady
flow pattern proposed by PHILLIPS (1977) and,
for the air flow proposed by BANNER and
MELVILLE (1976) and GENT and TAYLOR
(1977), in that the regions of closed streamlines
bounded by the water surface do not appear
in both air and water.

(ii) In Case III the streamline which termi-
nates at 0 passes a little below 0/, which indi-
cates the occurrence of net inflow into the high
vorticity region in this instance (this does not
mean the water between this streamline and
the water surface is entirely trapped in the high
vorticity region, because the streamline and the
path line differ in the unsteady flow being
studied). In Case II the streamline which starts
at 0’ passes a little below 0, which indicates
the occurrence of net leakage out of the high
vorticity region.

(iii) In Case III the wvelocity component
normal to the water surface is outward around
the crest (between 0 and ('), and is inward in
other regions, which indicates that the wave
steepness is increasing associated with the growth

moving frame,
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Fig. 4. Streamline profiles and velocity distributions

of the high vorticity region. In Case II, con-
trary to Case III, the wave steepness is de-
creasing, associated with the attenuation of the
high vorticity region.

{(iv) In Case III 0’ is not a stagnation point,
which indicates that 0’ is neither the intrusion
point of water nor the separation point of air
flow. In Case Il 0’ is a stagnation point, which
indicates the occurrence of both intrusion and
separation.

These four features of supposed streamlines
are very consistent with the actual measure-
ments in this study.

8.8. The characteristics of the motion below
the surface vorticity layer

Some characteristics of flow below the surface

vorticity layer can be seen from Fig. 4. Each
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along the streamlines. The abscissa—

part of this figure contains, from the top, the
wave profile, the profiles of some streamlines
and the velocity distributions along the respective
streamlines. Every streamline, except ¥=—30
for Case IV, passes, through the region where
the vorticity is practically zero, as shown in
Part I of this study (OxkuDA, 1982: fig. 3).
The abscissa represents the phase defined as
—180° at the windward trough and 180° at the
leeward trough; the peak of the wave profile
is not necessarily 0°. The value of Z shown
for each streamline profile indicates the mean
depth in em. U7 and W are the averages of
the horizontal component U and the vertical
component W over the region between —180°
and 180°, respectively. For each wave W does
not necessarily vanish, The flow velocity was
measured by tracing of hydrogen bubles as
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the sinusoid with amplitude of the individual

streamline (vertical displacement) and with amplitude a{(gk)'/%, where @ is the ampli-
tude of streamline, ¢ is the gravitational acceleration and % is the wave number (flow

velocity); inclined dash-dot line: the drift.

described in Part I of this study (OKUDA, 1982:
sect. 2). In Cases I and III W is larger than
the value predicted from the ascent velocity of
bubbles (smaller than 0.2cms ) and for Case
IV it is in the opposite direction to the ascent
velocity. Corresponding to the existence of W,
the streamline which starts at 180° fails to return
to its original depth at —180°. This may be
caused by the unsteadiness of flow mentioned in
the previous section, and it may also be caused by
the non-uniformity of the wave train. The vertic-
al drift of the streamline shown by the inclined
dash-dot lines, however, is, at the most, com-
parable in extent to the amplitude of the re-
spective streamlines so that the presence of

vertical drift will have little bearing on the
following discussion.

The wave profiles, especially for Cases I, II
and III, have very steep wave crests and also
distinct asymmetry with respect to the crest.
However, even for these the streamline profiles
can be approximately fitted by solid sinusoidal
lines having the amplitudes of individual stream-
lines. If the streamline profiles for Cases I,
II and III are examined in more detail, we can
certainly find some deformations from the sinu-
soid somewhat similar to that in the wave
profile, but deformation is very small, In Fig.
5, as an example, the observed profile of ¥=
—40 for Case II (open circles) is compared with
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Fig. 5. A comparison of the observed profile of
¥'=—40 for Case II (open circles) with 5z and

7S

the profile 7z, which is predicted at the mean
depth of ¥=—40 under the assumption that
the wave profile of Case II is a resultant of the
linear superposition of its Fourier components.
The difference is large. In the figure a third
order Stokes’ profile estimated from the ampli-
tude of the dominant component of the stream-
line profile 7s is also shown. The observed
profile fits very well to the Stokes’ profile, ex-
cept that the observed profile has a slightly
steeper crest and a slight asymmetry with
respect to the crest.

For the velocity distributions along stream-
lines, the sinusoids with amplitudes a(gk)!’2,
where a is the amplitude of the streamline, ¢
is the gravitational acceleration, and k is the
wave number, are drawn in Fig, 4. The ampli-
tude of the observed velocity distributions seems
to be a little greater than a(gk)!’2, especially
for Cases I, IT and III. For some distributions,
in addition to some systematic deformations
from the sinusoid which correspond to the
deformations found in the streamline profile
mentioned above, we can detect irregular varia-
tions oceurring rather locally; for example, for
Case II U for ¥'=—40 and ~~30 shows particu-
larly large values near the crest, which is caused
by the passing of streamlines across the region
of high vorticity which penetrates deep below
the crest as indicated by the line of w=5 (see
OKuUDA, 1982: fig. 3b). However, the present
results evidently indicate that regular wave
motion dominates below the surface vorticity
layer,

Some characteristic features of wave motion
in the inner region are summarized in Table 1.

VERTICAL DISPLACEMENT{cm)
)
n
1

180" -90° o e 180

PHASE

Fig. 6. A comparison of the observed wave pro-
file () for Case Il with the profile obtained
by extrapolating ¥ = —40 for Case IT up to the
mean water surface level ().

Listed in the columns for the vertical displace-
ments are (i) the observed amplitude of re-
spective streamlines a, (ii) the amplitude calcu-
lated by the equation

a' = anehz—an),

where an and Zn are respectively the observed
amplitude and the mean depth of the streamline
which passes at the deepest point of each waves,
and (ifi) 2a’o/H where H is the wave height
of individual waves and a’y is the value of a’
at £=0. For every case a coincides closely
with a’, which means that the amplitude of
the streamline in the inner region follows quite
closely an exponential decrease with increase
of depth. The values of 24/,/H are almost
the same for Cases I, II and III but are con-
siderably smaller than unity (about 0.65). The
implications of this value are revealed by Fig.
6. The observed wave profile for Case II is
shown by 7, and the profile obtained by extra-
polating the amplitudes of individual Fourier
components of the profile for ¥= —40 exponen-
tially up to the mean water surface level (z=
0) is shown by #’. It is considered that 7’ is
the virtual water surface for the motion of the
inner region, and, if we take into consideration
the fact that the streamlines a little below the
water surface approximately pass along the lines
of equal vorticity as mentioned before, then 7’
also approximately defines the lower boundary
of the high vorticity region near the crest. The
wave height of 7 is H and that of %’ is 2a%.
The value obtained by subtracting 2a’s from H



Internal Flow Structure of Short Wind Waves 1T, 321

Table 1. Characteristic values of wave motion in the inner region.
Vertical displacement(cm) Ulcms™) Wiems™!) Drift(cm s™)
Zlem) Amplitude Amplitude Amplitude
afobs.) a 2a0’/H Ulohs.) ao Ulas Wiohs.) W/as Ut oka®
Case (1) ¥=—65 —0.31 0. 49 0.47 10.45 9.67 1.08 12.27 1.27 — 1.89
k=0.40 =50 —0.61 0. 43 0.42 0. 65 9.60 845 1.14 9.71 1.15 1.68 1.44
H=1,64 —35 —0.91 0.37 Q.37 ’ 815 7.37 1.11 8.48 1.15 1. 30 1.10
—20 —1.19 0.33 — (6.86) 6.58 1.04 7.59 1.15 — 0.87
Case (I) ¥=—40 —0.28 0.30 0.28 851 6.76 1.26 7.18 106 —  1.07
k=0.53 —30 —0.49 0. 26 0.25 0. 64 7.00 5.81 1.20 6.37 1.10 0, 89 0.79
H=1.01 —-20 —0.70 0.23 0.22 ’ 6.04 5.20 1.16 5.80 1.12 0. 66 0.63
-10 —-0.91 0.20 — 5.30 4.60 1.15 5.24 1.14 0.63 0.49
Case (I} ¥=—40 —0.34 0.21 0.21 5,89 5.04 1.11 6.10 1.21 — 0.63
k=0.60 -30 —0.56 0.18 0.18 0.65 4.798 4.33 1,10 5.08 1.17 0. 48 0. 46
H=0.79 —20 —0.79 0.16 0.16 : 402 3.86 1.04 4,26 1.10 0.32 0.37
=10 -—-1.01 0.14 — 3.40 3.43 0.99 3.75 1.09 0.33 0.29
Case (W) ¥=—-30 —0.30 0.16 0.17 3.7 3.99 0.94 4.61 1.16 — 0.40
E=0.63 —20 —0.53 0.14 0.15 0.91 3.3t 3.52 0.94 394 1.12 0.19 0.31
H=0. 45 —10 —0.76 0.12 0.13 : 3.27 3.06 1.07 2.91 0.9 0.30 0.24
0 —0.99 0.11 — 2.82 2.65 1.06 2,66 1,00 0.12 0,18
Ulems™)
thus represents the thickness of the high vorti- 0 z \ it 4 . i )
city region near the crest. For Case IV 2a'y/
H is close to unity, which is due to the fact ] an s T
that the region where the vorticity is particularly § J - e L
high is not so distinct as in the other cases. I U"}/
Listed in the columns for U7 and W in Table g § i& p vy i
1 are (i) the values of the observed amplitude Z - f S easel )X, L
U and W, (ii) the values of a0 where o=(gh)'’2, _l%_ /; { / |
and (ii) the ratio of (i) and (ii). The observed ; fp n;'f
amplitude is evidently larger than ac, especially 1 £ r

for Cases I, I and III. Their mean ratio calcu-
lated from the values for Cases I, II and III
is 1.12; the values for distributions showing
irregular variations, for example U for ¥=—4(
and —30 of Case II mentioned above, are ex-
cluded. This value may indicate that the dis-
persion relation of wind waves is modified by
the presence of the high vorticity region near
the crest, and this will be confirmed in Part
IIT of this study (OKUDA, MS).

In the columns for drift, the values of mean
particle speed (Stokes’ drift) obtained by two
different methods are shown. One was calcu-
lated from the observed amplitude of respective
streamlines by oka?, and the other (Ur) was
obtained in the following manner. In a frame
of reference moving with the waves, water parti-
cles move along streamlines from leeside to
the windward side of the crest. The time need-
ed for moving a distance of one wavelength is

T T T T T T T T
Fig. 7. Profiles of mean flow velocity measured
at fixed depths from the mean water surface

level.

 dx
re=| 5

where the integration is performed along the
the streamlines, The mean particle speed in
this moving frame is —L/Tp, consequently, it
is C—L/Tpr in the spatially fixed frame. We
now consider the mean particle speed induced
by the wave motion, which is obtained by sub-
tracting the mean flow velocity from the above
at the mean depth of the streamline. Thus,
denoting the mean flow velocity as Uz, Uz is
given by
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U=C-L/Tr—U-x.
The observed profiles of Uz for respective
waves are shown in Fig. 7. The values obtained
by this method agrée well with the calculations
of oka®.

The above discussion suggests that the flow
below the surface vorticity layer strongly
possesses the characteristics of regular irrota-
tional waves, in spite of the presence of the
high vorticity region near the crest and the
excess flow. While the present results simulta-
neously indicate that the wave motion is strongly
influenced by the presence of the vorticity region
near the crest, so that the internal streamline
pattern cannot be known, even approximately,
from surface displacements alone, contrary to
the case of irrotational waves. Our previous
flow visualization studies (TOBA et al., 1975;
OKUDA et al., 1976) showed the existence of
intense rotational motion with a downward
component on the leeside of the crest and an
upward component on the windward side, called
‘forced convection’. In these studies the exist-
ence of ‘forced convection’ was identified from
the great intensity of the measured flow velocity
minus the irrotational motion estimated from
the wave profile. By measuring flow with
anemometer IMASATO and IcHIKAWA (1977)
also detected an intense coherent motion moving
with the wave profile, called ‘coherent turbu-
lence’, which was quite apart from other ir-
rotational motions estimated from surface dis-

placements. From the present results (e.g.
Figs. 5 and 6) it is clear that these residual
flows result from the difference between the
flow of wind waves with a high vorticity region
and the flow of simple water waves.
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