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Internal Flow Structure of Short Wind Waves

Part III. Pressure Distributions*

Kuniaki OKUDA**

Abstract: For wind waves generated in a wind-wave tunnel, the surface pressure and also
the pressure distribution along the internal streamlines were calculated from the measured
internal velocity field. In distinct waves, with wave height comparable with or larger than
the mean, the surface pressure is found to vary drastically in a narrow region around the
crest, showing a dominant minimum near the crest. On the other hand, the pressure distri-
bution along the streamline shows systematic variations that are nearly in phase with the
streamline profile. It is shown that the occurrence of the pressure in phase with the stream-
line profile is linked with the internal vorticity distribution, especially with the presence of a
high vorticity region below the crest described in Part I of this study. As a result of the
occurrence of such pressure variations, the dispersion relation is modified by about 10 % from
that for linear irrotational waves. It is argued from the present measurements that the dis-
persion relation and also the energy transfer from wind into wind waves are strongly affected
by the internal vortical structure so that the assumption of irrotational gravity waves cannot
be applied to the wind waves being studied.

1. Introduction

In Part I of this study (OKUDA, 1982a),
characteristic features of the internal vorticity
distribution relative to individual crests of short
wind waves were described. For distinct waves
with a wave height comparable with or larger
than the mean, the surface vorticity layer was
found to be greatly thickened near the crest
where vorticity is particularly high. In PartII
(OKUDA, 1982b), the influence of this high vorti-
city region on the overall internal flow field of
individual waves was discussed, and it was found
that the internal streamline pattern of wind
waves differs significantly from that predicted
for irrotational water waves. In this paper
characteristic features of the pressure field
relative to individual crests are described, and
the manner of coupling between the wind and
wind waves having particular internal vortical
structures as descrived in Part I (OKUDA, 1982a),
is discussed.

LoNGUET-HIGGINS (1969) interpreted the
effect of varying tangential stress on wave
growth by estimating the additional pressure
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arising on a streamline just below the surface
vorticity layer. By use of his idea of separating
the inner region from the surface vorticity layer,
an important aspect of wind-wave coupling is
revealed as follows. The measurements described
in Part Il showed that a regular wave motion
dominates in the inner region below the surface
vorticity layer in spite of the presence of the
high wvorticity region below the crest. If the
high verticity region is not supported steadily
but repeatedly grows and attenuates in individual
waves as mentioned in Part II, it follows that
only that part of the energy flux from wind
into wind waves which supports the growth of
wave motion in the inner region is retained
persistently in wind waves. This implies that
the substantial part of wind wave motion lies
in the inner irrotational wave motion. The
wave motion in the inner region is constrained
by the kinematical and dynamical conditions at
the streamlines which pass just below the surface
vorticity layer, for example 7’ shown in fig. 6
in Part II (OKUDA, 1982h), so that the dispersion
relation and the wind wave growth are governed
by the pressure distribution along »’ which is
a consequence of the dynamics in the surface
vorticity layer. The influence of surface pres-
sure and surface tangential stress on wind wave
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dynamics thus appears indirectly in the pressure
distribution along #’. It can be said that wind
waves are coupled with the wind through the
buffer of the surface vorticity layer.

In later sections of the present paper pressure
distributions along the streamlines which pass
through the inner irrotational region and also
the surface pressure distributions are shown.
They indicate that the pressure distribution along
the intericr streamline is affected by the pre-
sence of the high wvorticity region, and differs
greatly from the surface pressure distribution.
Results of the present study illustrate the com-
plexity of the dynamics of the short wind waves
being studied.

2. Method of calculation of the internal

pressure field

The flow of the wind waves studied was
approximately two-dimensional, and, for four
waves in the fleld, the internal velocity field,
which was smoothed by removing irregular
variations with horizontal scales much smaller
than the wavelength, has already been measured
(sect. 2in Part]: OKUDA, 1982a). The internal
pressure field can be obtained from the measured
velocity field as follows. We assume that the
small scale turbulent motion is not intense and
the flow of wind waves is steady in a frame of
reference moving with the wave profile (z, 2),
where horizontal axis (x) is positive downwind
and vertical axis (2) is positive upward. The
equations for U (xz-component velocity) and W
{z-component velocity) under the above assump-
tions are

W, ;U 0U oy
—-Ca—x-i—U +Wa 05,
1 ap
=T (1)
b7
S SALA LA A
ox 0z
1 9P
p Oz

where p is the density of water, ¢ is the gravi-
tational acceleration, 7 is the surface displace-
ment, C is the phase speed, and P’ is the
pressure corrected for hydrostatic pressure. By
integrating Eqs, (1) and (2), we obtain the

pressure at an arbitrary point {(x:, %), except

R
an integral constant P’ (xo, 20), as
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where [ Jy=z, for example, indicates the value

at z2=z9. The integrations were performed by

using the measured velocity field, and it was
confirmed that the calculated pressure distri-
butions were independent of the integration path.

There may be errors in the calculated pressure
distribution due to the following:

(a) the assumption of the two dimensionality
of the flow and the exclusion of the effect of
turbulence,

(b) errors in the measurement of the flow
velocity and the wave profile,

(¢) time fluctuations of the wave profile and
the internal flow patterns during propagation
of the wave.

However, only the error introduced in relation

to determination of the overall wave profile is

significant (OKUDA, 1980). As mentioned in

Part I (OKUDA, 1982a), the error in the determi-

nation of overall wave profiles is 0.2 mm, cor-

responding to an error in pressure of 20dyne
cm™2,

The calculated pressure fields P (= P+ pgn)
are shown in Fig. 1. For Case I the air friction
velocity (uy) is 46 cms™! and the fetch (F) is
3m, and for the other cases (Cases H~IV:
Fig. 1b~d) u, is 30cms™ and F is 6m; the
details of experimental conditions and character-
istic values of the four waves have been desc-
ribed in Part I (OKUDA, 1982a: sect. 2.1). The
numbers on the contours are the pressure in
dyne ecm~2. From the calculated internal pres-
sure fields, together with the streamline patterns
shown in fig. 1 in Part II (OKUDA, 1982b), the
pressure distributions along the streamlines were
obtained and the surface pressure distributions
were obtained by extrapolating the internal
pressure field linearly up to the water surface.
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Fig. 1. Pressure field calculated from the internal flow field. Numbers on the lines in each
figure represent the pressure (dyne cm™2) with reference to a fixed value. For Case I
shown in (a) the air friction velocity (ux) is 46 cm s~ and the fetch (F) is 3m, and for
Cases I, I and N shown in (b), (¢) and (d), respectively, ux is 30cm st and F is 6 m.

3. Results and discussion

8.1. Pressure variations along the streamline

The pressure distributions along the streamlines
which pass through the inner irrotational region
below the surface vorticity layer are shown in
TFig. 2. The streamlines treated here and the
streamlines shown in fig. 1 in Part I (OKUDA,
1982b) can be identified from the value of the
stream function ¥ (em?s™!). Open circles con-
nected by the solid lines indicate the periodic
part, and the inclined dash-dot lines the uniform
drift. The streamline profiles are indicated by
thin solid lines. Except for Case II the drift is
distinct. As shown in Part II (OKUDA, 1982b:
sect. 4.2), measured streamlines contained some

vertical drift, presumably produced by large-
scale turbulent motion and also the non-uniform-
ity of the wave train. The pressure drift is
associated with the streamline drift.

The periodic parts, except for ¥=0 and —10
in Case IV, show variations nearly in phase
with the streamline profiles. In particular, those
for Cases I and IT show quite distinct wvaria-
tions; the ranges of variations exceed four times
the maximum error (20 dynes cm~?). For Cases
I, III and IV, phase differences between the
pressure and the streamline profile can be found,
Such phase differences, however, may not be
significant considering the presence of the drift
mentioned above and the errors in the pressure
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Fig. 2. Pressure distributions along streamlines.
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Open circles represent the periodic part and inclined

dash-dot lines the uniform drift. Thin solid curves represent the respective streamline profiles.

measurements; the ranges of the pressure vari-
ations for ¥=-20 and —10 in Case III and
=0 and —10 in Case IV, in which the phase
difference is distinct, may not be large enough
compared with the possible error to be significant.

The occurrence of pressure variations in phase
with the streamline profile for distinct waves
(Cases I, II and III) can be interpreted as
follows. As shown in Part II (OKUDA, 1982b:
sect. 3), the streamlines below the surface vor-
ticity layer pass approximately along the lines
of equal vorticity, not along the water surface.
This implies that a pressure roughly comparable
with the weight of water in the high vorticity
region near the crest is imposed additionally
on the wave motion in the inner region. The
typical thickness of the high vorticity region at
the crest was about 0.35H, where H is the
wave height, for Cases I, II and III (OKUDA,

1982b: sect. 4.2), which suggests that pressure
variations of about 0.35 pgH arise. It is thus
evident that the pressure variations in phase
with the streamline profile are associated mainly
with the presence of the high vorticity region
near the crest, though the effect is reduced
considerably by the surface pressure variations
which will be shown in Section 3.2.

From the measurements of the pressure distri-
butions along the steamline for Cases I, II and
III, we can discuss the influence of the presence
of the high vorticity region on the dispersion
relation. Let us assume that the pressure vari-
ations for Cases I, II and III shown in TFig. 2
are in phase with streamline profile with an
amplitude

Pa:AP/Z,

where 4P is the range of variations. Every
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streamline treated here passes, in most parts,
through the region where the flow is substanti-
ally irrotational, and the steepness of all stream-
line profiles is small. Thus, the dispersion re-
lation can be obtained simply as follows. Toa
first-order approximation, the dynamical and the
kinematical boundary conditions at z=2,, where
Zg is the mean depth of a streamline, are re-
spectively

Py ¢
_p—+gW+W_O’ (4>
a%f_gﬁ
o~ 8z’ (57

where Py is the pressure on the streamline
under consideration, % is the vertical displace-
ment around 2, and ¢ is the velocity potential.
Since Pp is in phase with 7y, it can be expressed
as

Py="Pue/a (6)

where a is the amplitude of the streamline.
From Eqs. (6) and (6),
Eq. (4) is rewritten as
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By assuming goce® sin (kx—o’t), we obtain the
dispersion relation

Pa 1/2
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where o=(gk)"2.
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The values of ¢'/¢ calculated for respective
streamlines and also the values of P, and « are
summarized in Table 1. The dispersion relation
is modified by about 10 95 from that for linear
irrotational waves with constant surface pressure.
In Part IT (OKUDA, 1982b: sect. 4.2) it was
shown that the amplitude of the velocity distri-
bution along the streamline is larger than as by
about 12 %, which is consistent with the present
result. In this table the observed phase speed
is also compared with ¢//k. They differ slightly.
However, the reason for this is quite clear. A
rather uniform flow exists in the inner region
of respective waves as shown in fig. 7 in Part
II (OxUDA, 1982h).
only forced by the pressure distribution which
is in phase with the streamline profile but are
also advected by such uniform flow. The advec-
tion speed is known to be 4-5cms™! for Case
T and 2-3 ems™! for Cases IT and III from the
same figure (OKUDA, 1982b: fig. 7). The
observed phase speeds can be interpreted by
taking such advection into consideration. It
should be noted that it is not possible to estimate
the effect of the rotational motion on the phase
speed simply by assuming the existence of a
drift current with a definite profile and surface
velocity, as HIDY and PLATE (1966) and KELLER
et al. (1975) did, because in the wind waves
being studied the thickness of the surface vorti-
city layer and also the value of vorticity vary
greatly along the wave profile so that this as-
sumption is unrealistic.

3.2, Surface pressure variations

Figure 3 shows the surface pressure Ps, to-

Individual waves are not

Table 1. Calculated values of ¢’/¢ and the values of the phase speed measured and calculated.
—1
a(cm) Py {dyne cm™?) a'/a obs. Clems™) o'k

Case | V=—¢5 0.49 75 1.08

—50 0.43 75 1.09 57.4 54.0

—35 0.37 71 1.09

—20 0.33 64 1.09 o' /e=1.09
Case [ ¥ =40 0.30 70 1.11

—30 0.26 64 1.12 51.0 48,2

—20 Q.23 57 1.12

—10 Q.20 52 1.12 o' fo=1.12
Case T ¥=—40 0.21 51 1.12

—30 0.18 39 1.11 47.0 44,6

—20 0.16 28 1.09

—10 0.14 21 1.07 o’ /e=1.10
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gether with the wave profile 7. The open circles
connected with solid lines show the distributions
obtained by linear extrapolation of the interior
profiles. The errors introduced by the extrapo-
lation are generally negligibly small, but near
the crest for Cases I, 1I and III, for which the
flow measurements are not available within a
few millimeters below the water surface, they
may not necessarily be small. At some points
near the crest for Cases I, II and III, the sur-
face pressure was estimated not only by linear
extrapolation but also by calculating the pressure
near the crest on the basis of the predicted flow
pattern from the investigations of Parts I and
II of this study (OKUDA, 1982a, b); the details
of this method are described in OKUDA (1980).
The distributions obtained by this method are
shown by solid circles connected with dashed
lines. The inclined dash-dot lines for Cases II
and 1V indicate the drift. It should be noted
that the possible error of 20dynescm™2 in the
present measurements is too large to detect the

pressure drag Ps 75‘727, i.e. the mean horizontal
component of the pressure acting on the water
surface. In the following part of this section
the main patterns in the measured pressure
distributions are described.

The distributions for Cases I, IT and III show
pronounced variations in a narrow region near
the crest (—40°~30°), with a distinct minimum
at a point very close to the crest. The ranges
of variations are far beyond the extent of pos-
sible error. This feature is found in neither the
measurements by KENDALL (1970) over a wavy
wall nor in those of SHEMDIN and Hsu (1967)
over mechanically generated waves; the ranges
of overall pressure variations are comparable
with KENDALL (1970)’s corresponding measure-
ments, but are one order of magnitude larger
than those of SHEMDIN & HSU at a correspond-
ing wind speed. A similar pressure variation
is also found in Case IV, although the pressure
minimum a little to the rear of the crest is not so
distinct as in Cases I, II and III. This feasure
in the surface pressure distribution corresponds
well to the presence of distinct maxima in the
tangential stress distributions (OKUDA, 1982a:
fig. 7), and may be associated with the strong
air flow as a jet near the crest, as suggested
by CHANG ef al. (1971).

In Part T (OKUDA, 1982a: sect. 3.2) it was
shown that the surface velocity of short wind
waves is not small compared with the phase
speed, and for distinct waves, in particular, it
is in excess of the phase speed. The numerical
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Fig. 3. Distributions of the surface pressure.
The open circles connected with solid lines
show the distributions obtained by linear ex-
trapolation of the interior profiles. The solid
circles connected with dashed lines near the
crest for Cases I, I and W represent the
corrected distributions. The inclined dash-dot
lines in Cases I and V represent the pressure
drift. The wave profiles are shown by solid
curves. The phase is defined as 0° at the crest. -
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study by GENT and TAYLOR (1977) suggests
that the distinct minimum in the surface pres-
sure 1is associated with such kinematical con-
ditions at the water surface. Their calculations
for a wave with small steepness and a surface
velocity much smaller than the phase speed show
regular sinusoidal variations of both the pressure
and the tangential stress. On the other hand,
the stress distributions for waves with large
steepness and a surface velocity close to the
phase speed show similar patterns to the present
measurements, though the ranges of measured
stress distributions for Cases I, II and III are
3-5 times larger than their calculations.

The pressure distributions near the crest show
a noticeable difference between Case II and Case
III. This might be associated with the occur-
rence of air flow separation in Case II and its
absence in Case III, which was discussed in
Part I (OKUDA, 1982a: sect. 3.1). The distri-
bution for Case II shows a distinct asymmetry
with respect to the crest, unlike Case III (and
also Case I). In Case II a maximum occurs a
little leeward of the crest (about 30°) and the
value at this point is larger than that a little
windward of the crest (about —40°) by about 40
dyne cm™2. This indicates that a net adverse
pressure is acting locally on the crest, below
which the high vorticity region occurs; the
occurrence of such a pressure distribution may
not necessarily contradict the well-known fact
that air flow separation increases the pressure
drag, since the pressure drag is related to the
overall distributions along the wave profile. In
Part II (OKUDA, 1982b: sect. 4.1) the charac-
teristics of flow in the high vorticity region for
Case II were discussed on the basis of the
measured vorticity distribution and the stream-
lines, and it was pointed out that a net leakage
of water out of the high vorticity region occurs,
and the steepness of the crest decreases. Such
features of flow near the crest may be associated
with the net adverse pressure acting on the
crest found here.

4. Concluding remarks

By comparing the surfacé pressure and the
pressure distribution along streamlines of wind
waves for three cases (I, II and III), it is seen
that the features in the former completely dis-
appear in the latter. The overall surface pres-

sure distributions are out of phase with the
wave profiles (see Fig. 3), whereas the pressure
distributions along the streamlines are in phase
with the streamline profile (see Fig. 2). The
occurrence of such distinct differences is associ-
ated with the presence of a high vorticity region
below the crest. In Section 3.1 the dispersion
relation was determined from the pressure distri-
bution along the interior streamline. If the
dispersion relation had been determined from
the surface pressure under the assumption that
the wind waves being studied are irrotational,
invalid results would have been obtained.

The growth of wind waves being studied is
also influenced by the internal vortical structure.
The energy flux from wind into wind waves,
including the effect of tangential stress /U’
described in Part I (OKUDA, 1982a), is given by
f=7"U/—P;W,, where v’ and U, are the
fluctuating parts of the tangential stress and the
horizontal component of surface velocity, re-
spectively, and W, is the vertical component of
In the case of substantially
irrotational waves, f can be estimated immedi-
ately from the stress distributions at the water
surface, since U, and W, can be approximated
by the horizontal and the vertical components
of the orbital velocity, respectively. However,
in the wind waves being studied the surface
velocity distribution is strongly affected by the
existence of the high vorticity region as shown
in Part I (OKUDA, 1982a: fig. 7). Furthermore,
in the present case, f does not entirely support
the growth of wind waves. The internal flow
of wind waves is accompanied by the strong
velocity shear especially in the high vorticity
region below the crest. The intrusion of water
elements a little leeward of the crest (the wave
breaking in a wide sense) occurs in some waves,
and in such waves the high vorticity region
attenuates, as noted in Part II (OKUDA, 1982h:
sect. 4.1). The above facts suggest that a con=
siderable part of f is dissipated. The energy
flux which contributes to the wind wave growth
thus is f=f—D where D is the dissipation.

Consideration of the above indicates that £,

surface velocity.

D and, subsequently, f are strongly dependent
on the flow in the surface vorticity layer. This
may also be seen from the alternative expression

f= — P, Wy-, where Py and W,  are the pres-
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sure and the vertical component of flow velocity,
respectively, at a streamline just below the
surface vorticity layer (for example, 7' shown
in fig. 6 in Part II: OKUDA, 1982b). The
measurements described in this paper and in
Part II (OKuDA, 1982b) indicate that the inter-
nal pressure field and also the internal flow
pattern are strongly affected by the occurrence
of the high vorticity region below the crest.
This shows that the growth of short wind waves
cannot be clarified without an appropriate under-
standing of the dynamics of the internal vortical
structure.
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