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Measurement of Skin Friction Distribution
along the Surface of Wind Waves*

Kuniaki OKUDA**, Sanshiro KAawar* and Yoshiaki Topa**

Abstraet: Measurements of local values of the skin friction have been made at many points
along the surface of representative wind wave crests in a wind wave tunnel, by use of the
distortion of hydrogen-bubble lines. The results obtained at 2.85-m fetch under 6.2 m s~
mean wind speed show that the intensity of the skin friction varies greatly aiong the surface
of wind waves as a function of the phase angle. It increases rather continuously at the
windward surface toward the crest, attains a value of about 12dynem™ near the crest,
decreases suddenly just past the crest, and the value at the lee surface is substantially zero
Values of the skin friction thus determined along the representative wind waves give an
average value of 3.6dyncm™, rather exceeding the overall stress value of 3.0dynem™,
which has been estimated from the wind profile. The results are interpreted as that the skin
friction bears most of the shearing stress of wind, and that it exerts most intensively around

the representative wave crests at their windward faces.

1. Introduction

In our recent papers (TOBA et al., 1975 and
OKUDA et al., 1976, hereafter called I and II,
respectively), the flow structure of water relative
to the crests of wind waves has been investi-
gated experimentally by use of flow visuali-
zation techniques. It has been shown that the
surface skin flow, in which the stress is sup-
ported mainly by the molecular viscosity, exists
in the surface thin layer, even when the wind
waves have developed as observed also by
BANNER and PHILLIPS (1974) and MCLEISH
and PUTLAND (1975). In our observation, this
flow is not homogeneous along the water sur-
face, but grows only at the windward side of
the crest, producing frequently a much thicker
shear flow in the inner layer. The drift current
developed at the windward side induces a con-
vergence just past the crest and the strong
downward thrust of water occurs there, There-
fore, if it is observed at a fixed place, the drift
current repeats the growth and the destruction
with the period of wind waves. One of the
meanings of the above results is that it gives
some insights on the nature of the momentum
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transfer process across the air-water interface.
As described in II, the skin friction seems to
support most of the shearing stress of the wind,
and exerts most intensively near the crests at
their windward surfaces. The subject of the
present paper is to describe the measurements
of the skin friction distribution along the sur-
face of wind waves, and to make a quantitative
verification of this concept.

The skin friction may be determined from
the measurement of the velocity shear at the
water surface. However, the measurements of
the velocity profile of the viscous surface skin
flow is quite difficult, since its thickness is much
less than 1mm at moderate wind speeds as
seen in I and II. We have therefore employed
rather simple method using the distortion of
hydrogen bubble lines which are produced by
the electrolysis of water along a vertical plati-
The profile of bubble lines, which
are rising across the surface skin flow layer,
may represent various forms of parabola in the
closest layer to the water surface according to
the velocity shear. Their pictures have bheen
taken at various points of the representative
waves and analysed. The principle of our
method is very simple, and so systematic errors
may be considered small. Although the present
experiment has been made only at a definite

num wire.
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wind speed and fetch, the results presented
seem to support the ideas described in the
previous papers.

2. Method of the measurements

The experiments have been made in the wind-
wave tunnel of 4.55m long, 15em wide and
70¢m deep. The hydrogen bubble lines have
been produced by applying DC pulse voltage
to a platinum wire of 50-gm diameter, which
is vertically stretched through the air-water
interface. Pictures of the bubble lines have
been taken by use of a 35-mm still camera and
The details of the appa-
ratus and the experimental procedure were
already described in II.

The determination of the skin friction may
be made from the bubble line profile near the
water surface.

a 16-mm cinecamera.

The surface skin flow is not
homogeneous along the crest of wind waves
nor steady, since its local structure travels with
the propagation of the crest of wind waves.
However, if we are concerned with much
smaller area compared with the wavelength and
much shorter period compared with the period
of wind waves, it may be assumed as locally
homogenecus and steady. Since the thickness
of the surface skin flow is very small as less
than 1 mm, the direction of the flow may be
considered as parallel to the water surface.
We assume here that the velocity profile along
the z-axis, which is taken normal to the water
surface is

u(z)=mz+uy for —d==z=0 .
u(z)=Ae*+B for z<—d} (1)

where m={(uo—u_q)/d, and uy and w«.q are the
flow velocities at the water surface (z=0) and
at ¥=—d, respectively. It is noted that the
form of the velocity profile below the linear
layer is not important, and may be replaced
by an arbitrary one with the velocity shear
which decreases rapidly with the depth, since
the skin {friction may be determined, in the
present analysis, only from the properties of
the linear layer, as will be seen below. If the
time # is taken from the instance when a bubble
line is emitted in this flow, its profile at t=n
may be obtained as follows. The depth at ¢
of a bubble which will reach z=z; at r=4# is

given by
z=g;~w(t;—1)cos f (2>

where w is the ascent velocity of the bubble
and & the inclination of the water surface from
the horizontal. The velocity of each bubbie in
the direction of the flow may be replaced by
the flow velocity at its depth, sinee the inertia
of the bubble is very small. The displacement
S of the bubble from the released point of the
wire, in the direction parallel to the water
surface, at t=t(=d/w cos §), is therefore ob-
tained from (1) and (2) as

—D5\2
5(21):—7_—n (21+—‘ll) d)

2w cos ¢ m

— T plizj—utyccs 8) 4+

ke cos 6
for —d=<z:=0 (3)
and
S(zJ: m.gkzl(l—e—kwh cos 3)

+c: for =z<~d

where ¢ and ¢ are the terms which are not
dependent on z;. It is seen that the profile of
the linear layer approaches to a parabola with
the increase of #.

We now define

45={S(0)— S(— D} —{S(~6)—S(~25)}
When §=d/2, it is given from (3) as

2 A

4S5= __—_{l_ B (1_6_k5)28~R«151c056}
femo® -

Since the skin friction 7 is given by c=um,
where g is the molecular viscosity of water,
the above equation is rewritten as

#A4Sw cos @

32

:—C{l_ A (l__,e-k§)2€-hu'llcosu} (4)
kmao®

Table 1. Some estimates of uJ{Sz . /;-
a=d/2 d/4
t=2d/w 0.53 0.47
4d/ w 0.83 0.81
6d/ww 0.94 0.93
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Table 2. The estimated values of A,

¢ (degree) 0° —30° —60°
ts (second) 0.01 Q.02
v{ems™) 25

4 (degree) 20°

—-90° —120°

0.03 0.05

15 5 0
45° 70°

If k& is large enough, the left hand side of (4),
which is determined from the analysis of bubble
line profiles, will yield a good approximation
of ¢ for a small #;. The ratios of the left hand
side to ¢ have been calculated for some values
of # and 4, and the results are presented in
Table 1. Here, 0 is taken as zero, and A, B
and k£ are assumed as

A=3.29dm

B=u_4—1.99dm
and

k=0.504/d

respectively, by putting the assumption, on the
velocity profile in the exponential layer, that
the velocity gradient decreases to m/12.4 at
z=—0d, similarly to the case of turbulent flow
near the smooth solid wall (MONIN and YAG-
LoM, 1971). Tt is seen that the skin friction
is determined with the accuracy larger than
9% at t,=6d/w.

It may more generally be said that the bubble
line profile attains a steady profile in a time
determined from the depth at which the veloce-
ity shear is considerably smaller than that at
the interface, divided by the ascent velocity of
the bubble. In the present experiment, the
velocity profiles of the surface skin flow have
not been determined. However, the time &,
may be estimated more conveniently from the
thickness of the surface skin flow 7%, which is
determined from the bubble line profiles as will
be seen in the next section, as #=h/w. In
the present case, ¢ is very small as will be
seen in Table 2, and we can find some bubble
lines which have apparently been emitted more
than ¢, before the filmed time in each picture.
The skin friction may thus be determined from
the left hand side of (4), irrespective of the
details of the velocity profile near the interface.

The actual surface skin flow is not homo-
geneous nor steady, as long as the wind is
exerting the water surface and the wind waves

exist. We next examine the response of the

bubble line profile to such fluctuating flow. The
position of a bubble line relative to the crest
of the wind waves changes in the response time
s by

ty C—v
T C

A¢=360°

where T, C and v are the period and the phase
velocity of representative wind waves and the
flow velocity in the surface skin flow layer,
respectively. It is considered that our method
is available in determining the local values of
the skin friction along the water surface of wind
waves when the condition A¢<360° is satis-
fied.

The characteristic values of 4¢ at the wind-
ward side of the crest may be estimated from
the observed values. In the present experiment,
w, T and C are 0.91cms™', 0.23 second and
about 40cm s~ respectively. The thickness
of the surface skin flow %2 may be estimated
from the profiles of bubble lines, and the results
at the windward side are presented in Fig. 3 in
the next section. The flow velocity at slightly
below the water surface has been substituted
for v although it may be considerable under-
estimations, since the strict determination of
the skin flow velocity is almost impossible. The
results calculated from these values are presented
in Table 2. The phase ¢ is taken as 0° at the
peak of the crest. The values of 4¢ near ¢=
—180° will not be considered sufficiently small.
These circumstances will also be the same at
the leeside, although the appropreate estimation
of A¢ is not possible. However, it is evidently
seen from the observations of bubble line pro-
files that the very weak skin friction is exerting
the water surface in such regions, and the state
of the skin flow does not change so abruptly,
except at a little leeside of the crest where the
downward thrust of water is occurring.  Thus,
it may be expected that the results obtained
there have also the validity as the characteristic
values smoothed in the phase intervals of 4¢.
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3. The results and discussion

The measurements have been made at 2.85m
in fetch under 6.2ms™! mean wind speed.
The characteristic wave period, wavelength and
the wave height are 0.23 second, 8.3cm and
0.94 cm, respectively. The shearing stress of
wind determined from the mean wind profile
is 2.96 dyn em~2. These conditions correspond
to Case 2 in the previous paper II. The ascent
velocity of bubbles has been determined from
the observations of the bubble size. The mean
diameter is 0.14 mm from 100 samples, and the
standard deviation is 0.018 mm. The ascent
velocity may be given from the Stokes’ resistance
formula of the sphere as 0.91cms™'.

The observations of hydrogen bubble line
profiles have been made along many representa-
tive wave crests. Some pictures of bubble lines
are shown in Photo 1. In each pictures the
wind is blowing from the left to the right. The
air-water interface may be clearly distinguished
from the intersections of the bubble lines and
their reflections at the underside of water sur-
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face, or from the bubbles which align along the
water surface in contact with the water surface.
It is seen that the bubble lines at the windward
side (a~e) incline abruptly toward the horizontal
in the surface thin layer of a depth less than
1 mm, and the depths of their bends will show
the lower boundaries of the surface skin flow
layer at respective places. It may be noted
here that the velocity profile of the surface skin
flow will be different from that near the smooth
solid surface; namely, the velocity shear seems
to decrease rather suddenly near the lower
boundary of the skin flow layer as observed
also by McLEISH and PUTLAND (1975). The
thickness of the surface skin flow seems to
decrease in approaching to the crest. However,
except very close to the peak where the thick-
ness of the surface skin flow decreases to less
than 100 zm (as seen in (a) in Photo 1), the
analysis of the profiles is possible and the
quantitative determinations of the skin friction
may be made from the relation (4).

At the leeside, in contrast to the windward
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Fig. 1. Observed values of the local skin friction along the surface of representative

wind waves.

The abscissa is the phase relative to the peak point of the crest and

The circles

the ordinate is expressed as the square of the friction velocity in water.
with arrows are values which are determined as apparently zero from the pictures
of bubble lines, without calculations by use of the relation (4) The whole results
in the present experiment are presented here.
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Photo 1. Some pictures of hydrogen bubble line profiles taken by a 35 mm still camera.
The wind is blowing from the left to the right at 6.2ms™ mean wind speed. The
water surface may be distinguished from the intersections of the bubble lines and
their reflections at the underside of the water surface. (a)~(e) are those taken at
the windward side of the crest and (f) is at the leeside.
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Fig. 2. Examples of the momentary distribution of the local skin friction

along the representative wind waves.

They have been determined from

some successive pictures taken in the passage of the crests. Each crest
is distinguished by different symbols.
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Fig. 3. The thickness of the surface skin flow at the windward side of the

crest determined from the bubble line profiles.

The solid circles are

those from which the determinations of the skin friction have been made.
The open circles with arrows show the maximum estimations when the
thickness of the surface skin flow is too small to determine it strictly.

side, the bubble line profiles are almost vertical
up to the very water surface in most of the
cases (f), The present method will not be
applied to such a case, but the skin friction
may safely be determined as zero. Reflections

of the flushed light at the air side of the water
surface occur when the water surface is irregular
by the presence of short capillary-gravity waves.
Especially at a little leeside of the crest where
the short capillary-gravity waves are accumu-
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lated, halations near the water surface have
almost always concealed the bubble line profiles
near the water surface. The determination of
the skin friction, therefore, has not been made
in this region.

The measurements of the skin friction have
been made along more than 80 representative
wave crests by use of 16 mm cine-pictures
taken at 42 framess™!. The whole results are
presented in Fig. 1, and those taken successively
at various phases with respect to some of the
crests are in Fig. 2. The abscissa represents
the phase relative to the peak of the crest, and
the ordinate the square of the friction velocity
in water (skin friction divided by the density
of water). The zero values determined without
the analysis by use of the relation (4), as men-
tioned above, are shown by circles with arrows.

It is apparently seen that the intensity of the
skin friction varies greatly along each crest of
wind waves. It increases rather abruptly or
continucusly at the windward side of the crest
and attains, near the peak, a value about four
times that obtained from the mean wind profile.
However, at the leeside, the skin friction is
considered as substantially rero. It seems to
decrease suddenly near ¢=30°, and suggest
that the separation of the air flow occurs at a
little leeside of the crest.

In Fig. 3 is shown the thickness of the sur-
face skin flow at the windward side of the crest,
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estimated from the bubble line profiles as seen
in Photo 1. The solid circles are those from
which the determinations of the skin friction
have been made. The thickness of the surface
skin flow seems to be inversely correlative with
the value of the skin friction in Fig. 1. The
thickness of the viscous sublayer close to the
smooth solid surface is approximately 5 times
the molecular kinematic viscosity divided by the
friction velocity (MoNIN and YAGLoOM, 1971).
Assuming the similar relation expressed by

v . . .
h=a——, where A is the thickness of viscous
Uy

surface skin fow layer, uuw the friction velocity,
and v the kinematic viscosity of water, then
the values in Fig. 1 and Fig. 3 give the constant
of the proportionality a of approximately 5 in
an average. Although the value will be rather
arbitrary since the determinations of /i have
not been made from the strict observatious of
the velocity profiles, it is interesting that it is
almost constant irrespective of the phase, except
the regions very close to the crest and the
trough, and the value of a of 5 may be inter-
preted as supporting the validity of the value
of 4w estimated by our procedure.

The values in Fig. 1 have been averaged with
phase intervals of 10°, and the results are shown
in Fig. 4. The value of the shearing stress of
wind determined from the mean wind profile,
2.96 dyn cm™2, is shown by the dashed horizontal

p
I5p ’ U =862 m/sec 1
o . F=2285m
// ) /'\k—A
g . +—B
to ’ \
Nu ‘\
& i
& Vv
£ Vi
= |
"5l |
3
\\
o} - g \ a o 0—0—0’_'% i
180 -0 0 %0 180°
Phase
Fig. 4. The distritution of the skin friction along the representative wind

waves, obtained by averaging the values presented in Fig. 1 with phase

intervals of 10°.

determined from the mean wind profile.

The dashed horizontal line indicates the stress value

The solid line A is an assumed

distribution of the values with a linear increase at the windward side,
and B is one with a guadratic increase toward the crest.
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line. The assumed distribution of the skin
friction may be represented by the solid curve
designated by A, or by B. The mean intensity
of the skin friction along the representagive wave

crest may be calculated by 7= ioj‘ t(dyd¢.
360°) - 180°

If z(¢) is taken along A, it amounts to 3.60
These
values exceed the shearing stress of wind de-
termined from the mean wind profile. How-
ever, this result is not curious if we consider
that 7 is not the statistical average determined
from measurements at all situations of water

dyn cm™2, and along B, 3.99dyncm™2.

surface, but the conditional average determined
for the restricted representative wave crests.
The water surface is not a simple train of
representative wind waves, but consists of waves
with wvarious scale, and there exist even the
regions where distinguishable wind waves does
not exist except for very short capillary-gravity
The result may be explained as that
the skin friction exerts the water surface more
intensively around the representative wave
crests. If the statistical average of the skin
friction were taken, it would give a value
smaller than the above values. Although the
shearing stress of wind determined from the
mean wind profile may not directly be compared
with 7, it may be possible to say that the
shearing stress of wind is transfered to water
primarily by the skin friction even when the
wind waves have developed.

As seen in our previous paper 11, the shearing
stress of wind before the generation of wind
waves, which was determined from the velocity
shear of surface skin flow at the water surface,
was only 0.74dyn em~2. Since the stress value
determined from the mean wind profile when
the wind waves developed was 2.96 dyncm™2,
it is seen that the wind stress increases greatly
with the growth of wind waves. STEWART
(1974) has suggested that the momentum transfer
across the air-water interface is supported
mainly by the pressure drag when the wind
waves exist. One of the basis of his discussion
lies in the fact that the drag coeflicient over
the wind waves is greater than that estimated
under the assumption that the water surface is
smooth. However, the present results do show
that this fact must be attributed almost solely
to the intensification of the skin friction by the

waves.

growth of wind waves, and not to the pre-
dominance of the pressure drag.

The results obtained here show that the
pressure drag is only small fractions of the total
wind stress, although its existence is supported
from the fact that the separation of air flow
occurs just past the crest. It may be estimated
as at most several percents. It will not be ade-
quate to discuss, from the present results only,
the validity of Phillips and Miles mechanisms
in which the pressure distribution along the
water surface is essential for the generation and
the growth of wind waves, since the measuer-
ments have been made only at restricted wind
and wave conditions, and the statistical average
of the skin friction has not been taken. Our
results, however, seem to suggest the possihility
that the skin friction has a crucial role in the
growth of wind waves. The particular flow
structure in the wind waves, described in I and
11, may be maintained by the skin friction which
acts concentrically near the crests at the wind-
ward side as seen in Fig. 4, and is part of the
essential character of the momentum transfer
process across the air-water interface. It will
not be so unrealistic to consider that the wind
waves and the drift current very close to the
water surface interact with each other, and a
portion of the momentum provided to the drift
current is transfered to the wind waves. In
fact, the drift current near the water surface
converges just past the crest and induce the
downward thrust of water there. The wind
waves will grow if only a portion of the con-
verged water mass is consumed to increase the
wave height.
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