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1. An Experimental Study of the Turbulent Structure of
Wind over Water Waves

Hajime KATO*
Kikuo SANO**

Synopsis

By the use of an X-array hot-wire system and the digital method, the meas-
urements have been made of the horizontal and vertical wind velocity fluctua-
tions, #’ and w’, over the three kind of waves in a wind-wave tunnel. The
cross spectral analyses with respect to %’ and w’ were extensively used mainly
to detect the wave-induced Reynolds stresses. In the first cases, where only
mechanically generated long waves existed by the application of soap into water,
the phase averaging were effectively used to obtain the wave-induced velocity
components. When the wave height H was small (H=1.1cm), only the positive
wave-induced Reynolds stresses were found at the small height above the wave
crests. For the wave heights as large as H=6.0 or 7.0cm, however, the nega-
tive wave-induced stresses were prevailing over most of the height except the
very small height above the crests where the stresses were positive. In the
second cases of wind-waves only, the wave-induced velocity fluctuations also
existed considerably at the lowermost measurement height. However they were
almost 90° out of phase and did not make much contribution to the #’w’-cospectra,
that is, to the total Reynolds stresses. Nevertheless the cospectra obtained in
winter showed signs of the negative stress. Although the seasonal differences,
not only quantitative but qualitative, in the values of —uw'w’ were found, the
results obtained at the seasons other than summer indicated that the turbulent
Reynolds stresses are nearly constant over the short distances close above the
wave crests. It was further found that the turbulent Reynolds stresses at those
heights are in reasonably good agreement with the surface shear stresses esti-
mated by applying the log-law to the lowest portion of the wind velocity pro-
files. In the third cases, where the larger mechanically generated waves and
smaller wind waves coexisted, only the negative wave-induced Reynolds stresses
of non-negligible magnitude were found regardless of the season, and the tur-
bulent velocity fluctuations were predominant even at the lowermost measure-
ment height somewhat in contrast to the first cases.

# Chief, Storm Surge and Tsunami Laboratory, Hydraulics Division.
#¢  Member of Hydraulic Laboratory, Hydraulics Division.
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An Experimental Study of the Turbulent Structure of Wind over Water Waves

1. Introduction

It is relatively recent years that the turbulent structures of wind over water
waves were given attention in connection with the wave generation problem.
Before the late 1950’s the studies of wind in this context were conducted mainly
in relation to the ‘sheltering hypothesis’ by Jeffreys (1924, 1925). Santon, Marshall
& Houghton (1932) and Motzfeld (1937), respectively, made the measurements of
air flow, especially the static pressure distribution, over the smooth solid wavy
surface placed in a wind tunnel. Their results indicated that the pressure dif-
ferences over those solid wave models are an order of magnitude smaller than
the differences required by Jeffreys to account for the growth rate of observed
waves. Although those results lowered the appraisal of the ‘sheltering hypothesis’
and led to a search for alternatives, these experiments were in fact almost irre-
levant to the wave generation problem (Phillips, 1966).

In the late 1950’s two wave generation theories were proposed by Phillips
(1957) and Miles (1957), respectively. The former brought the turbulent character
of wind into relief distinctly in relation to the wave generation, and the latter
introduced the interaction between wind and waves in the inviscid wave gener-
ation theory. Miles (1957) discovered that a Reynolds stress is generated by the
wave-induced air motion at the ‘critical layer’ where the wave speed equals the
wind speed. This stress is then supported by the wave-induced velocity fluctua-
tions in the air flow below the ‘critical layer’, and continually transfers momen-
tum to the waves.

Since then not a few relevant experimental results have been published,
mostly in favor of the inviscid theory by Miles for several years. Later on, how-
ever, it was found by Snyder & Cox (1966) and also Barnett & Wilkerson (1967)
that the growth rate of waves observed in ocean is much greater than that pre-
dicted by the inviscid theory. In the meantime generalizing the inviscid theory,
Phillips (1966) presented the detailed analytical discussions concerning the momen-
tum transfer mechanism by the wave-induced turbulent air motion. Miles (1967)
brought forward a conjecture that the significance of wave-induced perturbations
in the turbulent Reynolds stresses for momentum transfer from wind to waves
must increase with an appropriate scale parameter which is substantially larger
in the field observations than the laboratory experiments. Miles also made it
clear that the more detailed experimental data of those turbulent Reynolds stresses
is a prerequisite to the further theoretical progress. Although Stewart (1967)
submitted some doubts about the whole concept of Miles (1957) and alternatively
proposed new ideas involving the effect of the turbulence in wind and of differ-
ent flow configurations from that of Miles, the validity of those ideas could not
be checked either for lack of the relevant wind data.

Even part from the connection with the wave generation problem, it is re-
quired from the engineering point of view to study the turbulent structures of
wind over waves, especially in relation to the applicability of the so called log-
law. That is, although the log-law has been well established for the wind profiles
over the fixed rough surface, it will not be unfair to say that the relation has
not yet been confirmed critically for the wind over the water waves. This is
mainly because there is no means to measure the surface shear stress 7, so ac-
curately as to be able to check the validity of the log-low. Nevertheless the log-
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Hajime KATO and Kikuo SANO

law has often been used in order to obtain the friction velocity u, from the wind
profiles, occasionally in conflicting ways.

The measurements of wind velocity spectra and Reynold stresses over the
sea were made by Pond et al. (1963, 1966), Smith (1967) and Weiler & Burling
(1967). Although these results were almost irrelevant to the wave generation
problem, they contributed to shed light on the turbulent structures of wind up
to several meters above the ocean waves.

In the laboratory Kato & Sano (1969) conducted the measurements of the wind
velocity fluctuations over waves (with and without mechanically generated waves)
by the use of a hot-wire and the digital method, and found that although there
do exist the wave-induced velocity fluctuations in the degree in accordance with
the wave conditions and the height above the wave crests, the turbulent fluctua-
tions are predominant in general.

Recently Kendall (1970) measured the wind velocity fluctuations over the wavy
wall made of a smooth neoprene rubber sheet which progressed upwind or down
at controlled speed, and obtained the various wave-induced double correlation
terms relevant to the wave generation theory. The results indicated that the
waves strongly modulate the turbulent structure. The measurements of the hori-
zontal and vertical velocity fluctuations over water waves were also made by
Shemdin & Lai (1970) with and without mechanically generated waves in a wind-
wave channel by the use of hot-film anemometers.

In this report we describe the primary results of an experimental study on
the turbulent structure of wind and the wave-induced air motions over the three
kind of waves in a wind-wave tunnel by the use of an X-array hot-wire system
and the digital method similar to that described in the previous report (Kato &
Sano, 1969).

2. Experimental Equipment and Procedure

2.1 General Description of Experiments

The present experiments were conducted in the same wind-wave tunnel as
had been used in the previous experiments. The general sketch of the facility
is again shown in Fig. 1. The uniform test section is 150cm wide, 130cm high
and 2850cm long. The side walls and most of the ceiling consist of glass plates.
The enlarged part is situated on the leeward of the test section as seen in Fig. 1.

wind blower
wind blower

T T S 7 T T T rll/rr i
I s =11 @!
8 O 2 3 2B 033 S 5 A 5 v

]

unit incm

2850 ¥ 1580
wave absorber inlot of wind K
v D C B A'Z A inlet of wi wave_maker
|
Z r T~ 4 f : P
- 3 ; — o
i 75
Ie— 1200 —+—soo—x| 900 900 450 450-)”51 900 3

Fig. 1. Wind-Wave Tunnel
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An Experimental Study of the Turbulent Structure of Wind over Water Waves

At the leeward end of this part, wind is diffused and surface waves are dissipated
by a slope of pebbles and stainless steel turnings. At the wind ward end of the
waterway, a mechanical wave generator of piston type is equipped to generate
regular waves of relatively long period. On the windward side of the test section
is situated a wind blower, where wind is generated by an axial fan driven by
a 50 KW variable-speed motor. Large scale turbulence and rotation of air flow
caused by the fan are eliminated through guide vanes, a fine mesh screen and
honeycombs. After passing the contraction section, air flow is supplied onto the
water surface at the inlet section (shown in Fig. 1) by means of an adjustable-
height transition plate of 3m length which is hinged at the windward end. At
the Section A, 75cm leeward of the inlet, the wind speed distribution is quite
uniform both vertically and horizontally and the turbulence level Nut U (u' =
streamwise velocity fluctuations, U=mean wind speed) is nearly 0.4%.

In the present study, the measurements were made of wind velocity fluctua-
tions at the Section C of 18.75m fetch under the several conditions of waves and
wind speeds. Usually the number of revolution of blower’s fan per minute (rpm)
is effectively used for setting up a particular wind speed by adjusting and moni-
torring it to the order of 0.1rpm throughout a particular run by means of an
electric tachometer. Mainly we used the wind speeds for rpm 100, 200 and 300,
respectively. The corresponding mean wind speeds at A section were nearly 2.6,
5.6 and 8.2m/sec, respectively, and the maximum wind speeds at the measure-
ment station (C section) were roughly 3.1, 6.3 and 9.5m/sec, respectively, slightly
depending on the water surface conditions. The daily differences of the real
(measured) maximum wind speed at C section in the same case for the same rpm
were less than about 1%.

The measurements were performed under the three different wave conditions;
that is, (i) the case of wind waves only, where the wind was blown over the
clean still water, (ii) the case of mechanically generated long waves with height
of 5.7cm and period of 1.60 seconds, where the wind waves naturally generated
coexisted, and (iii) the case of clear long waves with period of 1.60 seconds, where
the suitable amount of soap was applied into water to eliminate wind waves com-
pletely and the water surface undulations were nearly sinusoidal. We will call
the second condition the case of ‘composite long waves’ in this report although
the term of ‘superposed long waves’ was used in the previous one. The wave
heights of ‘clear long waves’ used were 1.14, 5.98 and 7.03cm. The combinations
of those winds and waves will be shown later.

A digital data recorder (DATAC-2000, Iwasaki Commun. Instr. Co.) was used
for recording the output voltages from the hot-wire systems and the capacitance
wave meter. The recorder has three input channels now. After being pre-
amplified by the precision DC-amplifiers, if necessary, the input analog data are
converted into digital quantities and are recorded on a magnetic tape of 1/2 inch
width in a format fitted to the digital computer. The significant figures of the
A-D converter are three (—999~ +999) and the converting time is less than 150 g
seconds. The sampling time intervals available are from 1/45 to 1/1440 second
for one channel use. The quasi-simultaneous sampling is also possible, where
the time lag between the successive channels is 150 4 seconds. This type of sam-
pling was used for the multi-channel recording throughout the experiments.



Hajime KaAT0 and Kikuo SANO

2.2 Hot-wire Operation
Horizontal (streamwise) and vertical wind velocity fluctuations were meas-
ured by means of an X-wire probe and two suits of constant-temperature hot-
wire anemometer and linearizer system with a high frequency response, reported
by the manifacturer (Nihon Kagaku Kogyo Co.), of 0~50 KHz. The X-wire ele-
ment consists of two tungsten wire of 5u¢ and 1mm length fixed crossing each
other at the angle of 90°. The element is attached to the support of 8 mm¢ in
, such a way that each hot-wire makes
A ' the angle of +45° to the horizontal direc-
N\ Aas Tw’ tion in a vertical plane parallel to the
'_ / \%" ) Uy wind direction as shown in Fig. 2.
B .
The relation between the output volt-
Fig. 2. Orientation of an X-Wire Element age from the anemometer E and the nor-
mal wind speed to a hot-wire V, for a
particular operating condition with constant surrounding temperature, is expressed
to a good approximation as

E=El+aVi/?, (1)

where E, and a; are constants. We feed this voltage E to the linearizer to ob-
tain the output voltage M linearly proportional to V such as

M=KV . - (2)

The coefficients K4 and K for each wire were obtained from the calibration
carried out just before the each day measurements by placing an X-wire and a
pitot static tube side by side at the center position (z=40cm) of the tunnel core
portion at C section where the turbulence level was fairly low as will be shown
later. For four or five different wind speeds, the mean wind speed V (=U/+/2)
were measured by using the pitot static tube, while the linearizer output voltages
were recorded with the digital data recorder described above to obtain the mean
voltages M4, Ms. The calibration curves thus obtained, one of which is shown
in Fig. 3, were satisfactorily linear in general.

The total voltages, X and Y, from the X-wire system described above (X cor-
responding to a wire A in Fig. 2) are related to the wind velocity components by

X=——"e [U+(u’+u/)+ w
e, ],
1 w'? [
Y= T [U+(u'—u)’)+ U
_wtww, ],

where #’, w’ are the total streamwise
and vertical velocity fluctuations, respec-

tively, U the mean velocity, and «/, g R VI S &
are the constants determined from the Fig. 3. An example of the X-Wire Calibra-
calibration (a'=K4 and p'=Ks). There- tion Curves

—10 —




An Experimental Study of the Turbulent Structure of Wind over Water Waves

fore the first order fluctuating voltage components, X’ and Y’ are given, respec-
tively, by

a'X'=j—7(u'+w'> ,
1 (4)
ﬁ, Y'I=~/_7_(ul_wl) i

By putting o'/~ 2 =a, f'/~/ 2 =8, u’ and w’ are obtained as follows:

u'=aX'+pY’,
} (5)

w'=aX'—BY" .

Usually %’ and w’ may be obtained by the analog method from (5); if the sensi-
tivities of two linearizers are adjusted to produce the same conversion coefficients
such as a=p, then the adding and subtracting circuits give #’ and w’, respec-
tively. In the present experiments, however, the instantaneous total voltages,
X and Y, were recorded in the digital form at the small time interval 4¢ by
means of the digital data recorder, and »’ and w’ were evaluated at the interval
4t from the relation (5) by using a computer. This digital method enabled us
not only to save time in setting the instruments but also to apply the precise
conversion coefficients @ and B.

2.3 Velocity Measurement

At the wind field over water waves, the total velocity fluctuations »’, w’ are
resolved as follows:

w' =u+u',
(6)

w=w+w',

where #, w are the wave induced periodic components and w.’, w.’ the turbulent
components. Since the measurements were made in the middle vertical plane of
the tunnel width, the air flow there may be assumed as two-dimensional. In the
present study we measured the wave induced components as the phase-average
values with respect to time, not the mean values with respect to the transverse
coordinate (cf. Phillips, 1966, p. 90). That is, for the case of clear long waves
in our experiments,

zz(t.)=<u'>.=71,—:l W(t+iTy),
(7)
1 X .
12:(:.‘.)=<w’>.=FJ§l w(t+3iTy),

where f. denotes a time corresponding to a particular wave phase, ¢ >. the time
average with respect to a particular wave phase ¢ and Ty the wave period. If
{ > is simply used in the following, a particular phase is related implicitly in the
case of clear long waves. For the case of wind waves only, however, such aver-
aging was not possible and only the total power of the wave induced components
was roughly estimated.

— 11 —
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In the present study we made use of the cross spectral analysis with respect
to »’ and w’ in the digital way extensively, because we thought this was the only
means to detect the wave-induced velocity components, especially the wave-induced
Reynolds stresses in the cases of wind waves only (#’- and w’-spectra were ob-
tained as by-products). The computation procedures used were the same as those
in the previous report (Kato & Sano, 1969) and of general type. We usually took
4t=1/30 second in these computations to obtain the frequency resolution 4f=0.1
Hz with a maximum lag of 150, yielding the holding frequency fy=15Hz. There
was naturally the same problems of aliasing as discussed in some detail for the
computations of auto-spectra in the previous report (Kato & Sano (1969), see also
Blackman & Tukey (1958)). To eliminate the aliased power, we occasionally used
a simple numerical filter (3-point slid-
ing mean) as follows:

1
yi='§(xi—1+xi+xi+l) , (8)
3~-point
Simple Average

Ys ond Yo

where x; is input data and y: output
of i{-th., If the original sampling time
interval is 4r, the attenuation factor
7s at frequency f is given by

T T T
PR TR S TR TR ST S S

~oar L rs(f)=%(1+2 cos 2zfdz) . (9)
o 30 60 90 120 150 180
: Ff Hz
Fig. 4. Frequency Response of the 3-Point The relation (9) is shown in Fig. 4,
Sliding Mean and Array together with that for a 3-point array:

y:=0.252:-1+40.52:4+0.25L:+1 ,

1 10)
7a(f) =2 (1+4cos 2rnfd7) .

It is found from Fig. 4 (where 4¢=647) that the filter not only eliminates the
aliased power but also cut down the required components at the frequencies lower
than fv. The results obtained by this filter (8) with 4¢=1/180 second are distin-
guished by M- attached to the run-number in the later figures, like Y3312-M.

The simpler computation procedures were also used to obtain just u#'w’, u’®
and w’? for all cases, and the following relation was also useful:

ww = X —(XP]—-pI—(7)], (11)

where — denotes overall time average. In the case of clear long waves, we meas-
ured # (=<{u’), w, {u'*, <w'*» and {w’w’) by applying the procedure shown in
(7), from which further #w, {u’?, <(w./*> and {u/w.> were estimated by using
the following relations:

{udH={uw'y— (@), '
{w' D ={w'H — (W), 12)
ludw!>='w'd>—u-w . ;

— 12 —



An Experimental Study of the Turbulent Structure of Wind over Water Waves

In these cases we took special care for the period of wave generator to be ex-
actly 1.60 seconds; practically the deviation of total time corresponding to 300
wave periods was reduced to less than 0.2 second by using a stopwatch. For
the cases of the wave height H=6.0cm, we recorded the water surface undula-
tions at C section simultaneously with the wind velocity data by means of a ca-
pacitance wave gauge placed near one side wall of the wind-wave tunnel. These
wave data indicated that there existed a small shift of the wave period. Usually
the sampling time interval was 4¢=1/30 and the total data number for a single
number for a single computation N=6000. The position of wave crest, which
should appear at every 48 data, shifted in the worst case by 6 or 7 after 124
waves (=5952 data). It was found later that the mean values simply evaluated
with respect to every 48 data gave fairly good results, even if the phase shift
of this much existed. However, in the final computations of the relations such
as (12) for the cases of H=6.0cm we made corrections so that the computed and
real phase positions might not drift apart by more than one data. In the cases
of H=1.14cm such a correction was not made because a slight level of the noise
voltages from the capacitance bridge somewhat obscured the real crest positions.

3. Results and Discussion

3.1 The Cases of Clear Long Waves

In these cases the waves with a single period of 1.60 seconds were generated
by a wave generator, the wind waves being suppressed completely by applying
soap into water. The wave heights used in the experiment were mainly H=6.0
cm and H=1.14cm, and supplementally H=7.0cm. The wind speed used were
those established at rpm 200 and rpm 100. The corresponding mean wind velocity
profiles in the cases of H=6.0cm and H=1.14cm are shown in Figs. A-1 and A-2
in the Appendix. Note that a critical layer, where U=c (=192 cm/sec), appeared
at the height of z=3cm in the case of H=1.14 & rpm 100, while in the other
cases all measurements were made far above the critical layers. All experiments
in these cases were conducted at the room temperature of 15.0~19.0°C and that
of water 14.0~15.5°C in November, and it is likely that the hot-wire results were
not effected seriously by the seasonal difference, whatever the cause may be,
which will be discussed later.

~ The '~ and w’-spectra at a few heights in each case are shown in Figs. A-3
to A-6 to observe the relative magnitudes of wave-induced components which ap-
pear near the frequency of clear long waves, f;=0.625Hz. It is found from Figs.
A-5and A-6 that in the cases of H=1.14cm strong wave-induced powers exist in
u’-spectra rather than w’ at the lowest height (z=1.2 or 1.5cm) above the wave
crests and that they are reduced rapidly with increasing height. On the other
hand, the dominant powers induced by waves appear in w’ rather than #’ in the
case of H=6.0 & rpm 200 and in both %’ and w’ in the case of H=6.0 & rpm
100 at the lowest height (z=4.0cm) as seen from Figs. A-3-(a) and A-4-(a), respec-
tively. It is further seen that these wave-induced powers do not decrease re-
markably with height, which was already pointed out in the previous report
(Kato & Sano, 1969).

The variations of co- and quad-spectra with height in each case mentioned

A

above are shown in Figs. 5~8, and the corresponding coherences 7% are shown
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in Figs. A-7~A-10 in Appendix. The whole results at z=4cm in the case of H=
7.0cm & rpm 200 are shown in Fig. 9. The digital computations were performed
with 4£=1/30 second, N=6000 and maximum lag ~#=150. The spectral densities
for f>7Hz are omitted in these figures because no significant power existed
there. The remarkable variations of the spectral density around f=0.6Hz are
considered to correspond to the wave-induced components; the projection (or
depression) of co-spectral density there indicates the existence of the positive (or
negative) wave-induced Reynolds stress. Since —#’w’ is related to the co-spectral
density by

W= S“’ Conl S, (13)

it is expected that the area, which is the projecting (or depressing) part and a
line connecting the both side showing no wave-induced power, is nearly equal to
to the value of —zw (see Fig. 10).

On the other hand, the phase averaging described earlier (p. 11) yielded #
and w, from which —#@ were evaluated directly. —%Zw thus obtained are shown

M - Quw’ - Quvw —o— Cuwv
100+ Z=15cm Y S603 N

-100 + L 1 1 1 ! 1 ] ]

Y 5602

cm®sec”

-100 -

-|oo’—’D (c) z=2 Y 5505

200

100

-100

100 -ioo

-200 -

Fig. 5.

Co- and Quad-Spectra in the cases of

clear long waves; rpm 200, H=6.0cm

-200—

Fig. 6. Co- and Quad-Spectra in the cases of
clear long waves; rpm 200, H=1.14cm
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of clear long waves; rpm 200 & 100, H=6.0 Stresses in the case of clear
& 7.0cm long waves; rpm 200, H=
1.14cm

in Figs. 11~13. The values of —#w estimated roughly from the variations of
co-spectra in the way shown in Fig. 10 coincided with
H=114 those from phase averaging very well (within 3%) for the
RPM 100 cases of Figs. 6-a and 7-a and reasonably well (10~20%)
for other cases with detectable wave-induced powers.

Lo According to the inviscid theory by Miles (1957), the
wave-induced Reynolds stress exists only below a critical

2 om layer; # and w at the height above the critical layer are

? just 90° out of phase, yielding #w=0 there. Recently

i Hamada (1968) introduced the instability Reynolds stresses

k“ 10 other from Miles theory which might exist near the water
waves but above the critical layer, if the separation or

\q sliding of air flow took place at the water surface.
°R'ﬂ‘5‘-“-‘--“-§“;;\o--- Hamada expected this would be an effective cause of the

deviation of wind speed near the water surface in a wind-
wave tunnel from the so-called log-law.

UW  onfsec? The wave-induced Reynolds stresses measured in the
cases of ‘clear long waves’ appeared in a fairly compli-
Reynolds Stresses cated way. The results in the case of H=1.14 & rpm
in the case of 100 may be less reliable because of their small values,
clear long waves; Put in other cases the wave-induced Reynolds stresses
rpm 100, H=1.14 definitely existed above the critical layer. In the case
cm of H=1.14 & rpm 200 (shown in Fig. 12), positive wave-

Fig. 13. Wave-Induced
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induced Reynolds stress appeared at the lowermost measurement height (z=1.2
cm) above the wave crests and they decreased very rapidly with z, becoming sub-
stantially to zero at z=3cm, but no negative wave-induced Reynolds stress ap-
peared. In the cases of H=6.0 or 7.0cm (Fig. 11) the wave-induced Reynolds
stresses had positive values or a strong tendency toward positive side at the
lowermost measurement height, but they became definitely negative at a little
larger height. These negative stresses remained until the height of z=40cm
although the absolute values decreased very slowly with z.

The appearance of negative wave-induced Reynolds stress in the cases with
larger waves was rather unexpected result, and the authors suspect that this
implys a peculiarity of the experiment conducted in a wind-wave tunnel funda-
mentally different from the phenomena in the open field conditions. The similar
results were also obtained by Kendall (1970) in the measurement of —#w above
the mechanically generated wave train
in a sheet of smooth neoprene rubber.
On theother hand, Shemdin & Lai (1970)
reported nearly contrary results with
respect to the signs of the stress, which
will be discussed later.

For the cases of H=6.0cm (both rpm
200 and rpm 100), we also made an at-
tempt to estimate the double correlation
terms (u.'*), (w/?), and (u/w.’>, by the
method described earlier (p. 12), which
were originally introduced by Phillips
(1966, p. 97) to appear into the vorticity
equation governing the wave-induced
turbulent air motion. Those quantities
together with #, # and #& are shown in |
Figs. 14~18. A direction entitled ‘down _,40
wind direction’ shown in each figure in- ‘
dicates which of the two phase positions 3000, | .
taken on the abscissa was situated lee- . R
ward. There exist considerable scatter 2000l 4§
especially in —(u./w.’), which is probably
attributed to the lack of the total wave
number for averaging. The vertical dis-
tributions of the turbulent Reynolds
stress, —u./w.’, in the cases of H=1.14 600
cm, where the measurement could be
made relatively close to the mean water 400
surface, are shown in Fig. 19. For the
case of rpm 200 the distribution is simi-
lar to those measured in the boundary . )
layer on the fixed wall (e.g. Hinze 1959, Crest Trough Crest
p. 491), and the stress tends to be con-
stant at the heights lower than about pig, 14. %, @, (@), (’3y, (W% and

RPM 200 Z=4cm Y5600

cm/ sec

1000

200

—-— down wind direction

2.5cm. On the other hand, for the case
of rpm 100 —u/w,’ again decreases to-

—{u/w’) in the case of clear long
waves; rpm 200, H=6.0cm, z=4cm
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Fig. 19. Distributions of Turbulent Reynolds Stress in the

cases of clear long waves; rpm 200 & 100, H=1.14cm

ward the water surface at z<5cm.

3.2 The Cases of Wind Waves Only

In this case the measurements at the wind speeds for rpm 300 were made
twice and the measurements for rpm 200 were repeated several times throughout
a year, because not only quantitative but also qualitative inconsistency was found
in the values of total Reynolds stress obtained. As to the waves at the measure-
ment station (C section) in these cases, the peak frequency f, of the wave spectra
and His obtained from the total power of the spectra were f,=2.5Hz, Hi;s=2.5
cm for rpm 200 and f,=2.0Hz, Hi;s=4.3cm for rpm 300.

The variations of the obtained —#’w’ with height from the mean water sur-
face are shown in Figs. 20 and 21. Fig. 20 for rpm 200 includes all the results
in the measurements made at different seasons together with the experimental
dates and room temperatures. At a glance, it is observed from the both figures
that much scatter exists in the values of —#’w’ near the water surface. Looking
at carefully, it is found further that there is no doubt a tendency that the values
of —#'w’ near the water surface obtained at the season of high temperature
(summer) are larger than those at low temperature (winter). Moreover, in the
measurements at the time of high temperature the values of —#’w’ increased
monotonously with decreasing height, while at the lower temperature the maxi-
mum values turned up at a certain height z» (zn=5~6cm for rpm 200 and zn=
8~10cm for rpm 300) above the wave crests and below the height —z'w’ de-
creased toward the water surface. It is seen from Fig. 20 that the lower the
temperature was, the greater reduction in —u’w’ took place at the lowermost
measurement height. The variations of #’? and w’?, which were measured sim-
ultaneously with —#’w’ are shown in Figs. A-11 and A-12 in Appendix. Although
there is considerable scatter in the values of #® and w’® also, the seasonal trend
can not be found so clearly as in —#’w’. So far we have not been able to as-
certain whether such a difference was caused simply by the instrumental errors
or there is any trend in the natural wind properties.
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Fig. 20. Distributions of —#'w’ in the cases of wind waves only; rpm 200

One thing we can suspect is that the difference of the vertical temperature
distribution over the water surface may have resulted in such an inconsistency
to some extent. We carried out the hot-wire calibration at the height of 2=40
cm above the water surface as described previously, and the temperature of flow-
ing air near the water surface is usually somewhat lower than that at the cali-
bration height. This could, more or less, change the hot-wire calibration con-
stants near the water surface. The influence of this change appears directly in
the total output voltage, that is in the measurement of mean velocity. Since,
however, this effect is considered to be much less influencial in the measurement

40
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30 @ o Dec. 10.5°C
20} [ ] o
z | * ©
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Fig. 21. Distributions of —#z/w’ in the cases of wind waves only; rpm 300
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Fig. 22. #’w’ Cross-Spectrum in the case of wind waves
only; rpm 200, z=3cm

of the fluctuating components, we have made no correction for this effect. The
temperature difference 47 between air (in the laboratory) and water is usually
in the range of 4° to 5°C, but it increases up to about 6°C in summer and de-
creases down to about 2°C or less in winter (in autumn 47 occationally becomes
to nearly zero). When 47=6°C in summer, the temperature difference of flow-
ing air 47y between near the water surface and at z=40cm could mount up to
about 3°C for rpm 200 (cf. Kato & Takemura, 1966). When 47T =2°C or less in
winter, 471 must be about 1°C or less. Such a degree of difference of 471, how-
ever, can hardly be considered to have produced the seasonal difference of the

WIND WAVES ONLY
RPM 200 Z=10cm

Fig. 23. #'w’ Cross-Spectrum in the case of wind waves
only; rpm 200, z=10cm
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Fig. 24. w'w’ Cross-Spectrum in the case of wind waves
only; rpm 300, z=4.5cm
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Fig. 25. wu'w’ Cross-Spectrum in the case of wind waves
only; rpm 300, z=10cm
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Fig. 26. Co- and Quad-Spectra in the cases of wind waves
only; rpm 200; (a) z=3cm, (b) z=6cm

results so much as shown in Figs. 20 and 21.

As mentioned above the flowing air over the water surface was in more stable
condition in summer than in winter. In a stably stratified shear flow the Reynolds
stress is usually smaller than in a neutral flow. The seasonal difference of —u'w’
found in the present experiment contradicts to the fact also.

Concerning the results of the cross spectra between u’ and w’, the effect of
the different temperature (or season) was hardly observed except a weak tend-
ency found in the variations of cospectra near the frequency f». Some of the
whole cross spectral results, namely co- and quad-spectra Cuw and Quw, phase
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Fig. 27. Co- and Quad-Spectrum in the case of wind waves
only; rpm 200, z=3.5cm
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angles # (which represents the phase lags of the w’-record relative to the u’-
record) and coherences 79, are shown in Figs. 22 and 23 for rpm 200 (at Temp.=
23°C in July) and in Figs. 24 and 25 for rpm 300 (at Temp.=29°C in Sept.), which
were obtained at the seasons of relatively high temperature as indicated in the
parentheses above. The results of co- and quad-spectra, which were obtained at
the winter season, are shown in Fig. 26-a, b (at Temp.=8.5°C) and Fig. 27 (Temp.
=11.5°C) for rpm 200 and in Figs. 28 and 29-a,b for rpm 300 (Temp.=10.5°C).
Examples of #’- and w’-spectra are shown in Figs. 30~32.

As seen from Figs. 30 and 31, there exist considerable wave-induced velocity
fluctuations, which appear near the frequency f, in the #’- and w’-spectra, at the
lowermost measurement heights above the wave crests and the bulk of w’-power
there consists of the wave-induced component. Figs. 22 and 24 indicate that these
wave-induced »’ and w’ components are nearly 90° out of phase (#’ component is
leading) and that they do not make much contribution to the cospectra if any,
although a strong peak appear near the frequency f, in the quad-spectra. How-
ever, most of the cospectra at the small heights obtained in winter show signs
of negative wave-induced Reynolds stress in the same way as illustrated in Fig.
10. For the case of rpm 300, shown in Figs. 28 and 29-a, the magnitudes of the
negative stresses estimated by the graphical method of Fig. 10 are nearly as large
as the magnitudes of the reduction in —u’w’ near the water surface (see also
Fig. 21). For the cases of rpm 200, the magnitudes of the negative stresses esti-
mated in the same way seem to be a little smaller than those of the reduction
in —#'w’ near the water surface, and the reduction may be distributed in a wider
frequency range. On the other hand, some of the »’w’-cospectra obtained at the
summer season even show, in fact, slight indications of the positive wave-induced
Reynolds stress. Such a typical example is presented in Fig. A-13 in Appendix,
but note that this is the same experimental case as that shown in Figs. 24 and 25.

At the height of z=10cm, practically no wave-induced power can be found
for rpm 200 as seen both from the w’-spectrum in Fig. 30 and from the co- and
quad-spectrum in Fig. 23, and the phase lags between #’ and w’ at that height
are nearly 180° at all frequencies, simply showing a feature of the turbulent shear
flow. For the case of rpm 300 a small amount of wave-induced power still re-
mains at that height, especially in w’ as seen from Fig. 32.

The mean velocity profiles in neutral air over the water waves are also widely
believed to be represented by

U(z)=% log. Zi , (14)
0

where U(z): mean wind velocity, z: height above the mean water surface, u,:
friction velocity (=+/z,/pa), 7,: wind shear stress at the water surface, p.: den-
sity of air, z,: a constant called ‘roughness length’, and «: a constant called
‘Karman’s constant’ usually taken to be 0.4.

The relation (14), which is called log-law, has been well established for the
boundary layer over the fixed rough surface; the wind profiles over the fixed
surface usually exhibit a good logarithmic portion, which is certainly represented
by (14) through the real z,, at the height from the surface to 10~20% of the
boundary layer (e.g. Clauser, 1956).

On the other hand, this relation has not been confirmed critically for the wind
profiles over the water waves and there are still ambiguous problems in applying
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this ‘log-law’ to those wind profiles, especially in a wind-wave tunnel. It is
largely becacse there is no means to measure z, at the water surface so accu-
rately as to be able to examine the validity of the relation (14). In the boundary
layer over the waves, mean wind profiles can not be measured near the water
surface. Even if the wind speed is measured, it is often less accurate because
of the large velocity fluctuations than over the solid surface. Moreover it has
often been pointed out or discussed that the wind speeds deviate from the log-
profile (14) near the water surface (e.g. Stewart (1961), Hamada et al. (1963),
Mitsuyasu (1964), Phillips (1966), Hamada (1968), etc.). For these reasons there
remains the following question to be solved, even if the log-law is applicable to
the wind profiles over waves: To what portion of the profiles should the relation
(14) be applied to obtain the real u, (or z,)?

Notwithstanding these problems the relation (14) has often been used in order
to estimate u#, from the wind profiles (but occasionally in conflicting ways), since
uy, is a representative parameter in the experiment of wind and waves and this
method is usually the only simple means to obtain it.

One of the main object of the present experiment was to shed some light on
the applicability of the log-law to the wind profiles over water waves. This could
not be accomplished satisfactorily because of the seasonally inconsistent results
in the values of —#’w’ described before. However we will discuss to the possible
extent about the relevant matters mainly on the assumption that the results ob-
tained at the summer season are less reliable than those at the other seasons in
the present experiment.

As for the theoretical base of the log-law, it is derived from the mixing-
length theory of Prandtl or Karman (e.g. Schlichting (1968)) by presuming the
existence of the constant-stress layer next to the boundary but outside the viscous
sub-layer, although there are also other derivations from the similarity reasoning
(Townsend (1956), Hinze (1959), etc.).

The values of —#’w’ obtained at the seasons other than summer for each
run of both rpm 200 and rpm 300 increased with decreasing height until a certain
height zn where they took the maximum values, and zn=5~6cm for rpm 200 and
Zn=8~10cm for rpm 300 (see Figs. 20 and 21). Below those heights —u’w’ de-
creased toward the water surface. However the reduction of —#’w’ near the
wave crests were mostly attributed to the wave-induced Reynolds stress —pa%w
as mentioned previously. Taking this into consideration, the turbulent Reynolds
stress distribution is regarded as nearly constant over the short distances above
the wave crests. Then the wind shear stress acting on the water surface z, is
expected to have approximately the same values as the turbulent Reynolds stresses
—patts’w,’ attained there, which are in turn practically equal to the values of
—paw’'w’ at the height zn mentioned above. In this way, u,? is expected to be
equal to —#’w’ at the height zm.

The measurements of the mean wind profiles for rpm 200 were made severa]
times throughout a year similarly to the measurements of velocity fluctuations.
Two of those profiles which were measured in winter are shown in Fig. 33-a, b.
The profile in Fig. 33-a has a good linear portion, which is indicated by a line
there. Applying the relation (14) to this portion, we obtain #,=26.6 cm/sec and
consequently #%,?=708cm?/sec’. On the other hand, the profile in Fig. 33-b has
too much scatter for one to find a suitable straight line for the log-law. It was
not rare in our experiments that the scatter of the points in the obtained wind

— 28 —



An Experimental Study of the Turbulent Structure of Wind over Water Waves

profiles was as much as that in Fig.
33-b. If we dare to draw a line such
as seen in the figure (dotted one), it
gives u,=22.6cm/sec and »,?=551cm?/
sec!. Of course this value may in-
clude a considerable error, and the
results will not be improved very
much even if the least square error
method is used. We presented the
latter profile to illustrate the wrost
limit, but not rare in general, of the
accuracy of «, obtained from the wind
profiles at the wind speed for rpm
200. Be that as it may, the values of
u4? obtained from the two wind pro-
files are found to be in reasonably
good agreement with the values of
—u'w’ obtained at about z=5cm (see
Fig. 20). Finally we make an addi-
tional remark that other two profiles
with a good log-linear portion which
were measured in summer gave a lit-
tle larger values of u,. However its
relevance to the seasonal difference
of —w'w’ is not clear.

On the other hand, the wind pro-

700 — 1

600 |- —
o

5 o N

500 |- M . -

400 : -

300 |~ —

600} b 0 %% ]

500 |- - —
0.

A 5o -

400 |- & _

300 -

T TTTTH T T TTTTIT

1 1 1 P11tl L1 it

T T 777711 T T TTTTIT

111 11 1 1111l
7 10 20 50 100

Zcm

Fig. 33. Wind Velocity Profiles in the cases of

wind waves only; rpm 200

files for rpm 300 did not show a linear portion so clearly as for rpm 200. A
typical wind profile for rpm 300 is shown in Fig. 34. If we attempt to apply the
log-law to this kind of profile in order to obtain u,, it is a problem which portion
of the profile to take. One may take the lowest portion, drawing a line such as
I in the figure, and another a little higher portion such as II (someone may even
take the more higher portion). In the case of Fig. 34, the line I gave #,=35.1
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Fig. 34. Wind Velocity Profile in the case of

wind waves only; rpm 300

cm/sec, u,'=1230cm?/sec?, while the
line II gave u,=43.6cm/sec, u,?=1900
cm?fsec’.. So long as we follow the
assumption made earlier, the line I
seems to give the better agreement
of u,? obtained from the profile with
the results of —#’w’ shown in Fig. 21.

3.3 The Case of Composite Long
Waves

The experiment of this case was
conducted mainly at the wind speed
for rpm 200 (U.=6.35m/sec) and less
extensively than the other two cases.
The waves were composed of pre-
dominant long waves of 7,=1.60 se-
conds and H=5.7cm which were gen-
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Fig. 35. #’w’ Cross-Spectrum in the case of composite long
waves; rpm 200, z=6cm

erated mechanically and smaller wind waves. )

Co- and quad-spectra at z=6, 10 and 20cm, which were obtained in summer,
are shown together with the coherences in Figs. 35~37. The results obtained in
winter were not different from the results shown in those figures except that the
cospectral densities in winter were slightly smaller than those in summer in
accordance with the difference in —#’w’, which will be shown later.

In this case the velocity fluctuations corresponding to the main frequency of
wind waves (f=2.5Hz) were not found very much either in #’- and w’-spectra
or in co- and quad-spectra even at the lowermost measurement height (z=6 cm).
On the other hand, the fluctuations induced by the long waves appeared strongly
just as in the cases of clear long waves with H=6.0 or 7.0cm. That is, the co-
spectra obtained both in summer and in winter at all measurement heights had
a strong positive peak near f=f;=0.6Hz, indicating that there existed a consid-
erable amount of negative wave-induced Reynolds stress. In this case, however,
no positive wave-induced stress was found, and this is probably because the

r Q ~, COMPOSITE LONG WAVES
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Fig. 36. #’w’ Cross-Spectrum in the case of composite long
waves; rpm 200, z=10cm
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COMPOSITE LONG WAVES
RPM 200 Z=20cm

Y4605

Fig. 37. u#'w’ Cross-Spectrum in the case of composite long
waves; rpm 200, z=20cm

measurement could not be made so close to the mean wave crest as in the cases
of clear long waves. One more notable matter is that the coherences #* near
Ff=0.6Hz were extremely small even at z=6cm and the obtained phase lag
between »’ and w’ was consequently very unstable (according to Jenkins (1963),
the variance of the estimates of phase lag is in proportion to [(1/y®)—1]). This is
somewhat in contrast to the cases of clear long waves. At the height z=40cm,
however, all turbulent components were remarkably reduced and alternatively
the wave-induced components became prominent, producing a high «’w’-coherence
of $2=0.9 at f=0.6 Hz.

The measurements of #’ and w’ have also been made by Shemdin & Lai (1970)
over the composite long waves (H=8.64cm, f;=0.70Hz and ¢=226cm/sec) in a
wind-wave tunnel a little larger than that used in our experiments by using
hot-film anemometers, and the u’w’-cospectra were obtained by means of the
analog method. Strange to say, however, there seems to be a definite difference
between the results of Shemdin & Lai and ours with respect to the wave-induced
Reynolds stresses. In their experiments the cospectrum for z=10.2cm obtained at
the fetch 9.15m for the reference wind speed 10.7 m/sec exhibited a very dominant
negative peak at the frequency of the mechanically generated waves f;=0.70 Hz,
indicating a large positive wave-induced Reynolds stress. That positive stress
distinctly appeared also at the heights of z=20.3cm and z=50.8cm although their
absolute values decreased with increasing height. The positive wave-induced
stresses were also found at the fetch 25.4 m for the same wind speed.

For the purpose of reference, we made measurements of #’w’-cospectra for
the higher wind speeds, such as U.=8.0, 9.6, 11.3, 12.9m/sec at the height z=
10cm, but only the negative wave-induced Reynolds stresses similar to those in
Figs. 35 and 36 were found.

Our results were obtained at the fetch 18.8 m, while those of Shemdin & Lai
at the fetch 9.15m and 25.4m. It is least probable, however, that the wave-
induced Reynolds stresses vary changing their sign alternately with fetch. Then
the reason can not be made out why our results differed so seriously from those
of Shemdin & Lai (1970).

The values of —u’w’ obtained from the two different runs conducted in sum-
mer and winter, respectively, are shown in Fig. 38 (with dark marks) together
with the corresponding results for the cases of wind waves only obtained at the
same day (with open marks). The difference of the results between the two
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Fig. 38. Distribution of —#’w’ (rpm 200): @, A—compo-
site long waves; O, A—wind waves only

seasons is obvious and just the same as in the cases of wind waves only. It is
further seen that the values of —u’w’ for the cases of composite long waves are
considerably smaller than those for wind waves only. Of course the negative
wave-induced Reynolds stresses existed in the former cases, but their magnitude
roughly estimated from the variations of cospectra by the graphical method of
Fig. 10 are 60~70cm?/sec? at most and obviously smaller than the above-mentioned
difference between the former and the latter cases. Therefore, the turbulent
Reynolds stresses in the former cases seem to be smaller than those in the latter
cases at the small heights above the water surface.

4, Conclusions

The measurements have been made of the horizontal and vertical wind ve-
locity fluctuations, #’ and w’, over the three kind of waves in a wind-wave tun-
nel by the use of an X-array hot-wire system and the digital method. The main
findings obtained are as follows:

1) The existence of the wave-induced velocity fluctuations was found not
only in #’- and w’-spectra but also in the cross spectra between #’ and w’.

2) It was found that —#w obtained from the variation of cospectra by the
graphical method of Fig. 10 gives a reasonably good estimate of the wave-induced
Reynolds stresses.

3) In the cases of ‘clear long waves’, the wave-induced Reynolds stresses
definitely existed above the critical layer. When the wave height was small
(H=1.1cm), only the positive wave-induced stresses were found at the small
height above the wave crests. For the larger wave heights (H=6.0 or 7.0cm),
however, the negative wave-induced stresses were prevailing over most of the
height except slightly above the wave crests where they were positive.

4) In the cases of wind waves only, the wave-induced velocity fluctuations
also existed considerably at the lowest height above the wave crests. However
they were almost 90° out of phase and did not make much contribution to the
u'w’-cospectra if any, mostly contributing to the quad-spectra. Nevertheless the
cospectra obtained in winter showed signs of the negative wave-induced stresses.

5) In these cases the seasonal differences, not only quantitative but also
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qualitative, were found in the values of —u’w’ especially near the water surface.
The results obtained at the seasons other than summer indicated that the turbu-
lent Reynolds stresses are likely to be nearly constant at the small heights above
the wave crests. It was further found that those nearly constant stresses are in
reasonable agreement with the surface shear stresses estimated by applying the
log-law to the lowest portion of the wind velocity profiles.

6) In the cases of composite long waves, only the negative wave-induced
Reynolds stresses of non-negligible magnitude were found at all the measurement
heights regardless of the season, and the turbulent velocity fluctuations were
predominant even at the lowest height somewhat in contrast to the cases of
‘clear long waves’.

The authors wish to express their appreciation to Dr. T. Hamada, Chief of
Hydraulic Laboratory, for the suggestion of the measurement for the case of
smaller wave height and for the critisisms given in the course of preparation of
this report. The digital computations have been conducted by the use of a dig-
ital computor TOSBAC 3400 at the Computation Center of the Port and Harbour
Research Institute, and the thanks are also due to Messrs. N. Ogawa and M.
Tsubata, members of the Computation Center, for the arrangements offered to
the authors mainly in the connection of the digital data recorder with the com-
puter.
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List of Symbols

hot-wire constant (cf. Eq. 1)

phase velocity of periodic waves

output voltage from a hot-wire anemometer

hot-wire constant (cf. Eq. 1)

cospectral density between ' and w’

frequency

frequency of the mechanically generated waves

holding frequency in the spectral computations

frequency at which a wave spectrum shows the maximum density
frequency resolution in the spectral computations

maximum lag in the spectral computations

crest-to-trough wave height

significant wave height estimated from the total power of the wave
spectra

conversion coefficient (cf. Eq. 2)

total output voltage from a linearlizer

total number of the data used in a computation

quad-spectral density between #’ and w’

attenuation factor for the 3-point array

attenuation factor for the 3-point sliding mean

revolution number of the blower’s fan per minute

time position corresponding to a particular wave phase

data sampling time interval

wave period

temperature difference between air (in the laboratory) and water
temperature difference of flowing air between near the water surface
and at z=40cm

total horizontal (streamwise) velocity fluctuations (=#4u.’)
horizontal wave-induced velocity fluctuations (=<u’))

horizontal turbulent velocity fluctuations

friction velocity (=+/7,/pa)

mean wind speed

maximum wind speed

total vertical velocity fluctuations (=w+w:’)

vertical wave-induced velocity fluctuations (=<{w’))

vertical turbulent velocity fluctuations

normal wind speed to a hot-wire

wave-induced Reynolds stress divided by ps

turbulent Reynolds stress divided by pa

total output voltages from an X-array hot-wire system, X correspond-
ing to a wire A in Fig. 2

fluctuating part of X and Y, respectively

height above the mean water surface

height at which —#’w’ takes the maximum value

roughness length

upper bar denoting overall time average

— 35 —



Hajime KATO and Kikuo SANO

time average with respect to a particular wave phase
equivalent to < >.

constants determined from the hot-wire calibration curves
constants (a=a’[~ 2, B=p[+2)

coherence between #’ and w’

subscript referring to a particular wave phase

Karman’s constant (=0.4)

phase lag of the w’-data relative to the »’data

density of air

wind shear stress at the water surface

original sampling time interval for the 3-point sliding mean
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Fig. A-1. Wind Velocity Profiles in the cases of clear
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long waves; rpm 200 & 100, H=1.14cm
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Fig. A-7. #'w’ Coherences for the cases of
Fig. 5 (rpm 200 & H=6.0cm)

Fig. A-8. u«'w’ Coherences for the cases of
Fig. 6 (rpm 200 & H=1.14cm)
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