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The structure of the turbulent shear flow over a propagating wave of fixed {requency
is examined. The vertical and horizontal velocities were measured in a wind-wave
facility at Stanford University. The structure of the wave-perturbed turbulence
was found to depend significantly on the ratio of the local mean velocity to the wave
speed. The results support the idea of ‘cat’s-eye’ type flow about the mean critical
height.

1. Introduction

Water waves and their interactions with turbulent shear flows have been intriguing
subjects for observation and speculation for many years. Much of the theoretical work
in this field is related to problems of wave generation and wave growth mechanisms
based on extensions of the work of Miles and Phillips. Many experimental investiga-
tions have been undertaken but their results show considerable disagreement between
theories and observation. With the advent of high-speed computers and the advance-
ment of numerical techniques, the most recent approach to these problems consists of
constructing numerical flow models. The work by Davis (1970), Townsend (1972) and
Norris & Reynolds (1975) is representative of this approach. Numerical models require
some type of closure assumption for the turbulent shear stresses and the lack of
complete experimental data exerts a restraining influence on progress. As was pointed
out by Davis (1970), the problem of wave generation cannot be solved until the wave’s
influence on the turbulent shear flow is understood.

The structure of the turbulent boundary layer in the absence of waves is fairly well
understood. The visual studies of turbulent shear flows by Corino & Brodkey (1969)
and Kim, Kline & Reynolds (1971) revealed the salient features of Reynolds-stress
production in the wall region of the boundary layer. Using the conditional sampling
technique introduced by Kovasznay, Kibens & Blackwelder (1970), Lu & Willmarth
(1973) and Brodkey, Wallace & Eckelmann (1974) have reported in detail on the
velocity field in wall-bounded shear flows.
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FicURE 1. Schematic diagram of the Stanford wind-wave facility.

There have, of course, been many measurements in the laboratory of the air flow
over waves. Kendall (1970) described measurements of the pressure and velocity fields
over a wavy wall consisting of a smooth rubber sheet mechanically deformed into
sinusoidal waves. His results showed some of the influence of waves on the turbulent
flow structure. Stewart (1970) made a detailed study of wave-induced velocity fields
by using artificially generated waves. Chang, Plate & Hidy (1971) measured the
turbulent motion over wind-generated water waves; their measurements of local mean
velocity profiles and spectra show considerable alteration of the turbulence owing to
the waves. Lai & Shemdin (1971) concentrated on establishing the degree of wind-wave
interaction in terms of various spectral measurements. Both Stewart (1970) and Lai &
Shemdin (1971) dealt mainly with the behaviour of the wave-induced fluctuations
rather than the pure turbulent velocities.

The present paper describes a series of measurements of the velocity field in the
boundary layer over progressive water waves made at Stanford University. The study
is restricted to mechanically generated water waves, over which the velocity fluctua-
tions and the wave heights were measured from a platform fixed relative to the mean
water surface. In this respect the study is similar to that of Stewart (1970); however
more attention was paid here to the turbulence fluctuations over the waves. The
influence of the waves on the velocity field is explored by comparisons with studies of
turbulent flow over smooth boundaries, as well as with other data of a similar nature.

2. The experiment

The experiment was conducted in the Stanford University wind-wave facility
described by Hsu (1965): figure 1 shows the main features of the wind—-wave channel.
When this channel is filled with water to a depth of 1 m, the air flow test section
remaining is approximately 20m long, 1 m wide and 1 m high. The cross-sectional
distribution of air flow in the channel reported by Hsu indicates that the flow is two-
dimensional throughout almost the entire test length.

A mechanical wave generator capable of generating selected wave forms is located at
the upstream end of the channel. A beach of rectangular baskets filled with steel
turnings absorbs the waves at thedownstream end of the channel. Air is drawn through
the test section by a suction fan located at the downstream end of the channel. The air
inlet, situated approximately 3 m downstream of the wave-generating plate, contains
a honeycomb 10 cm thick and a group of screens to reduce the initial turbulence. To
ensure smooth air flow into the channel, a 2m long flat plate is placed at the end of
the air inlet section. The dynamic features of the channel with respect to mechanically
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generated waves are reported by Bole & Hsu (1969). The wave reflexion coefficient for
waves of frequency 1 Hz was found to be about 5 9.

The velocity measurement station was located approximately 13m from the air
inlet, where the average depth of the boundary layer was approximately 30 cm. All
measurements were made with the velocity probe mounted on a traverse which could
be fixed at prescribed heights above the mean water level. Data were taken at 20 fixed
heights between 3-2 and 34 cm above the mean level for 10 values of the free-stream
velocity ranging from 1-5 to 5 ms—L. All measurements were made over mechanically
generated waves of frequency 1 Hz and amplitude 2-5 cm. The speed C of these waves
is 1-55 ms~1. Different data runs are identified by double numbers such as 5-8. The
first number distinguishes the different free-stream velocities and the second number
the different measurement heights.

The fluctuating velocity components were detected using a quartz-coated cross
hot-film probe of diameter 0-005 cm and length 0-1016 cm and Thermo-Systems, Inc.
constant-temperature anemometers. The hot-film sensor was calibrated in the core or
uniform flow region of the wind—wave channel immediately before and after each run.
There was a long period of calibration stability for the films used, and generally the
difference between any two successive calibrations was less than 3 9.

The alignment of the cross-film with respect to the mean flow was checked by
rotating the sensor through 180° about the centre-line and performing an additional
calibration. Generally, the computed tilt angle was less than + 1°. The output signals
from the anemometers were appropriately amplified and low-pass filtered with
Rockland 1022F filters with the cut-off frequency set at 500 Hz. Wave heights were
measured. using a capacitance-type gauge. The output of the wave gauge is a voltage
linearly proportional to the immersion length. The signals from the two hot-film
channels and the wave gauges were sampled every 0-001 s and stored on tape for later
analysis using the computer system described in Takeuchi & Mogel (1975).

Velocities above the waves consist of a mean, a wave-induced perturbation, and a
turbulent component. A phase-averaging technique was employed to extract the wave-
induced fluctuations from the total signals. The instantaneous velocity field is written

in component form as
u1=U¢+ﬁt+u;, i=1’2: 3) (1)

where U, is the time-averaged mean velocity, i, is the wave-induced perturbation and

u} is the turbulent fluctuation. The phase average is defined by

{uy(z,t)) = lim 1

N
Jim an;'o w (x, t+nT). 2)

Here T is the period of the perturbation. This yields

(ugy = U+ (3)
since by definition {u}) = 0, and the turbulent fluctuation can be obtained from

ug = 2wy — Uy

The first step in the analysis consisted of playing back the data tapes and recording
the times at which the water waves had zero displacement from the mean water
level and a positive slope. With the sampling rate used, each wave period contained
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—u'y’
U, U, Re (w2} vk x 10-4
Run (ms-1!) (ms-l) U,/C U,/C x 104 yld y+ (m s-1) (ms~1) (m? g-2)
1-1 1-33 0-945 0-86 0-81 3-68 0-085 169-7 0-105 0-0264 4-09
1~2 1-33 0-988 0-86 0-64 3-68 0-098  195-7 0-098 0-0271 5-87
1-4 1-33 1-05 0-86 0-68 3-68 0-12 256-7 0-094 0-0275 5-88
1-8 1-33 1-14 0-86 0-74 3-68 0-18 377-0 0-080 0-0270 5-29
1-10  1-33 1-18 0-86 0-76 3-68 0-23 466-9 0-076 0-0262 5-07
31 1-70 1-26 1-1 0-81 3-94 0-09 196-7 0-116 0-0335 7-43
5-1 2:01 1-39 1-3 0-896 4-98 0-113 3075 0-142 0-0449 12-6
5-3 2:01 1-43 1-3 0-922 4-98 0-14 377.7 0-132 0-0455 11-79
5-5 2-01 1-47 1-3 0-948 4-98 0-18 477-0 0-133 0-0465 14-56
5-7 2-01 1-53 1-3 0-987 4-98 0-21 578-0 0-130 0-0471 13-74
5-9 2:01 1-57 1-3 1-012 4-98 0-25 680-0 0-124 0-0464 13-65
5-11  2.01 1-67 1-3 1-077 4-98 0-32 881-0 0-119 0-0466 13-65
5-13 201 1-76 1-3 1-135 4-98 0-4 1082-0 0-112 0-0445 12-98
5-15 201 1-79 1-3 1-394 4-98 0-47 1285-0 0-105 0-0425 10-57
5-17 2-01 1-87 1-3 1-206 4-98 0-58 15880 0-0876 0-0394 6-52
5-19 2.01 1-98 1-3 1-278 4-98 0-95 2595-0 0-0537 0-030 1-402
7-1 2-48 1-58 1-6 1-02 4-08 0-13 285-7 0-170 0-0560 18-9
7-2 2:48 1-63 1-6 1-05 4-08 0-15 316-9 0-165 0-0585 21-0
7-4 2-48 1-71 1-6 1-10 4-08 0-19 405-2 0-163 0-0612 22.7
7-6 2:48 1-77 1-6 1-14 4-08 0-24 511-7 0-160 0-0626 23-7
7-8 248 1-82 1-6 1-17 4-08 0-29 620-8 0:157 0-0623 22-5
7-10 248 1-92 1-6 1-24 4-08 0-39 836-4 0-150 0-0617 21-2
9-1 2:79 2:16 1-8 1-39 5-91 0-10 3034 0-211 0-078 62-3
11-1 3-25 2-33 2-1 1-50 7-37 0-10 392-0 0-240 0-0886 72-4
17-1 4-43 2-94 2-86 1-90 9-29 0-11 599-0 0-358 0-130 75-7
17-2 4-43 3-05 2-86 1-97 9.29 0-13 703-0 0-346 0-127 73-6
17-4 4-43 3-26 2-86 2:10 9-29 0-17 922-0 0-324 0-123 58-3
17-6 4-43 3-37 2-86 217 9-29 0-21 1136-0 0-315 0-120 56-9
17-8 4:43 3-48 2-86 2:24 9:29 0-25 1355-0 0-291 0-116 50-6
17-10  4-43 3-58 2:86 2:31 9-29 0-31 1679-0 0-258 0-114 49-0

TABLE 1. Mean flow characteristics. U,, = free-stream velocity, U, = local mean velocity, Re = U_ d/v,
J = boundary-layer thickness, y+ = yu,[v, ¥ measured from mean water level.

approximately 1000 points and the maximum variation in the wave period (the
interval between two successive zero crossings) was 1 %,. The zero crossings were then
used to control phase averaging of the velocity signals [equation (2)]. Each run was
about 300s long, so that 300 wave periods are included in each phase-averaged signal.
For the phase averaging, the wave period was subdivided into 200 equal divisions so
that each data point plotted as a function of wave phase is an average of 1500
samples and the mean values for each run are the averages of 300 000 points. Mean flow
statistics of the 30 runs selected for analysis are summarized in table 1.

3. General characteristics of the flow field
3.1. Mean profiles

Representative dimensionless mean velocity profiles are plotted in figure 2. The non-
dimensional height y* = yu,/v is measured from the mean water level. Here v is the
kinematic viscosity and u, = (7,/p)? is the shear velocity, 7, being the surface shear
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F1GURE 2. Mean velocity profiles. @, run 1; O, run 3; [J,run 5; (J, run 9; A, run 11; {, run 13.
Wind-wave data from McIntosh et al.: A—A, U, =2ms™Y; O—Q, U, =3m s~} J—[],
U, = 5ms™l,

stress and p the density of air. Because the sensing probe is fixed at a prescribed
position, the actual height above the water surface depends on the phase of the wave.
For example, the value of T at the lowest measurement level of run 1 varied from 39
over a crest to 320 over a trough. However, the velocity profiles still appear to vary
logarithmically with height, except at the outer edge of the boundary layer.

The shear velocities were determined by a least-squares fit of the mean velocity vs.
the logarithm of the height. This follows from the well-known law of the wall (cf.
Clauser 1956)

Uluy = k1t Iny*t +Cy—~ AU [u,.

Here k is von Karman’s constant, assumed equal to 0-4, C, is the flat-plate velocity
defect and AU [fu, is the velocity defect over rough boundaries. Young, Hsu & Street
(1973) found C, = 4-9 in the Stanford wind tunnel.

Also included in figure 2 are measurements made by McIntosh, Street & Hsu (1975)
over wind-generated waves for approximately the same range of wind speeds. Dif-
ferences in the observed velocity defects between the two sets are relatively small.
With the exception of run 5 (the u, value of which seems to be overestimated owing to
anomalous curvature in the lower three or four points) the profiles appear to cluster
into two groups. It is possible that the grouping is related to the onset of rippling on
the mechanical wave. Lai & Shemdin (1971), who made a similar set of measurements



540 K. Takeucht, E. Leavitt and S. P. Chao

Ux

r A R

Profile (w'w')t

Run {m s~1) (m s™1)
1 0-06 0-02
3 0-09 0-03
5 0-11 0-04

7 0-13 0-045
9 0-14 0-08

11 0-17 0-085
17 0-26 0-09

TaBLE 2. Comparison of measured shear velocities.

in a different wind—wave facility, reported that u, values computed from profiles for
the same U, increased when a mechanical wave was introduced (the increase being
proportional to the wind speed). Lai & Shemdin’s wave was 8-9cm high with an
approximate frequency of 1-5 Hz. McIntosh et al. report mixed results from similar
wind speeds when mechanical waves are introduced. They tested two different
mechanical waves of amplitude 5 cm, one of frequency 0-8 Hz and the other of frequency
1-4 Hz. The higher frequency wave seemed to increase the apparent roughness over the
equivalent wind-wave case, whereas the lower frequency wave left it unchanged or
caused a decrease. The 5 cm high 1 Hz wave would be expected, therefore, to have only
a small effect (less than 20 9;) on the observed mean profile as compared with the
equivalent wind-wave case.

In wall-bounded turbulent flows the shear velocity u, is often compared with the
measured turbulent Reynolds stress in forming the surface shear stress. The relation
is given -

given by To = — PV = pyii.

The present measurements of these quantities are summarized in table 2. The values
of u, obtained by the profile technique are seen to be 2-3 times larger than the turbu-
lence data. The equivalence of turbulent Reynolds stress to % is valid only in the
inertial subrange (cf. Tennekes & Lumley 1972, p. 156). As will be seen in the next
section, our spectra measurements show that the flow investigated has practically no
inertial subrange and therefore equivalence of the shear velocity to the turbulent
Reynolds stress may not be valid for this case.

The measurements of the same quantities made by Chao & Hsu (1976) with wave-
following probes, however, show approximately equal values of 43 and u'v’. They
employed essentially the same techniques and procedures as those used in this experi-
ment. This difference between the present fixed-probe measurements of turbulent
Reynolds stress and those obtained with wave-following probes by Chao & Hsu
suggests the existence of unique features in the boundary layer above the progressing
waves. The legitimacy of equating u3 with u'v’, especially for fixed-probe measure-
ments above waves, requires further study.
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Figure 3. Velocity spectra for run 7-1: O, ¢u(K)/F; . ¢,,(K)/1§. As ¢u(K)[u? from Pond
et al.; — — —, Klebanoff’s (1954) data range.

3.2. Velocity spectra

Spectra of the longitudinal and vertical velocity fluctuations from run 7-1 are shown
in figure 3. The spectra are presented versus the wavenumber deduced assuming
Taylor’s hypothesis. The ratio of the local mean velocity to the wave speed was
approximately 1. The Reynolds number based on the free-stream velocity U, and the
boundary-layer thickness & of 30 cm is R; = 4-08 x 10%, The thickness ¢ is the height
where U = 0-99U,,. The Kolmogorov microscale can be estimated to be approximately
0-01 cm using the relationy = 8/R§. Accordingly, the hot film (of length 0-1 cm) was too
long to sense the behaviour in the high wavenumber region where viscous effects are
expected to dominate. The turbulent Reynolds number, defined by B, = o,A/v, where
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Ais the Taylor microscale and o, = (u'%)}, was approximately 10. Because of the small
Reynolds number, no inertial subrange is expected. Although there is a frequency band
where a —$ slope can be seen in the u spectra, this is not a true indication of the
existence of an inertial subrange since the v spectra do not attain the required ratio of
% to the u spectra in this frequency band.

For comparison the band of data taken over a smooth flat plate by Klebanoff (1954)
and also u spectral measurements made over ocean waves by Pond, Stewart & Burling
(1963) have been included in figure 3. To reproduce the data of Pond ef al. u? was
obtained by graphical integration of their spectra. Our results are comparable to those
of Pond ef al. except that the field data contain more energy at low wavenumbers. The
deviation of the present results from those of Klebanoff is assumed to be due to the
difference in Reynolds number between the two experiments.

The u spectra exhibit a large peak at 1 Hz and a smaller peak at 2 Hz, whereas the
v spectra exhibit a peak only at 2 Hz. No peaks attributable to wave effects were
observable in the data of Pond ef al. or in similar measurements made over water
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FI1GURE 5. Cospectrum of # and v and phase angle for run 7-1. O, ¢4.(f); A, phase angle.

waves by Smith (1967). However, field measurements by Kondo, Fujinawa & Naito
(1972) and Benilov, Kouznetsov & Panin (1974) clearly show peaks at the dominant
wave frequency. Lai & Shemdin’s (1971) laboratory data also showed peaks in the
u and v spectra at the frequency of their mechanical waves. McIntosh et al. (1975), in
laboratory studies over wind-generated waves, also found spectral peaks at the
dominant wave frequency, the peak being more noticeable in the v spectra. The
absence of a peak in the v spectra for run 7-1 at the wave frequency was an effect
limited to cases where Uj/C ~ 1; otherwise the spectra were very similar to those of
Lai & Shemdin.

The u, v cospectrum and phase for run 7-1 are plotted in figure 5. For the most part,
the phase between the u and v components is 180 + 30° except at the second and third
harmonics of the wave, where the cospectrum indicates upward momentum transport.
The 1 Hz peak in the u spectrum is represented by a positive spike in the cospectrum.
Lai & Shemdin noted positive peaks when Uj/C < 1 and a large negative peak when
U/C > 1. Again U] ~ C appears to represent some kind of transition between the two
extremes. The question of the sign of the cospectrum peaks at the wave harmonics will
be discussed again in a later section.

3.3. Probability density and higher-order moments

The distribution of the probability densities of the turbulent longitudinal velocity and
of the turbulent Reynolds stress for run 17-1 were calculated and the results are shown
in figure 4. Phase averaging has been used to remove the wave perturbations. Each
probability density is normalized such that the area under the curve is unity. The
solid line represents a Gaussian distribution having the same mean and standard
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Skewness Kurtosis
« A h Y r A TN
Run u’ v u'v’ u v u'v’
1-1 —0-157 0-132 —0-465 3:26 3-56 10-30
1-2 -0:278 0-122 —-0-919 3-22 3-27 10-08
1-4 —0-106 0-130 —0-786 2-94 3-34 10-72
1-8 —0-149 0-151 —0-936 2-89 3-35 9:70
3-1 —0-106 0-145 —0-669 3-08 3-43 10-44
7-1 —0-0151 —0-0035 —0-964 3-34 3-65 11-85
7--2 0-024 0-0002 —-1-21 3-08 3-43 11-79
7-4 0-021 0-036 —0-844 3-06 3-42 10-45
-6 0-0147 0-053 —0-800 2-96 3:29 10-24
7-8 —0-049 0-103 —0-727 3-02 3-24 9-36
7-10 —0-135 0-173 —0-885 2-94 3-23 9-78
17-1 -0-139 0-189 —0-269 2-95 3-46 10-56
17-2 —0-158 0-220 —0-428 2:74 3-44 10-69
17-4 —0-209 0-227 —0-482 2-75 3-43 9-87
17-6 —0-261 0-218 —0-585 2-84 3-44 10-54
17-8 —0-307 0-239 —0:556 2-83 3-44 11-07
17--10 —0:350 0-309 —0-582 2-95 3:56 12-10

TaBLE 3. Higher-order moments.

deviation as the signal. The behaviour of the longitudinal turbulent velocity is quite
close to Gaussian up to three times the standard deviation of the signal. The distribu-
tion of the vertical velocity fluctuations greater than 3¢ deviates from Gaussian;
otherwise its probability distribution shows essentially the same behaviour as that of u.
The probability density of the Reynolds stress, however, shows considerable non-
Gaussian behaviour.

The shapes of each probability density distribution are reflected in the higher-order
moments summarized in table 3. The skewness is the non-dimensionalized third
moment and is a measure of the symmetry of the probability density curve. A Gaussian
variable has a skewness of zero and a kurtosis of three. The high kurtosis observed in the
Reynolds-stress signals implies that the Reynolds-stress production is intermittent in
nature, a well-known phenomenon in smooth boundary-layer flows. It is noted that
u’ and u'v’ have consistently negative skewness while o’ shows positive skewness in
most cases. A sudden drop in %" and v’ skewness is observed in run 7-1, in. which the
fluctuation occurred at the mean critical height. This drop in skewness is gradually
regained as the distance above the critical height is increased. The product u'v’ has
very high kurtosis and is strongly skewed. The average kurtosis is about 10.

Probabilities and other mean statistics are very similar to results found in smooth
boundary-layer flows. The present results agree especially well with the findings of
Gupta & Kaplan (1972), who reported the variation of the skewness and kurtosis of
u’,v" and u'v’ as a function of distance above a smooth wall. In the range of y* reported
in the present work they found consistently negative skewness for u’ and positive
skewness for v'. The kurtosis values were slightly less than three for «’ and slightly
larger than three for ¢+’ in this range. The average skewness values for u'v” which they
reported were larger (~ — 1-0) and the average kurtosis values, like ours, were found
to be about 10.
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Since the probability and statistics are calculated from time averages or equivalently
by ensemble averaging (ergodicity assumed) of the variables, the detailed behaviour
of the fluctuations tends to be lost during the averaging process (see, for example,
Lahey & Kline 1971). No significant wave effects are seen in the results of statistics
computed by ordinary time averaging.

4. Results and discussion

4.1. Wave-perturbed velocity fluctuations
Figure 6 shows the phase-averaged longitudinal velocity fluctuations U+ for
increasing values of U/C' at a height of 3-2 cm above the mean water level. The phase
averaging is described in § 2. A wave profile has been included in figure 6 to illustrate
the relation between the phase of it and the wave phase. Kendall’s (1970) measurements
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are also included in the figure. The general shape of the variation is similar to Kendall’s
results.

The absolute amplitudes of the % fluctuations are fairly constant for this range of
velocities. In run 7-1 ([;/C ~ 1) the fluctuations are occurring across the mean critical
layer. For runs 1-1, 3-1 and 5-1, [}/C < 1 and measurements were made below the
mean critical height; for runs 9-1 and 11-1, }/C > 1 and the measurement levels are
above the mean critical height. The windward slopes of % for the last two runs are
steeper than the windward slopes of # for the first three runs. The phase difference
between the 1 Hz components of % and the wave also changes, from 180° for run 1-1 to
140° for run 11-1.

The departure of % from a sinusoidal form can be explained if an approximately
logarithmic mean profile of the longitudinal velocity exists above the water surface at
all points along the wave profile. Since measurements over a crest are closer to the
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surface than those made over a trough (by the wave height of 5 cm), % shows a greater
variation with equal changes in wave phase over a crest than over a trough. The change
in the windward slopes of % are strongly suggestive of the asymmetric pattern for flow
near the critical height described by Stewart (1974). He suggests that the flow pattern
becomes asymmetric if diffusion of vorticity is assumed. This would imply a loss of
vorticity in the upper part of the flow to the lower part and serve as a mechanism for
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Ficure 10. Variation in (v) with height for same runs as in figure 9.

causing the pressure field to be out of phase with the displacement.
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The variation of the wave-perturbed vertical velocity as a function of wave phase is
presented in figure 7. Kendall’s measurements are also included. Fluctuations in #show
greater changes in relative phase than the 4 fluctuations. Runs 5-1 and 7-1 exhibit a
frequency twice that of the water wave, hence the spectrum of the vertical velocity
fluctuations for run 7-1 lacked a peak at the fundamental wave frequency. This
double frequency variation appears because the sensing probe is fixed in space: hence
it spends part of its time above the critical height and part below. This reasoning
assumes that the critical height is fixed relative to the actual water surface as suggested
by Stewart (1974).

One of the reviewers suggested that the phase reversals might be due to the influence
of the higher harmonic components of the wave. In order to see what effect the higher
harmonics of the wave frequency had on the wave-induced velocity fluctuations, auto-
spectrum analysis was done on the wave signal with the velocity components. The
results are shown in figure 8 with the wave-induced velocity spectra normalized by the
free-stream velocity. The results show the existence of higher harmonics, but their
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amplitudes are more than an order of magnitude smaller than that of the fundamental.
The phase differences were essentially constant throughout the frequency range
investigated and it is unlikely that the distinct phase changes observed are due to
contributions by higher harmonics of the wind—-wave interaction.

Figure 9 shows the variation of the phase-averaged @ fluctuations with height for
four different wind speeds. For all cases the amplitude of i decreases as the distance
from the surface increases. Figures 9(a) and (c) illustrate the different variations for a
low wind (run 1) and a moderately high wind (run 17) respectively. For run 1 the
critical height is located above all the measurement stations while for run 17 the
opposite is true. No significant change in the fluctuation pattern except for amplitude
occurs in run 1, whereas in runs 17 and 7 a distinct phase change is observed in 7 as the
height above the surface increases.

In their study of turbulence over waves, Lai & Shemdin computed « and v spectra
for two different wind speeds (1-95 and 10-66 ms™!) at three different heights (10, 20
and 50 cm) above the mean water level. They concluded that the wave-induced velocity
fluctuations decayed faster with height at the higher wind speed. They also observed
that the spectral peak at the wave frequency increased with wind speed if the height
was held constant.

Asnoted, the situation for the present data set is somewhat different. Measurements
of the amplitude of % at the lowest height showed little variation with wind speed. This
also seems to be true for level 10 of each run as illustrated in figure 9. Both run 1-10
and run 17-10 have the same amplitude in % while the #’s of runs 5-10 and 7-10 have
a slightly smaller amplitude. The situation for # (see figure 10) is different from that for
the longitudinal velocity. Here things are complicated by the appearance of a double
harmonic in runs 5 and 7, but in general the amplitude of ¥ increases with wind speed.

Figure 11 is a plot of the amplitude of 7% and # normalized by the free-stream velocity
plotted against the dimensionless height Ky, where K = 27/A, A being the wavelength
of the surface wave. Two cases are presented: U,/C = 0-86 and U,/C = 1-8. In dimen-
sionless terms the % and & amplitudes at the lower wind speed are larger than those at
the higher wind speed. For Ky less than 0-8 the decay rates seem to be equal in contrast
to Lai & Shemdin’s conclusions. Higher in the boundary layer this may not be true,
but the amplitudes are too small for a conclusive answer.

Kendall (1970) and Chang ef al. (1971) also measured the lougitudinal velocity, with
wave-following probes. Kendall’s results, for mechanical waves, indicate a maximum
in i at the wave crests and a minimum in the troughs, the amplitude of which increases
with wind speed. The resulting 4 is very similar to the @ profile shown for run 17-8 or
17-10. There is no phase shift with height in his  data. The measurements of Chang
et al. were made above wind-generated waves and also showed a peak in the mean wind
over the crests of the dominant waves. In their data, however, the critical layer was in
the viscous sublayer and so direct comparison with the present results must be cautious.

4.2. Turbulent velocities

Phase analysis was also performed on the turbulent velocities. Figure 12 shows the
variance of the longitudinal and vertical velocities as a function of wave phase and
wind speed. They are normalized by the average turbulent variance of each variable.
Measurements by Kendall are also included in this figure.
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F1aure 12. Variation in (%’?) and (v"*) with U, at 3:-2 cmn above the mean water level. Kendall’s
(1970) data were taken with a wave-following probe. —-—, U_JC = 18-3; — x —, U, |C = 4-6.

There is a concentration of (u’2) over the crests, especially for cases where Uj/C < 1.
For these measurements the energy peak over the crests ranges from 1-5 to 3 times the

average u'2 values while above the mean critical height the peaks decrease to nearer
the average value. The region of higher turbulent intensity over the crest occurs
because at that point the sensor probe is located closest to the low boundary, where the
mean intensity is higher. The downwind phase shift of the peak of (u’?) with increasing
U,/C observed by Kendall with his wave-following probe is not seen.

The variations in the vertical turbulent energy differ from those of the longitudinal
component. A minimum in the vertical energy, which is located nearly over the wave
crests in runs 1-1 to 7-1, is shifted upwind as U,/C becomes greater than unity. The
minimum over the crests seen in figure 11 might not be expected because here the
sensor is closest to the surface, where the turbulence intensity is expected to be greater.

The variation of the phase-averaged turbulent Reynolds stress normalized by its
mean value is presented in figure 13. The most obvious feature is the large negative
Reynolds stress oceurring over the crests in run 1-1. This distinct feature disappears as
the mean velocity increases, although a minimum in {%’v") upwind of the crests is still
observable. The largest contributions to the Reynolds stresses occur downwind of the
crests, where the magnitude of this peak is approximately twice the average stress.
Kendall’s measurements from a fixed probe show similar results except that the



562 K. Takeuchi, E. Leavitt and 8. P. Chao

30 T T T T
11-1
0 -~ 36
1-8
417
E
- X
A =
2 2
v 278 %
o
U
1-39
0
—-1-39

Fioure 13. Variation in {(w/v’) with U, . For Kendall's results refer to the — 2 (u'v")[U,, co-ordinate.

For y = 0-15cm above crest: —[J—, U,JC = 4-6. For y=0-64cm above crest: —-—,
U,|C =96;-0—, U0 =47, —x—, U,|C = 1-84.



553

Effects of water waves on the structure of turbulent shear flow

‘4, pure T suna 303 9ydrey yswa {,a,n) pus {,

a) ‘(g,n) U UOTIBLIVA ‘T TUADIY

o O.MI

81

0 0
81

0 0

0 0
81

0 0
81

0 0
81

0-€ 0-€

=

3

A

”v

2

\"

<u?>[u?



554 K. Takeuchi, E. Leavitt and S. P. Chao

0 7 -7 T T T T T
06 - -
05 - -
04 ° ]
03 Q0 0g
02 on B
01 A .
F: 1] r ° 0 & o 0 0
Is 5 ana
—01+ o o -
—02 | v A 4
—-03 A N
—0-4 [ © .
—0-5 - é) -
—~06 1
—07 L | L L L 1
0 o1 0-2 03 04 05 06 07
y/8

Fieure 15. Variation in the wave-induced Reynolds stress ##fu’v’ with height. Runs below the
critical height: O, 1; (J, 5. Runs above the critical height: A, 7; ¥, 11-1; {, 17; O, 19-1.

minimum {u'v") shifts downwind with increasing height as U,[C increases beyond the
range of the present data. At the lJowest measurement height, however, his results do
indicate a minimum in {(u'v") upwind of the wave crests for the reported range of U,/C.

If stress is considered to be the product of an eddy viscosity.and the gradient of the
mean velocity profile, run 1-1 implies the existence of a local negative gradient near
the crests. The measurements of the local mean velocity profile by Chang et al. did show
a negative gradient in the mean velocity profile over the crests. They attributed this
to the presence of a small jet in the flow in the region of the crests.

Typical variations of the turbulent products with height are shown in figure 14.
It is interesting to note that the variation of (u'v’) and v’} is very similar, especially
when U,[C is greater than 1.

The cyclic variation in the measured (u'v") could be due to variation of either u’ or
v’ or to variation in the correlation between the two. Kendall suggested that variations
in the correlation were the cause of the cyclic variation. His experiment did not include
calculation of +’, but our measurements suggest that variations in »’ and v’ intensities
caused the cyclic variation in {u'v’

Values of — @5, the wave-induced Reynolds stress, were also computed. Results for
@ normalized by the turbulent Reynolds stress u’v’ are plotted in figure 15. A positive
dimensionless value indicates a downward flux of momentum from this term. Kendall
found the wave-induced stress to be downward below the critical height and upward
above the critical height. This contradicts the results of Lai & Shemdin, who found
large negative contributions to the u, v cospectra (a downward flux) at the wave
frequency when Uj/C exceeded unity. With some exceptions, our datasupport Kendall’s
measurements. The », ¢ cospectrum for runs 17-1 and 19-1 were computed and large
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positive peaks were detected at the wave frequency. The observed phase shift between
the components was about 50°, v leading «, in agreement with the calculated %, & data
shown in figures 6—10. It is possible that @7 is oscillatory in y and that the differences
are due to the different wind speeds and heights of the two measurements. Lai &
Shemdin’s spectra correspond to a wind speed about twice the highest speed used in
this experiment. But it is also likely that some of the scatter in our data is due to
measurement errors when @# is small.

4.3. Reynolds-stress classification

The breakdown of the Reynolds stress according to the signs of the »” and v signals has
been extensively studied for smooth-wall shear flows (for example by Lu & Willmarth
1973; Brodkey et al. 1974). These studies were motivated by the visual studies of the
turbulent boundary layer reported by Kim et al. (1971) and Corino & Brodkey (1969),
which describe in detail the production of Reynolds stress in the wall region. According
to these studies, the Reynolds-stress production is organized and consists ot the lifting
of low-speed fluid, then oscillatory growth followed by breakup. This entire sequence
was termed ‘bursting’ by Kim ef al. The bursting events are identified by classification
of the measured Reynoldsstress according to the signs of ’ and v*. Brodkey etal. (1974)
termed (¥’ < 0, v’ > 0) anejection, (¢’ > 0,v' < 0)asweep, (¥’ < 0, ¥’ < 0)a wallward
interaction and (¢’ > 0, v" > 0) an outward interaction.

Figure 16 represents the results of classification of the Reynolds stress according
to the signs of %’ and v’ for five runs. {(u'v"), denotes the phase-averaged tth-quadrant
stress. In figure 16 the quadrants correspond to (1) outward interactions, (2) ejections,
(3) wallward interactions and (4) sweeps. Quadrants 2 and 4 are the two that contribute
to the downward momentum flux. Forrun 1-1itis apparent that the negative contribu-
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tion to the Reynolds stress at the wave crests occurs because the wallward and outward
interactions intensify (positive correlation between ' and v’) while the sweeps and
ejections are diminished. In run 3-1 the sweeps and ejections do not display any
noticeable minimum, but the wallward and outward interactions still display a gradual
maximum upwind of the crests and cause the minimum in {%'v"). In runs 7-1 and
11-1, however, there are distinct minima in the sweep and ejection quadrants. Finally,
in run 17-1 there are minima in the sweeps and ejections coupled with maxima in the
wallward and outward interactions upwind of the crests.

The variation of (u'v"),/u’s’ with height for run 17-1 is shown in figure 17. The
fraction of the total time spent in each quadrant was approximately equal, so this plot
also represents the contribution of each quadrant to the total stress.

Direct comparison of our data with the smooth-wall results referred to above is
difficult because those data were taken in the inner wall region of the flow. However,
some comparisons can be made. Qur results do agree with Corino & Brodkey’s pre-
diction of equal contributions to the total Reynolds stress from ejections and sweeps
in the outer part of the boundary layer. Lu & Willmarth (1973) reported that close to
the wall approximately 77 9, of the total Reynolds stress is due to ejections and 55 %,
to sweeps. The present results indicate that sweeps and ejections each provide about
100 %, of the Reynolds stress while wallward and outward interactions provide about
60 9, of the total stress.

The classification procedure was also used on data taken by McIntosh et al. over
wind waves in the Stanford channel. The results are also shown in figure 17. The free-
stream velocity was 3 m s~ and the r.m.s. wave height was 0-14 cm. Flow perturbation
by the waves can be considered negligible for these data. The contributions from each
quadrant are much lower than for the mechanical-wave data and are consistent with
Lu & Willmarth’s estimates. The magnitude of the events is enhanced by the presence
of the large amplitude wave at least in the outer part of the boundary layer.

5. Summary

The data presented have shown that waves influence the air flow above them. In
some cases this influence is obscured by simple time averaging, so that, for example,
probability densities and other mean statistics of the flow differed little from those in
cases without waves.

Classification of the events (sweeps, ejections, etc. as discussed in § 4.3) producing
the turbulent Reynolds stress by the signs of #’ and o’ showed the events to be more
vigorous in the presence of the large amplitude water waves than over flatter surfaces.

The phase-induced velocities % and ¥ did not have simple shapes. The phase of & was
a strong function of [j/C. Variations in # and ¢ with wind speed and height were
compatible with the existence of a closed flow about the mean critical height. They
were suggestive of an asymmetric ‘ cat’s-eye’ pattern, which, as described by Stewart,
would result from diffusion of vorticity towards the wave surface. This asymmetric
pattern implies that the pressure is out of phase with the wave displacement.

The observed cyclic variation in (u'v") is a result of cyclic variations in the intensity
of the turbulent velocity components and not variations in the ', v’ correlation.

The wave-induced Reynolds stress — @& tends to be positive below the critical height
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and negative above. This would appear to contradict Lai & Shemdin’s results but agree
with Kendall’s observations.
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