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ABSTRACT

The structure of the velocity field over a propagating wave of fixed frequency is examined. The vertical
and horizontal velocities were measured in a transformed Eulerian wave-following frame of reference in a
wind-wave research facility at Stanford University. Experimental results are given for seven different wind
speeds in the range 140-402 cm s!, with 1 Hz, 2.54 cm nominal amplitude, mechanically-generated
sinusoidal water waves.

The mean velocity profiles have a log-linear form with a wake free-stream characteristic. The constant C
which characterizes these profiles decreases with increasing wind speed, as a result of the variation of surface
roughness condition between the transition region and the fully rough regime. The wave-associated stresses
with their main component at twice the fundamental wave frequency were found to be significant. Therefore,

the nonlinear terms encountered in the wave-induced Navier-Stokes equations associated with these stresses -

cannot be neglected, and linearization of the above equations is not permissible. The wave-induced velocity
field and the wave-perturbed turbulence were found to depend significantly on the ratio of the wave speed

1937

to the mean free-stream wind velocity, ¢/Us,.

1. Introduction

In two previous papers, Papadimitrakis et al.
(1983, 1984) reported simultaneous measurements of
the fluctuating pressure and velocity fields in the air
boundary layer above progressive, mechanically-gen-
erated water waves in order to evaluate their contri-
bution to the momentum and energy transfer pro-
cesses and study the effects of the mobile and deform-
able boundary on the Reynolds-stress production
mechanism. This study describes in detail the structure
of the mean, wave-induced, and turbulent velocity
fields in the air.

The knowledge of the detailed structure of these
fields is valuable for understanding a variety of dif-
ferent problems such as: 1) the generation and growth
of water waves; 2) the gas and heat exchange processes
at the air—water interface; and 3) the transport of
pollutants in the atmospheric boundary layer and
water enclosures. Although several experimental and
theoretical investigations of both the pressure and
velocity fields in the air boundary layer exist, their
tesults show considerable disagreement. For wave
generation studies, because the most important man-
ifestation of this phenomenon in the air occurs at
small heights above the instantaneous water surface,
it is necessary that the measuring instruments be as

! Present affiliation: College of Marine Studies, University of
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nearly flush with the air-water interface as possible.
For this reason, the velocity field was measured with
an “X” hot film mounted on a wave-following device
operating in a transformed coordinate system similar
to that used by Hsu et al. (1981) and Hsu and Hsu
(1983). These Eulerian wave-following measurements
were taken at preselected distances from the instan-
taneous water surface.

2. Experimental apparatus—data acquisition and
analysis

a. Experiment

The experiments were conducted in the Stanford
wind-wave research tunnel (Hsu, 1965), modified by
the authors to facilitate measurements of the fluc-
tuating pressure in the air boundary layer (Papadi-
mitrakis, 1982). It has a test section 20 m long,
beginning at the air-flow inlet. The data-acquisition
station was located 13 m from the inlet. The depth
of the air flow H (=26,) was measured from the
mean water level to the channel roof. The water
depth d was 0.83 m and H = 1.07 m. The generated
1 Hz, sinusoidal wave was in deep water, with a wave
length L = 1.56 m and a wave number k = 4.03
m~!. To ensure a smooth air flow into the channel
and to increase the boundary layer thickness, a 1.52
m long flat plate with an array of phenolic spires at
the upper end was installed at the air inlet (Ligrani
et al., 1979).
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The air flow above the progressive, small-amplitude
(i.e., wave slope < 0.1), water waves is considered to
be two-dimensional. In the Cartesian coordinate sys-
tem used in this investigaton x is measured in the
wave propagation or mean air-flow direction, and y
is the vertical coordinate, measured upward from the
mean water level (MWL). The coordinate transfor-
mation used contains only vertical translation, namely,

y=y*+f(y"n, (2.1a,b,c)

sinh(kH — ky*)
sinh(kH)

and has been described in detail by Hsu et al. (1981);
1 represents thé sinusoidal component of the water
surface displacement from the MWL. Since f(0) = 1
and f(H) = 0, it follows that y* = 0 corresponds to
the air-water interface and y = y* = H corresponds
to the roof of the laboratory wind-wave facility.
Apparently y* = constant represents a streamline of
potential flow over the wave without wind.

To measure the flow in the transformed wave-
following frame, the wave-follower system developed
by Yu et al. (1971), modified by Hsu et al. (1981),
and modified again by the authors was used as the
primary instrument. The system allows one to set
both the mean elevation y* (with respect to the
instantaneous water surface) within £0.25 mm and
the oscillation amplitude a,,raccording to the calibra-
tion relationship:

dorm sinh(kH — ky*)
"7 T sinh(kH)  ©

t=1* x=Xx¥*

SO = 2.2)

(2.3)

using the signal output of a fixed wave-height gage as
input. Here a represents the amplitude of the sinu-
soidal water wave as measured by the wave-height
gage. The details of operating the wave-follower system
in a manner of decreasing the amplitude of oscillations
with height, according to (2.1c, 2.2) and the reasoning
behind the coordinate transformation have also been
reported by Hsu er al. (1981). The wave-follower
system and probe arrangement can be found in
Papadimitrakis (1982) and Hsu et al. (1981).
Wave-height gauges were used to obtain the water-
wave characteristics and drive the wave-follower; they
were of capacitance type (Colonell, 1966) with an
accuracy in static and dynamic calibration tests of
+0.25 mm. A pitot-static tube was used as a reference
to calibrate the hot-films used to measure the velocity
field in the air (Hsu et al., 1981). These films were
TSI Model 1248-10 end-flow “X* probes, 0.0254
mm in diameter, 0.508 mm long, and 0.51 mm
apart, with a flat frequency response up to 40 000
Hz; they were operated in a constant-temperature
mode. The films were calibrated in situ (i.e., in the
core region of the wind tunnel) immediately prior to
data recording. The uncertainty in the hot-film cali-
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bration for the mean velocity was 3%. However, for
the measured turbulent quarntities such as turbulent
Reynolds stresses, the uncertainty is higher and was
estimated to be approximately 8%.

b. Data acquisition-reduction

The hot-film signals were zero-suppressed, ampli-
fied, and low-pass filtered at 250 Hz to fulfill the
Nyquist criterion, as samples were taken every 0.002
s, for 184.32 s. The phase shifts introduced by the
low-pass filters were found to be negligible in the
range 1-6 Hz, where the wave-induced velocity com-
ponents are expected to be significant; 180 blocks of
7680 digitized data points (including pressure, wave-
height, and wave-follower potentiometer data) were
recorded at each measurement point on tape for later
analysis, using the computer system described by
Takeuchi and Mogel (1975). The air and water flows
were permitted to settle into a statistical equilibrium
over a half-hour period prior to data acquisition.
Occasionally, the water was preheated for several
hours in order to reach the air temperature and thus
create isothermal conditions across the air boundary
layer. The data taken correspond to seven different
mean free-stream velocities in the range 140-402 cm
s~!, with 1 Hz, 2.54 cm nominal amplitude, mechan-
ically-generated sinusoidal water waves; they were
collected at 20 or 21 elevations ranging from 0.75 to
53.3 cm above the interface.

Since the instantaneous velocity field above the
waves consists of a mean, a wave-induced perturbation
and a turbulent component, viz.,

Uu; = U,‘ + IZ,' + u}, i= l, 2, (24)
familiar time and phase averages were used to extract
the wave-induced fluctuations from the total velocity
signals. The phase average contains only the mean
and wave-induced parts, and therefore

ﬁi = <u[> - Ui, (25)
where U; is the time-averaged mean velocity, #; the
wave-induced perturbation, u; the turbulent fluctua-
tion, and angle brackets denote phase averaging. The
vertical wave-induced velocity was corrected to ac-
count for the spurious component introduced by the
wave-follower motion. Cross- and autospectral anal-
yses for #; using 7 as a reference were performed by
fast-Fourier transformation (FFT) to determine the
amplitude and phase of each harmonic contained in
#; (Hsu et al, 1981). These quantities were also
determined by curve fitting the recorded data with a
cosine waveform of frequency w and/or its harmonics
(Papadimitrakis, 1982). The latter technique was also
used to cross-check some of the wave-induced velocity
results with oscillatory behavior obtained through
phase averaging and cross-spectral analysis.
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3. Results
a. General

In this section the physical quantities measured in
the air, such as velocities and Reynolds stresses, are
presented together with a discussion of their features.
Comparisons with other studies are also made when
appropriate. Time-averaged mean, wave-induced, and
phase-averaged quantities are used to describe the
velocity field. These quantities, normalized with the
channel centerline mean velocity U,, and/or U%, are
generally presented in nondimensional profile distri-
butions as a function of y*/§, ordinate. The wave-
induced quantity #;, denoted by

#; = |i;| cos(wt + 63) + harmonics,

(3.1

contains the fundamental mode and all the harmonics.
The harmonics of both the # and ¥ velocity compo-
nents were found through spectra analysis to be weak
(less than 10% of the fundamental), in agreement
with Hsu et al. (1981). Hence the wave-perturbation
quantities can be approximated by their fundamental
mode without changing the overall conclusions.

b. Water surface roughness

The ripples riding the mechanically-generated water
waves are small but visible. Their rms values repre-
senting the mean roughness of the water surface on
the mechanically-generated waves are shown in Table
1. The total mean water roughness including the
generated wave can also be found from the wave-
height records. Therefore, the surface condition de-
pending on the roughness height y,, and characterized
by the roughness parameter Re* = yyuy /v, where

Yo= @) or ()

7 ~ 0.5a% + n? (3.2a,b)

may vary from aerodynamically smooth to fully
rough according to traditional measures; uy, v are

the friction velocity and the kinematic viscosity of
the air, respectively. The total mean roughness and

and
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the roughness parameter for both cases are also
shown in Table 1.

¢. Time-averaged mean velocity field

The time-averaged mean velocity field (hereafter
called mean) is presented in terms of mean velocity
and mean turbulent stress profiles. These quantities
characterize the mean turbulent flow upon which the
wave perturbated velocities and Reynolds stresses are
imposed.

1) MEAN VELOCITY PROFILES

Figure 1 shows the mean wind profiles in semi-log
coordinates (U versus Iny*). The lower part represents
the logarithmic region of a typical turbulent-boundary-
layer velocity profile, while the upper part shows the
wake characteristic. For higher wind speeds the wake
becomes more pronounced, the elevation where it
begins to be felt lower, and the lower portion of the
profile close to the water surface deviates from the
logarithmic distribution. There the velocity magni-
tudes are larger than those predicted by the log law.
This deviation may be attributed to generation of the
surface drift current whose magnitude is proportional
to the wind speed (Wu, 1975), provided y* = 0
corresponds to the air-water interface according to
Egs. (2.1c) and (2.2). The wake characteristic of the
mean velocity profiles was also observed by Young
et al. (1973), Chen (1981), Hsu et al. (1981) and Hsu
and Hsu (1983) in the Stanford wind wave research
facility.

The experimental data for the mean velocities were
curve-fitted, in a least-squares sense, to the wake log-
linear expression:

U, — U;
Ux

- l ln(y-z) + @ [1 + cos(l}—)—'t)] , (3.3)
K ) K )

proposed by Coles (1968) to determine uy, 6 and

TABLE 1. Water-wave roughness.

Us,
(cm s7Y)
141 179 200 231 285 346 402
Yor = (1) (mm) 0.25 0.50 0.50 0.25 0.75 1.25 1.50
Yoo = (#)'? (mm) 19.50 20.00 18.25 19.25 18.25 18.50 19.25
Rep = 20 0.70 1.60 1.50 1.40 3.90 9.40 14.30
14
Rep = 202 53 70 72 90 99 140 192
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F1G. 1. Mean velocity profiles.

w(x); k, 6 are the Von Karman constant and the
boundary layer thickness, respectively. In wall coor-
dinates the above expression yields

=1 ]ny +C+ 1(——) [ ~ cos(%:)] ., (34)

where
: u+=E‘. y+=y*u*. 6+__.%
Ux ’ v v’
1
C=uf,—-Iné* -2 @ . (3.5a,b,c,d)
K

Table 2 lists the determined parameters uy, 7(x), C,
5%, and the values of the friction velocities u4 calcu-
lated from the measured shear stress in the constant
stress layer region. The wake log-linear expression
proposed by Finley to correct the discrepancy of Eq.
(3.3), which yields dU/dy* = uy/xby # O at the
channel centerline, were also used to fit our mean
velocity data. Both methods gave, within 10%, similar
results for uy and w(x), provided each of them is
quite sensitive to the extent of the fitting region.

The values of w(x) shown in Table 2, with the
exception of run 5, where U;, = 285 cm s™!, agree
well with the observation that = = () for equilibrium .
layers, where B8 = (8,/79)(dP/dx) represents the ratio
of pressure to shear forces, 6,, 7., and P represent
the displacement thickness, surface shear stress and
mean static pressure, respectively These values agree
with the empmcal expressmn given by Mellor and
Gibson (1966), viz.,

w(x) =~ 0.8(8 + 0.5)°7 (3.6)

since dP/dx and therefore § is negative in our facility.
The measured value of 0.53 corresponding to the
lowest wind speed Uy, = 141 c¢cm s™!, where |dP/dx|
is small, agrees well with the value wn(x) = 0.55
proposed by Coles (1968) for zero pressure gradient
flows. At U,, = 285 cm s™!, both schemes gave 7(x)
~ —0.15, which seems to be unrealistic, provided
negative w(x) implies a decrease in the mean velocities
as one approaches the free-stream. No simple expla-
nation could be found for this peculiar behavior. The
decreasing values of w(x) at higher wind speeds are
the result of deeper penetration of the region of
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TABLE 2. Mean velocity profile characteristics.

PAPADIMITRAKIS,

Uslc Uy
(cm s7') (cm s™') m(x) C &t (—u'v)'?

141 4.3 0.53 12.8 1453 2.7
179 5.5 0.34 12.4 1886 35
200 6.2 0.30 119 1922 44
231 7.2 043 10.8 2425 5.1
346 11.9 0.31 7.5 2725 10.4
402 15.6 0.26 4.1 3556 12.5

intermittency into the boundary layer as dP/dx be-
comes large and negative, or quoting Coles (1968),
“. . . because of the more pronounced corner effect.”

The values of u, obtained by the profile technique
are seen to be larger than the turbulence data. The
equivalence of turbulent Reynolds stress, however, to
us is valid only in the inertial subrange (Tennekes
and Lumley, 1972, p. 156). This behavior was also
observed by Takeuchi et al. (1977) and Chen (1981)
under similar wind conditions. Velocity spectral mea-
surements of the latter showed that the flow has
practically no inertial subrange and therefore equiv-
alence of the friction velocity to the turbulent Reyn-
olds stress may not be valid. According to Tennekes
and Lumley (1972),

u'v’

— —— =~ 1 ———; therefo
) e re
2 ulvl
Uy ~ — ———— . 3.7a,b
T -yt (3.7a.b)

Since xy* > 1 for our lowest point of measurements
and the constant stress layer region, it follows that
u3% > —u'v'. Furthermore, the turbulent Reynolds
number defined as Re, = ¢,\/v, where ) is the Taylor
microscale and ¢, = (4”)'7, is expected to be small
(~10) for low wind speeds, and therefore the condi-
tion Re}* » 1 (Hinze, 1975, p. 228) for the existence
of inertial subrange may not be satisfied there. This
behavior is shown in _our data where the agreement
between u, and (—u'v’)'? becomes better at the
higher wind speeds. Although some data in the Stan-
ford wind-wave facility (Young et al., 1973; McIntosh
et al., 1975, etc.) show a frequency band with a slope
of —5/3 in the u' velocity spectra, this is not a true
indication of the existence of an inertial subrange,
since their v’ spectra do not attain the required ratio
of 4/3 to the u’ spectra in this frequency band.

The value of C shown in Table 2 is not an absolute
constant, but decreases as the wind speed increases.
This result implies that the mechanically-generated
water wave is part of the surface roughness, as Stewart
(1967) suggested. The decreasing values of C for
higher wind speeds suggest that it has the form:
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C=C——, (3.8)
Uy

where C; is an absolute constant and the velocity
decrement AU/u, is a function of the surface rough-
ness condition. The small variation of C in the range
of wind speeds 140-200 cm s™! agrees well with the
behavior of the roughness function B of a typical
rough flat-plate boundary layer, as shown in Fig.
20.21 in Schlichting (1968, p. 583). The value C is
expected to be greater than its fixed-surface counter-
part for the low wind speed range, because of the
relative surface stress decrease due to the development
of the drift current. For the high wind speed studies
(say, Us,/c > 2.2), ripples become prominent surface
roughness on the water waves, and the shear stress
increase caused by them is greater than the corre-
sponding relative stress reduction produced by the
drift current. Thus, for low and moderate wind
speeds the friction velocity us and the constant C are
smaller and greater, respectively, over water waves
than their corresponding values over a rigid surface,
but the opposite is true for high wind speeds. This
behavior was also observed by Chen (1981), who
found that for high wind speeds u, was greater than
its counterpart value over a rigid wavy surface. Since
the roughness Reynolds number Re¥ shown in Table
2 falls between the transition and the fully rough
regimes according to the flat-plate boundary layer
classification, we may conclude that the measured
values of C are consistent with the description of Eq.
(3.8). Most of the investigators mentioned earlier in
this section observed this rough surface behavior of
mean velocity profiles. However, their corresponding
values for C are different because they didn’t include
the wake effect of the outer region of the boundary
layer. ‘

A typical velocity profile in wall coordinates is
shown in Fig. 2. The artificially increased boundary
layer thickness ranging approximately from 49 to 36

35 T T T T T T T T T
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° ]
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°
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y

F1G. 2. Typical mean horizontal velocity profile
in wall coordinates.
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FI1G. 3. Mean turbulent Reynolds: stress distribution.
cm was found to be considerably greater than that Reynolds stresses 7 j» defined as: 7; = (uuj)

reported by previous investigators, and for the low
wind speed studies it was extended almost up to the
channel centerline. This result, combined with the
fact that the air flow produced by the transition plate
had statistical properties representative of natural
boundary layers (at least up to the level of the
turbulent correlations),? clearly suggests that the tran-
sition plate largely accomplished its purpose as an
artificial boundary layer thickening device.

2) MEAN TURBULENT REYNOLDS STRESSES

Typical mean turbulent Reynolds stress profiles
are shown in Figs. 3. The magnitudes of u'u’ are
approximately one order larger than those of —u'v’
and v'v’. This order of magnitude difference is also
observed in other types of turbulent wall-bounded
shear flows. An almost constant stress layer near the
wave surface is observed in each profile of ~u'v’. The
decrease of shear stress at the lowest portion of the
constant stress layer can be attributed to the damping
of turbulence by viscosity. The non-normalized mean
turbulent Reynolds stresses tend to increase with
wind speed. Because the flow considered in this study
is a turbulent shear flow of boundary layer type,
turbulence is more active near the interface, decreasing
rapidly towards the centerline region of the channel.
These features are also shown in Figs. 3. They were
observed by Chen (1981) and also by Hsu et al.
(1981) and Hsu and Hsu (1983).

d. Wave-induced velocity fields
1) GENERAL

The wave-perturbation velocity field consists of the
wave-induced velocities #;, the wave-associated Reyn-
olds stresses ##;, and the wave-induced turbulent

2 As the comparison with results without the transition plate
shows (Chen, 1981; Hsu et al, 1981; and Hsu and Hsu, 1983).

Tl
— Ulu;.

2) WAVE-INDUCED VELOCITIES
The phase-averaged results for # and ¥ were used

" to deduce the amplitudes |#| and || and the phase

lags 6; and 6; through spectra analysis. Figures 4 and
5 show representative amplitude (£5%) and phase
(%5°, £3°) distributions of the wave-induced velocities
# and V. Near the wave surface the magnitudes of #
and ¥ are strongly related to the ratio U,,/c. For
Uy /c < 1, |id] decreases as Uy /c increases, while for
Us,/c = 1, |4] increases with U, /c, with one exception
at U,,/c = 1.28. The magnitude of [d| decreases with
increasing U, /c. Both |i] and || profiles display an
exponential decay behavior. At the free stream the
magnitudes of |i| and || are almost equal, but near
the interface their ratio depends on whether Uy /c
1. ’ :

The surface boundary conditions for # and ¥ yield
8; = 0° and 8; = 270°. The measured phase 6;
approaches 270° as y*/6, — 0 except for the higher
wind speeds. Because the boundary condition for #
at the interface was deduced from inviscid analysis
and viscosity plays an important role there, it is
expected that 6; cannot be zero as y*/d, — 0, at least
for the low and moderate wind speeds. As Us/c
becomes large, the water surface behaves as a rigid
wave (for ¢ — 0, Uy/c — o), with a boundary
condition 6; = 0 at y* = 0. Both the trend in the
observed values of 8; at the lowest point of measure-
ments and the data of Chen (1981) over a rigid wavy
surface support this argument. In most cases the
phase difference between # and ? in the free stream
is close to 90°, providing strong evidence for the
inviscid potential character of the wave-perturbed .
flow there. Further evidence of this potential character
can be found in the distributions of the mean wave-
associated shear stress. The small magnitude of this
stress suggests that the mean flow and the wave-
perturbation field are almost decoupled in the free
stream. On the other hand, a close to 180° phase
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FIG. 4. Horizontal wave-induced velocity amplitude
and phase distribution.

shift between 6; and 6; near the interface shows the
strong coupling between the mean flow and the wave-
perturbation field. This coupling in the boundary
layer results in different magnitudes of |#| and |D| and
in the phase shifts of 6; and 6; shown in Figs. 4
and 5.

A careful inspection of the wave-induced velocity
field at Uy /c = 1.28 reveals some interesting features
of the flow at this particular wind speed. Since the
critical height is located at y¥ ~ 5 cm, it is obvious
that the parts of the air flow below and above ky¥
=~ 0.2 are exposed to different mechanisms, as Hsu
and Hsu (1983) have pointed out. The amplitude |d|
as a function of wind speed has its smallest value
near the interface, and its distribution throughout the
boundary layer has a somewhat irregular exponential
behavior. The phase 8; approaches 270° in the water
proximity, while for all other wind speeds it varies
between 0 and 180°. The amplitude || has a local
minimum there before it begins to increase again at
about Uj/c = 1.83. The phase 6; decreases to 90°
close to the edge of the boundary layer and remains
constant from there on, in contrast to its almost
uniform distribution for the other wind speeds. The
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stresses ## and DD also have their smallest values, but
they show a more regular exponential behavior. The
peculiar structure of the velocity field at this particular
wind speed was also observed by Chen (1981) at
Us,/c = 1.21 and is probably related to the location
of the recirculating zones (cat’s eyes) observed in a
frame moving with the wave and to the undulations
of the critical layer, which is very thick, highly
nonlinear, and turbulently diffusive, as Hsu and Hsu
(1983) have shown.

Aside from the above peculiarities, the overall
behavor of # and ¥ agrees well with that observed by
Hsu et al. (1981) and Hsu and Hsu (1983), with
small differences in the detailed distributions of both
the amplitude and phase shifts in the outer and free
stream regions. However, our Reynolds number based
on &, for a particular Uy /c, is slightly greater than
that of Chen (1981), Hsu ez al. (1981) and Hsu and
Hsu (1983) because of the larger &, used in this study.
An additional explanation for the differences found
may be provided by the higher uncertainty of these
quantities away from the interface, due to their small
magnitudes there. :

The strong influence of Us/c on the behavior of
both # and D may be attributed to the viscous

T T T T T T T T

o
oC
Reg=47,460
B megenieso |
° . 0,360 B
s 6 L o%o P?éo: 0.90 = ’
1V 2 270 EEIDD® 00 o 0 o o
m xt0 R} 8~
a L i v
3, °y 180 | E
o
2r ° h £ -
° o
0 i 1 L 1 0'360 13 1 1 i
6 02 04 06 08 IO 0 02 04 06 08 10
yy y5
/s, /8,
o T T T . T T T Y
o -
a b R!so- 67,600
Us 0,360} -
3 6 L T‘! .28
| @
IU ll02 0 270 W oo 4
4 4 v
3 k@c T3S ° e
2 - 90 | o .
°o
] L L% o al 0,360 ! L L 1
0 02 04 06 08 10 0 02 04 06 08 (0
Y, vy
8 8
10 T T T T . T T T T
sd'f- .
o | Rep: |35.700J oo
&m o
Uy, 0,360F ° ° og
R 6 —8o, 2.58
L e m
IV 2 270 | .
am %10 o
[V} ~
3o 4+ 1 Y isoh -
2 - 90 b o
® oo
° 1 1 ° 9 oio 0,360 ' ! ! L
0 02 04 06 08B 10 0O 02 04 06 08 10
y. y.
/8, /3,

FIG. 5. Vertical wave-induced velocity amplitude
and phase distribution.



1944

character of Stokes layer near the interface, whose
thickness is =(2v/w)"? = 0.22 cm (Phillips, 1977, p.
46) and to the concentrated vorticity in the neigh-
borhood of the critical layer. When Uj/c < 1, there
is no critical layer in the air flow, and viscosity in
the Stokes layer dominates the wave-perturbation
behavior. For U,/c = 1, the highly concentrated
vorticity in the critical layer alters the wave-pertur-
bation structure.

3) MEAN WAVE-ASSOCIATED REYNOLDS STRESSES

Figures 6 show typical distributions of the mean
wave-associated Reynolds stresses #i; (+10%) as a
function of Us;/c or the corresponding Reynolds
number Re;,. The wave-associated Reynolds stresses
are important in transferring energy from the mean
flow to the wave-perturbation field. This energy is
ultimately transmitted by the wave-induced pressure
across the interface and causes the wave’s growth.
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The rate of energy transfer per unit volume from the
mean flow to the wave-perturbation field is given by
—ud(dU/dy*). Because dU/dy* > 0 inside the bound-
ary layer, it follows that the direction of energy
transfer depends on the sign of —#d. As Figs. 6 show,
the sign of this stress changes throughout the boundary
layer, in agreement with Chen, Hsu et al., and Hsu
and Hsu, except for U;/c = 2.22 and 2.58, where
surprisingly enough #D remains positive. This picture
suggests that the energy drains either from the mean
field to the waves or vice versa, depending on Us/c
and the specific location within the boundary layer.

4) PHASE-AVERAGED WAVE-ASSOCIATED STRESSES

The main component (fundamental mode) of the
phase-averaged wave-associated stress (%) appears
at twice the fundamental water wave frequency, as it
can readily be seen from the relationship:
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FIG. 6. Mean wave-associated stress distribution.
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ity = |ajld;| cos(wt™ — kx* — 6z)
X cos(wt* — kx* — 0;)
= % Iﬁ,llﬁjl[cos(Zwt* — 2kx* — 0,;‘. - 0,71)

+ cos(fy — 63)). (3.8)

Therefore, the harmonics of {(#;) stresses appear at
frequencies 4, 6, 8 Hz, etc., for 1 Hz mechanically-
generated water wave, This behavior is apparently
shown in Figs. 7, representing typical phase averaged
{ub)y stress distributions for the various wind speeds
considered in this study. o

The distribution of the ratio #D/u'v’ as either a
function of the wind speed or y*/8, is shown in Figs.
8 and 9. A positive dimensionless value indicates a
downward flux of momentum from this term. Kendall
(1970) and, with some exceptions, Takeuchi et al.
(1977) found the wave-associated stress to be positive
and negative below and above the critical height. This
contradicts the results of Lai and Shemdin (1971),
who found large negative contributions to the u, v
cospectra (a downward flux) at the wave frequency
when ¢/U;, < 1. Our data support Takeuchi et al.
(1977) measurements and, with some exceptions,
those of Kendall (1970).

5) WAVE-INDUCED REYNOLDS STRESSES

The wave-induced turbulent stresses represent the
coupling between the wave-induced field and the
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background turbulence and transmit energy directly
to the waves. Figures 10, 11 and 12 show typical
amplitude (£8%) and phase (+10°) distributions of
these stresses. The phase-averaged results were used
to calculate the amplitude and phase |7; 1, 65, through
spectral analysis. The amplitudes |7;;| are large near
the interface and decrease as y*/8, increases. This
decrease, however, is not monotonic, but shows an
oscillatory behavior. A dip is occasionally observed
in the |7; ;| profiles, with a corresponding phase jump,
but no consistent pattern can be discerned. The
oscillatory behavior of the |F;;| amplitudes was also
found by Gent and Taylor (1976) in calculations of
the interface flow in a curvilinear coordinate system
under finite-amplitude wave conditions. A consistent
increase of the peak value of |F;;| with increasing
wind speed can also be seen in the same figures. The
decrease in |F;;| as y*/8 — O is again due to the
viscosity damping.

With the exception of the free-stream, where the
phase distributions usually become erratic due to the
small stress magnitudes, it can be seen that both 7,
and 75, have similar phase distributions, while 7, has
approximately a 90° constant phase difference with

T
S pye s
ol o “/ugs 0.39 i
s = 0.45
06} . = 0.55 :
.
&A
—_ 04 = a - —_—
= @ “, A ==
CAZRE | CERN L gy
——— o2l s B —
oy %o m 5 o @ 8 uv
a o
o lo & a d

-02} . ﬂ
.

-04 -
-0.5 b3 1 1 1 1
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F1G. 10. Amplitude and phase distribution of 7,,.

respect to 7;; and 7, throughout the boundary layer.
Phase lags computed by the cosine curve-fitting tech-
nique, for those cases which show erratic free-stream
phase distribution, are also_included in the corre-
sponding figures. Because (#;) appears mainly at 2
Hz, no contamination of the 7;; behavior by the
wave-associated stresses is expected. A more consistent
pattern in the phase distributions is obtained, for
some wind speeds, but the improvement cannot be
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considered dramatic. At U,,/c =-1.28 the amplitudes
|7,:| and || again show a distinct behavior. For ky*
= 0.8, they become considerably larger than their
counterpart values at any other wind speed. The
small magnitude of these and the wave-associated
stresses and their peculiar characteristics at this wind
speed manifest themselves in the behavior of the
measured wave-induced pressure (Papadimitrakis,
1982), which was also found to fluctuate in both the
amplitude and phase throughout the boundary layer.

Chen (1981) showed that, in the channel centerline
region, 7,; and 7, should be in phase and 7, 180°
out of phase with # while, near the water surface, 7|,
and 7y, should be roughly in phase with 7. Our results
confirm these special features of 65, within the un-
certainty limits. The 180° phase jump observed by
Hsu et al. (1981) in their §;, profiles does not seem
to be a universal feature of interface flows. This
finding agrees well with Chen and later measurements
of Hsu and Hsu. Although the amplitude dip does
not always reach zero as it should (provided there is
a phase jump of 180°), because of probable misalign-
ment between the oscillatory probe positions and the
locations where the flow has a constant value of
{ulu;),its presence implies that the 7 stress is exerted
in opposite directions just above and below the point
in discussion, and therefore the phase jump appears
as a necessity to (i) bring the values of 85, and 6;, in
the water proximity back to approximately 0 and 90°
whenever they are close to 180 and 90° and (ii)
guarantee that the maximum turbulence intensity
and shear stress occurs at the appropriate side of the

wave crest, depending on whether Uy/c € 1, as
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discussed in the following paragraph. The above
phase values are considered only approximate, since
to some extent 7;; also depends on the wave-induced
velocities. In general the observed wave-induced stress
amplitude and phase behavior agree well with those
described by Chen and Hsu and Hsu, given that the
corresponding Re;, for the same wind speed is some-
what different.

Typical phase-averaged results for v’ at the lowest
point of measurements, shown also in Figs. 13,
demonstrate that this stress is relatively high on the
windward side of the water wave, with the exception
of lowest wind speed run, where U;/c < 1. This
behavior is consistent with the measurements of
Okuda et al. (1977), Toba (1978), Okuda (1982), Hsu
et al. (1981) and the prediction of Gent and Taylor
(1976) and can be attributed to the response of
turbulence to a varying mean flow. It is well known
that the turbulence intensity increases in a decelerating
mean flow; therefore the air flow in a frame of
reference moving with the waves is regarded as the
flow over a series of convergent and divergent regions
undergoing acceleration and deceleration. When
Us/c < 1 the mean flow is in the minus x direction
and acceleration occurs at the lee side of the crest.
Consequently, the turbulence intensity and the shear
stress become maximum there. The opposite is true
when U,/c > 1. For high enough wind speeds,
significant contributions to (u'v") are also observed
on the leeward side of the wave crests. These figures
also show that the (u'v") stress contains other har-
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monics whose magnitudes are small compared to that
of the fundamental mode as a result of the nonlinear
wave-turbulence interactions.

4. Summary and conclusions

The results and discussions presented in the pre-
vious section suggest the following conclusions:

1) The water surface condition, based on the total
mean wave roughness, varies between the transition
region and the fully rough regime. As a result, the
constant C in the mean velocity profile expression
decreases with increasing wind speed. At low wind
speeds C is greater than its corresponding value over
fixed surfaces, due to the relative reduction of surface
stress caused by the drift current. At high wind speeds
the opposite is true, because the surface-stress increase
due to the greater roughness produced by the water
ripples exceeds the corresponding stress reduction
produced by the wind drift. Therefore, the friction
velocity u, becomes smaller and/or greater than its
counterpart value over a fixed surface, depending on
the local wind speed.

2) The log-linear form of mean velocity profiles,
their wake free-stream characteristic, and the similarity
between the mean turbulent Reynolds stress profiles
and those observed over a flat surface clearly indicate
that the transformed coordinate system given by Eqgs.
(2.1a,b,c) provides the best description of interface
flows with mechanically-generated water waves.

3) The wave-associated stresses have their main
component at 2 Hz for a 1 Hz, mechanically-generated
sinusoidal water wave, and their harmonics appear
at 4, 6 Hz, etc. Therefore the terms

9 .. ==

a—xj (u,-uj - uiuj')

usually discarded in the linear analysis of the wave-
induced Navier-Stokes equations, cannot be neglected,
and linearization of these equations is not permissible.
These and the wave-induced Reynolds stresses, with
their main component at the fundamental water wave
frequency, are partially responsible for the strong
wave-induced pressure harmonics measured by the
authors (Papadimitrakis, 1982).

4) The data presented show that waves influence
the air flow above them. Both the wave-induced and
turbulent velocity-field characteristics depend on
¢/ Us,. The wave-associated Reynolds stress —#id) tends
to be negative for high wind speeds and positive
for low.
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